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Preface

This Special Issue, “Advanced Chemical Sensors for Gas Detection”, includes two review papers

and fifteen full articles that fall within Chemosensors’ scope.

Fifteen research articles investigate the following applications of semiconductor materials or

device techniques for chemosensors towards gaseous environment monitoring:

- ZnSb2O6 pellets for gas sensing of CO and C3H8;

- Modeling frequency–amplitude characteristics of a tunable SAW oscillator;

- SnS2/LaFeO3 composite for enhanced triethylamine detection;

- Smartphone technology for monitoring of CO and NO2;

- Functionalized graphene used in an E-nose;

- 2D TiO2@MoS2 heterojunction nanosheets for toluene detection;

- P(V3D3-co-TFE) copolymer covered TiO2 sensor for hydrogen detection;

- SnO2-based CMOS-integrated gas sensor;

- Adsorption/combustion-type microsensors for VOCs detection;

- CRDS technology-based integrated breath sensor for acetone real-time detection;

- Nanosized MnO2-doped rGO for gas NO2 detection;

- Intensity-variation RI sensor for multi-variant alcohol detection;

- SnO2-based sensors with a Pt interdigital electrodes gap for CO2 detection;

- p-Type Cr2O3 and Ti-doped Cr2O3 thin films for isobutylene and ammonia detection;

- Low-drift NO2 sensor based on polyaniline/black phosphorus composites.

Two review articles summarize the progress of chemosensors in gas monitoring as follows:

- Layered double hydroxide-based materials for gas and electrochemical sensing;

- Screening and diagnosis technologies towards pneumoconiosis, from imaging analysis to E-noses.

Shuai Chen

Guest Editor
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Editorial

Advanced Chemosensors for Gas Detection

Shuai Chen 1,2,3

1 Jiangxi Provincial Engineering Research Center for Waterborne Coatings, School of Chemistry and Chemical
Engineering, Jiangxi Science & Technology Normal University, Nanchang 330013, China;
shuaichen@jxstnu.edu.cn

2 Jiangxi Provincial Key Laboratory of Flexible Electronics, Flexible Electronics Innovation Institute,
Jiangxi Science & Technology Normal University, Nanchang 330013, China

3 School of Pharmacy, Jiangxi Science & Technology Normal University, Nanchang 330013, China

1. Introduction

The exploration of gas sensing technologies lies at the forefront of modern scientific
and technological advancements [1–5]. Chemosensors are powerful and indispensable
tools that enable the detection and quantification of chemical substances in diverse gas
environments, serving as tools for environmental monitoring, industrial safety, healthcare,
food sanitation supervision, and more [6–8]. The demand for advanced chemosensors ca-
pable of detecting trace gases with high sensitivity, selectivity, and real-time responsiveness
is ongoing. In recent years, a large number of advanced materials and techniques have
been developed in this field [9–14].

2. The Special Issue

This Special Issue comprises fifteen high-quality original research papers and two
comprehensive review papers, all focused on the latest advances and innovative applica-
tions of chemosensors for gas detection. In brief, it covers novel gas-sensitive materials
(inorganic, organic, hybrid, composite, etc.), together with their synthesis and characteri-
zation, advanced sensor processing technology, special architectural or theoretical design,
multi-dimensional performance evaluation and optimization, and their applications or
even promising prospects for the future.

On the one hand, the design of inorganic semiconductor composite material systems,
especially employing metal-based oxides and heterostructure architectures [15–18], holds
significant value and abundant use for the detection of gaseous analytes by chemosen-
sors. Optimized designs based on composition, form, morphology, etc., could enhance
sensor performance (such as increasing sensitivity, improving selectivity, accelerating
response speed, and enhancing stability), broaden the application scope to accommo-
date various gaseous analytes, or meet different environmental conditions. For example,
Xiaofeng Wang et al. [19] prepared a n-p type SnS2 nanosheet/LaFeO3 nanoparticle com-
posite using a hydrothermal method together with the sol–gel technique. The optimized
chemosensor can be operated at 140 ◦C and demonstrated strong stability, selectivity, and
long-term durability for triethylamine (TEA) vapor detection. Hui Xu et al. [20] constructed
a 2D core–shell TiO2@MoS2 composite with n-n heterostructures. This chemosensor can
monitor trace toluene at 240 ◦C, exhibiting a superior response (Ra/Rg = 9.8 to 10 ppm),
rapid response/recovery kinetics (9 s/16 s), a low detection limit (50 ppb), and excellent
selectivity against interfering gases and moisture. Larissa Egger et al. [21] reported a com-
plementary metal oxide semiconductor (CMOS)-integrated SnO2 thin film gas chemosensor

Chemosensors 2025, 13, 333 https://doi.org/10.3390/chemosensors130903331
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functionalized with mono-, bi-, and trimetallic (Ag-, Pd-, and Ru-) nanoparticles. It can
detect carbon monoxide (CO) and a specific hydrocarbon mixture in a concentration range
of 5–50 ppm. Moreover, the use of CMOS chips gives such low-power and integrated
sensors a chance to be applied in cell phones, watches, etc., which can be used for air
quality monitoring at different temperatures and humidity levels. Takeo Hyodo et al. [22]
introduced an adsorption/combustion-type microsensor using 5 wt% Pt-loaded aluminas
(α-Al2O3 and γ-Al2O3) with catalytic effect and thermal conductivity to determine the
dynamic response of ethanol and toluene vapor in air. Xavier Vilanova and Eduard Llobet
et al. [23] studied a selective chemosensor based on reduced graphene oxide (GO)@MnO2

deposited on different substrates. The sensor deposited on Kapton showed the highest
response of 6.6% towards 1 ppm of NO2 under dry conditions at room temperature, while
the sensor on silicon showed the highest response of 18.5% towards 50 ppm of NH3 under
50% relative humidity (RH) at room temperature. Cristian Eugen Simion et al. [24] realized
the sensitive CO2 response under in-field-like conditions by using SnO2-deposited Al2O3

substrates with Pt-based interdigital electrodes with gaps of 100 μm and 30 μm. Chris
Blackman et al. [25] prepared a Ti-doped p-type Cr2O3 thin film sensor via an aerosol-
assisted chemical vapor deposition method. It can monitor the flammable isobutylene
(C4H8) and toxic NH3, showing a reversible response and good sensitivity, which may be
explained by the variations in the oxygen vacancy concentration. Héctor Guillén-Bonilla,
et al. [26] emphasized the bifunctional use (gas sensing and photocatalytic dye degradation)
of ZnSb2O6 pellets. Khursheed Ahmad and Tae Hwan Oh et al. [27] provided a special
review on layered double hydroxide (LDH)-based gas and electrochemical sensors that
are capable of monitoring toxic and hazardous gases/compounds due to their layered
structure, larger surface area, decent conductivity, and excellent electrochemical properties.

On the other hand, the organic–inorganic composite materials combine the character-
istics of organic and inorganic chemosensing materials, enabling more effective capture
of gaseous analytes and generating stronger signal responses, thereby enhancing their
response sensitivity [28]. Organic materials also can enhance their ability to recognize
target gases through molecular design, and the combination of the organic and inorganic
feature can reduce signal interference from other gases, achieving selective detection of
specific analytes. Moreover, the interaction between the organic and inorganic components
in the composite material can promote charge transfer and substance transport, accelerating
its response speed to gaseous analyte and improving the real-time monitoring capability.
By reasonably designing the composition and structure of the composite material, it can
be optimized for different gaseous analytes, enabling the detection of multiple gases and
meeting the requirements of different application scenarios and environmental conditions.
For example, Thomas Strunskus, Franz Faupel, and Stefan Schröder et al. [29] demon-
strated the optimized selective sensing performance and long-term stability (exhibiting
high reliability even for more than 427 days) of TiO2-coated ultra-thin copolymer films of
poly(trivinyltrimethylcyclotrisiloxane-co-tetrafluoroethylene) (P(V3D3-co-TFE)), even in a
high humid environment and under an optimized operating temperature of 300 to 350 ◦C.
Sadam Hussain and Mujahid Mehdi et al. [30] detected various alcohol species (methanol,
ethanol, propanol, butanol, and pentanol) with a twisted polymer optical fiber (POF) sensor.
Such a refractive index sensor represents a significant leap forward in optical sensing tech-
nology. Yunbo Shi et al. [31] reported polyaniline (PANI)/black phosphorus (BP), which
can sensitively monitor NO2 within 2–60 ppm at room temperature.

In addition to the research on material systems, researchers are also constantly im-
proving the design, manufacturing, and application technologies of chemosensors for gas
detection. For instance, Domenico Suriano et al. [32] integrated a miniaturized chemosen-
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sor with a smartphone for mobile monitoring of the frequently changing atmospheric
environment, including CO and typical indicators of air quality. The maximum response
value for the indoor CO and NO2 concentrations was 12.3 ppm and 64 ppb, respectively,
while for mobile measurements, the maximum concentrations were 8.3 ppm and 38 ppb,
respectively. Cristian Viespe et al. [33] proposed a model to assess the frequency–amplitude
characteristics of surface acoustic wave (SAW) oscillator, aiming to increase the robustness
and interpretability of the sensing behavior.

Moreover, breath analysis technology, typically electronic noses (e-noses), has advan-
tages for obtaining key information of gaseous analytes through non-invasive, real-time,
and convenient methods, with great significance in multiple aspects, including medical
health, environmental monitoring, public security, and other fields [34–37]. Compared to
traditional gas analysis methods, e-noses are more efficient and accurate when using sensor
array technology and pattern recognition algorithms [38]. For example, Bingqiang Cao and
Chenyu Jiang et al. [39] investigated an integrated breath gas detection system based on
cavity ring-down spectroscopy (CRDS). The ring-down time, detection sensitivity, and sta-
bility of this system for breath acetone were 1.068 μs, 1 ppb, and 0.13%, respectively. Sonia
Freddi et al. [40] fabricated graphene-based sensors functionalized with unconventional
in-house synthesized zinc and copper octyl-pyrazinoporphyrazines and commercially
available zinc phthalocyanine, which demonstrated excellent performance for detecting
NH3, benzene, and H2S as a single sensor. After being assembled into an e-nose, it showed
remarkable discrimination capability of single gases and their mixtures. Wufan Xuan and
Shuai Chen et al. [41] summarized the progress on screening and diagnosis technologies
for pneumoconiosis, known as one of the most serious global occupational diseases, em-
phasizing the application prospect of chemosensing strategies like e-noses compared to
conventional and wide-used imaging analysis ways.

In summary, these of chemosensors can provide highly sensitive and selective response
to diverse gaseous chemicals via optical, electrical, electrochemical signals, etc. With the
advancement of material science, processing technology, miniaturized or integrated devices,
Internet of Things (IoT), emerging artificial intelligence (AI) and machine learning (ML)
concepts, etc., gas chemosensors will usher in a future of growth. This Special Issue may
promote increased interest or research in related fields, bringing together emerging sensing
material, device innovation, and commercial applications.
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Abstract: In this paper, a room-temperature NO2 sensor based on a polyaniline (PANI)/black phos-
phorus (BP) composite material was proposed to solve the power consumption problem of traditional
metal-oxide sensors operating at high temperatures. PANI was synthesized by chemical oxidative
polymerization, whereas BP was synthesized by low-pressure mineralization. The PANI/BP compos-
ite materials were prepared via ultrasonic exfoliation and mixing. Various characterization techniques,
including scanning electron microscope (SEM), X-ray diffraction (XRD), Fourier-transform infrared
spectroscopy (FTIR), and X-ray photoelectron spectroscopy (XPS), confirmed the successful prepara-
tion of the PANI/BP composites and their excellent structural properties. The sensor demonstrated
outstanding gas sensitivity in the NO2 concentration range of 2–60 ppm. In particular, the sensor
showed a response exceeding 2200% at 60 ppm NO2 concentration when using a 1:1 mass ratio of
PANI to BP in the composite material.

Keywords: gas sensors; polyaniline; black phosphorus; room temperature; nitrogen dioxide sensor

1. Introduction

With the rapid industrialization and urbanization of modern society, air pollution
has become increasingly serious [1]. Nitrogen dioxide (NO2) is a major air pollutant that
significantly affects human health and the environment. NO2 is commonly produced by
anthropogenic processes such as vehicle exhausts and fossil fuel combustion. Long-term
exposure to high NO2 increases the risk of asthma and other respiratory diseases [2]. In
addition, NO2 is a key factor in the formation of acid rain and photochemical smog. These
environmental problems can damage crops, forests, and aquatic ecosystems [3]. Therefore,
the detection of NO2 in air quality warnings is urgently required. Currently, the detection of
NO2 is mainly based on metal-oxide semiconductor (MOS) gas sensors. Although MOS gas
sensors have the advantages of high responses and low detection limits [4], they are usually
required to operate at temperatures above 300 ◦C. The following is a list of some common
MOS resistive gas sensors operating at 100–400 ◦C power: 0.3–0.8 W of ceramic tube sensors
with Cr–Ni resistor wires [5], 0.5–1.2 W of micro-electromechanical system (MEMS) ceramic
chips [6], and 0.03–0.5 W of MEMS silicon chips [7]. With the development of Internet
of Things technology, gas sensors, as an important part of the sensing layer, suffer from
high power consumption, which is not conducive to their application in battery-driven,
low-power end devices [8]. The problem of the high power consumption of gas sensors
can be solved effectively by developing gas sensors that operate at room temperature [9].

Conductive polymers (CPs) such as polythiophene, polypyrrole, and PANI have been
shown to be effective gas-sensitive materials [10]. PANI, in particular, not only has the
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advantages of high response and low detection limit but can also realize room-temperature
detection [11]. However, PANI has disadvantages such as poor selectivity, repeatability,
and zero drift [12]. Researchers have used different materials to modify PANI and improve
its gas sensitivity. For example, RK Sonker et al. prepared α-Fe2O3-PANI thin films on glass
substrates by spin-coating, achieving a high response to 20 ppm NO2 [13]. Khalifa et al. pre-
pared a flexible high-sensitivity gas sensor for PVDF/PANI/g-C3N4 nanocomposites using
electrospinning technology, which showed a high response to NO2 (~92% at 108 ppm) [14].
Drift is a serious problem in the operation of gas sensors. In sensors working at room tem-
perature, the material is at a relatively low temperature, the gas adsorption and desorption
process lacks external energy, and there is slower molecular thermal motion. Xia Zhao et al.
proposed a drift compensation supervised learning algorithm based on a multi-classifier
ensemble, which integrates drift compensation into the classification process with the
motivation of improving the classification performance of drift compensation [15]. Hang
Liu et al. proposed a new two-dimensional classifier integration strategy to solve the drift
problem of metal-oxide gas sensors [16]. Tao Liu et al. proposed a dynamic method called
AL-ACR, which uses active learning technology to evenly collect instances from different
categories online to effectively deal with the gas sensor drift problem and thus improve
the performance of the electronic nose system [17]. Although algorithms can improve
the sensor’s drift issue to some extent, material optimization, compared to algorithmic
methods, can fundamentally reduce drift and provide more robust long-term performance.

Recently, BP has attracted considerable attention from the academic community. BP is
the most stable allotrope of phosphorus with a unique folded hexagonal layered structure.
Each layer of BP has two crystal orientations, “armchair” (x-direction) and “sawtooth”
(y-direction) [18], and can be mechanically exfoliated in a similar way to 2D materials such
as graphene [19]. Researchers have used BP in applications such as light absorbers, modu-
lators, detectors, field-effect transistors, memory devices, sensors, and energy devices [20].
Modification and doping are mostly used to enhance the performance of BP in various
fields [21]. In the field of gas sensing, Kou et al. studied the adsorption of different gas
molecules onto a phosphene monolayer using first-principles calculations. They predicted
that the superior sensing performance of phosphene would be comparable to that of other
two-dimensional materials such as graphene and MoS2 [22]. Abbas et al. used field-effect
transistors based on multilayer BP for NO2 detection, and the chemical sensing showed
higher conductivity [23]. Valt et al. prepared Ni-modified BP thin films to improve the
stability and functionality of BP for gas sensing [24]. Sajedi–Moghaddam et al. reported a
PANI/BP hybrid material for supercapacitor applications [25].

In summary, to solve the problem of the high power consumption of gas sensors,
PANI, a conductive polymer operating at room temperature, can be used as a gas-sensitive
material and compounded with BP to overcome the disadvantages of polymer zero drift.
The preparation of monolayer BP is extremely difficult, and it is easy to oxidize, whereas
the performance of thick-film BP is poor. The incorporation of PANI enhanced the gas
sensitivity of the thick-film BP. In this study, PANI was prepared by chemical oxidative
polymerization. BP crystals were prepared using a low-pressure mineralization method.
The bulk BP crystals were then stripped using ultrasound and mixed with PANI powder.
The PANI/BP powder was mixed with terpinol to prepare a slurry, which was dripped
onto an interdigital electrode to prepare the gas sensor. The structure and morphology of
PANI/BP were characterized using field-emission scanning electron microscopy (SEM),
X-ray diffractometry (XRD), Fourier-transform infrared spectroscopy (FTIR), and X-ray
photoelectron spectroscopy (XPS). The performance of the sensor was tested for exposure
to the range of 10–60 ppm NO2, and the gas-sensing mechanism of the sensor was dis-
cussed. The results showed that the gas-sensitizing properties of the PANI/BP composites
were superior to those of thick BP films and pure PANI. The addition of BP substantially
improved the zero drift of PANI during the continuous measurement of NO2.
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2. Materials and Methods

2.1. Synthesis of PANI

Aniline (analytically pure) was distilled and purified at 200 ◦C and stored at a low tem-
perature for later use; other chemicals were used as received without further purification.
Firstly, 5.02 g of ammonium persulfate (APS, (NH4)2S2O8) was weighed and dissolved in
15 mL of deionized water to configure a solution. Then, 2 mL of purified aniline was slowly
dripped into 50 mL of 1 M HCl under an ice bath (0 ◦C) and with continuous stirring. The
APS solution was slowly added to a mixture of aniline and HCl and stirred continuously
for 10 h in an ice bath. After the dark green sample was obtained by filtration, it was
alternately washed three times with deionized water and anhydrous ethanol. The sample
was dried under a vacuum at 80 ◦C for 24 h to obtain the PANI sample. The preparation
process is shown in Figure 1a. Aniline, ammonium persulfate and HCl were supplied by
Sinopharm Chemical Reagent Co., Ltd. (Beijing, China).

Figure 1. The synthesis processes and SEM images of (a) PANI, (b) BP, and (c) PANI/BP; a
(d) schematic diagram of the interdigital electrode and test environment.
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2.2. Synthesis of BP

BP can be synthesized by high-pressure bismuth melting and mineralization. Consider-
ing the advantages and disadvantages of the various methods, low-pressure mineralization
was used in this study. Dry red phosphorus (500 mg; BASF Chemical Co., Ltd., Lud-
wigshafen, Germany), tin powder (100 mg; Sinopharm Chemical Reagent Co., Ltd, Beijing,
China), and iodine (10 mg; Fuchen Chemical Reagent Co., Ltd, Tianjin, China) were placed
in quartz glass test tubes. The quartz tube was then evacuated while the quartz tube was
closed using a high-temperature hydroxide flame gun. Finally, the quartz tube was placed
in a tube furnace, such that the raw material was at the highest temperature point at the
center of the furnace. The heating process was divided into four stages: (1) 30 h to increase
the temperature to 650 ◦C, (2) a holding time of 2 h, (3) 10 h to reduce the temperature to
460 ◦C, and (4) cooling to room temperature after a holding time of 2 h. The preparation
process is shown in Figure 1b.

2.3. Preparation of Composite Materials and Sensors

The prepared BP samples exhibited black crystal and flake shapes after grinding
and crushing. BP and PANI powders were prepared as two samples with mass ratios of
2:1, 1:1, and 1:2, respectively. After simple grinding, BP was placed in deionized water
and broken into a few layers of phosphorene (10 W, 30 min) using an ultrasonic cell
crusher. For each 10 s of ultrasonic treatment, cooling was suspended for 10 s to prevent
the water temperature from becoming too high. PANI was then added and sonicated
for 3–5 min to homogenize the PANI/BP mixture. The synthetic process is illustrated in
Figure 1c. Finally, the PANI/BP mixed solution was dried at 60 ◦C, and a suitable amount
of terpineol was added. After grinding, it was dropped onto an interdigital electrode
(Xinyun Nanotechnology Co., Ltd, Suzhou, China). The interdigital electrode, depicted in
Figure 1d, had dimensions of 2 mm × 4 mm and is made of alumina ceramic. The surface
electrode was coated with gold (Au). The gap between adjacent electrode fingers is 50 μm.

2.4. Characterization

The micromorphologies of the samples were observed using field-emission scanning
electron microscopy (ZEISS Gemini SEM 300, Carl Zeiss AG, Oberkochen, Germany) at an
accelerating voltage of 3–15 kV. The crystal structures of the samples were analyzed using Cu
Kα radiation from an X-ray diffractometer (SmartLab, Rigaku Corporation, Tokyo, Japan) in
the scanning range of 20–70◦. Fourier-transform infrared spectroscopy (Nexus 470, Nicolet,
Madison, WI, USA) was used to analyze the functional groups and molecular structures of the
samples in the range of 400–2000 cm−1. An X-ray spectrometer (ESCALAB 250 Xi, Thermo
Fisher Scientific, Waltham, MA, USA) was used to analyze the chemical compositions and
oxidation states of the samples. A thermogravimetric analyzer (ZCT-B, Jingyi Gaoke, Beijing,
China) was used to analyze the thermal stabilities and compositions of the samples.

2.5. Test Environment

The test environment consisted of a 1 L acrylic enclosed gas chamber, a data acquisition
system (34901A, Agilent Technologies Inc., Santa Clara, CA, USA), and a computer terminal.
The resistance of the sensor was altered by the gas to be measured. The resistance value
was collected using a data acquisition card and uploaded to a computer in real time. A
static measurement method was used for testing. A microsyringe was used to measure
the volume of pure gas, which was injected into the gas chamber for gas distribution. For
example, to test a 10 ppm gas, 10 μL of pure gas was measured and injected into the gas
chamber. The test environment is shown in Figure 1d. During the test, the response value
(S%) was calculated using Equation (1):

S% =
ΔR
Rgas

× 100% (1)
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where ΔR is the difference between the resistance of the sensor in air and that of the
measured gas, and Rgas is the resistance of the sensor to gas. The response–recovery time
of the sensor was defined as the time required for a 90% change in the response value.

3. Results and Discussion

3.1. Characterization of Material

Figure 2a shows an SEM image of the PANI, which has diameter of approximately
5–10 μm and is uniformly accumulated to form a loose and porous granular structure.
Compared to other polymers with dense surfaces without gaps, PANI has a larger specific
surface area. Thus, there are more sites at which gas adsorption can be measured. Figure 2b
shows the SEM image of the PANI/BP composites. Owing to ultrasonic crushing, the PANI
and BP sheets were evenly mixed. The particle size of PANI in the composite material is ap-
proximately 3–5 μm, which is smaller than that of pure PANI. BP treated with an ultrasonic
cell crusher appears as a sheet with a length and width of approximately 5–20 μm and a
thickness of several nanometers. The BP sheets and PANI particles were tightly interwoven.
The BP sheets acted as skeletons to support the larger pores, and the PANI nanoparticles
acted as binders, which together created more sites for gas adsorption. Figure 2c, show
the total distribution spectra of the composite materials. Figure 2d–g show the energy-
dispersive X-ray spectroscopy (EDS) mappings of the composite materials, showing the
distributions of C, Cl, N, and P, respectively. X-rays in EDS penetrate the surface of the
composite material by approximately 1–5 μm. Limited by the ultrathin lamellar structure
of the BP material, it can only show a rough distribution of P. The distributions of C and N
in the composite were consistent with the distribution of the particles in the SEM images.
The Cl originated from hydrochloric acid during the preparation process. Its distribution
was approximately the same as that of the PANI particles.

Figure 3a shows the XRD patterns of the PANI/BP, pure PANI, and BP crystals and the
BP standard PDF cards (00-057-0507). The main peaks of the composite correspond to the
(020), (111), and (060) planes of the BP crystal. In addition, ultrasonic mechanical stripping
expose more BP crystal faces, including (021), (040), (042), and (151). The positions of these
peaks are one-to-one, corresponding to the peaks in the standard card (PDF#00-057-0507).
This indicates that BP is perfectly stripped and does not chemically react with PANI to form
other unknown crystals. Pure PANI has a broad peak between 2θ = 15 and 35◦, with peaks
at 2θ = 25◦ and 29◦, which correspond to the only two peaks, 2θ = 18.57◦ and 25.80, in the
PANI standard card (PDF#00-047-2481). The polymer is amorphous and does not exhibit a
crystalline structure. Compared to the XRD pattern of pure PANI, the PANI in the PANI/BP
composite is well preserved. The main functional groups in the prepared materials are
determined using FTIR spectroscopy, as shown in Figure 3b. The main characteristic peaks
of PANI are consistent with those reported previously. The peak at 3477 cm−1 is attributed
to the stretching vibration of the N–H band. The peaks at 1382 cm−1 and 1347 cm−1 are
related to the C-N stretching mode of the benzene ring unit. The FTIR spectrum of the
PANI/BP composite is consistent with that of pure PANI; however, there is still a slight
deviation. The differences at 1646 cm−1 and 1581 cm−1 indicate that the addition of BP
affects some chemical bonds in PANI.

The PANI/BP composites are further characterized using XPS. Figure 4a shows the C
1s spectrum. The main peak at 285 eV is further deconvoluted into three peaks at 284.53,
285.86, and 286.98 eV. These correspond to the C-H, C=N, and C=N+ bonds, respectively.
Figure 4b shows the N 1s spectrum. The main peak at 399.6 eV is deconvoluted into
three peaks at 399.13, 400.03, and 401.48 eV. Among them, 399.13 eV corresponds to
quinoid imine (=N−), 400.03 eV corresponds to protonated amine (−N+), and 401.48 eV
corresponds to protonated imine (=N+). Figure 4c shows the P 2p spectrum. The peaks
at 130.28 eV and 131.18 eV correspond to P 2p3/2 and P 2p1/2, respectively (spin–orbit
splitting of ~0.86 eV). The broad peak at 134.33 eV originates from residual phosphorus
oxides, usually in the form of metaphosphate (-PO3). This indicates that BP is unavoidably
oxidized by exposure to oxygen in air during stripping in water. Figure 4d shows the
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TG-DTA image of PANI. Changes in the TG curve before 140 ◦C usually result from
evaporation of water. At 300–600 ◦C, PANI is decomposed by thermal decomposition,
resulting in obvious weightlessness. DTA indicates that the thermal decomposition of
PANI is accompanied by heat absorption. Figure 4d shows the TG-DTA image of PANI/BP.
The thermal decomposition temperature of the composite material is significantly increased
from 300 ◦C to 400 ◦C in comparison with pure PANI.

Figure 2. SEM images of (a) PANI and (b) PANI/BP, and (c) EDS spectrum of PANI/BP composite;
EDS elemental mapping profiles of (d) C, (e) Cl, (f) N, and (g) P in PANI/BP composite.

Figure 3. (a) XRD patterns of PANI/BP, pure PANI, BP, and the standard card of BP; (b) FTIR spectra
of PANI/BP and PANI.
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Figure 4. (a) C 1s, (b) N 1s, and (c) P 2p XPS spectra of PANI/BP; TG-TDA curves of (d) PANI and
(e) PANI/BP.

3.2. Gas-Sensitive Performance Testing

To investigate their gas-sensitizing properties, BP, PANI/BP-2:1, PANI/BP-1:1, PANI/
BP-1:2, and pure PANI were tested at NO2 gas concentrations ranging from 2 to 60 ppm.
Figure 5a shows the responses of the five sensors at 10, 20, 30, 40, 50, and 60 ppm NO2
concentrations, respectively. The responses of all five sensors gradually increased with
increasing gas concentration. The blue line represents the change in the response of the pure
PANI sensor with time. Although pure PANI exhibited the highest response, a significant
zero drift was observed, similar to the results of previous studies. Severe drift caused the
sensor resistance to increase and eventually exceed the upper limit of the data acquisition
system. The response of the pure BP sensors was unsatisfactory, and the response of the
PANI/BP composite material was the best. With PANI and BP at a mass ratio of 1:1, the
sensor exhibited more than 2200% response at 60 ppm NO2, which was better than that
at a mass ratio of 1:2. When the mass ratio of PANI to BP was 2:1, a significant zero-point
drift occurred, similar to that observed in pure PANI. In addition, the PANI/BP sensor
improved the severe zero drift of the pure PANI sensor and the response of the pure BP
sensor. Figure 5b shows the responses of the four sensors to 2–8 ppm of NO2. The response
trend was similar to that observed at high concentrations. PANI/BP achieved even higher
responses at low concentrations than pure PANI. Figure 5c shows a line graph of the
response of the four sensors as a function of the NO2 gas concentration. A binomial fitting
was used to fit the PANI/BP (1:1) response curve at y = 0.13449x + 0.00405x2 − 0.57552
with a coefficient of determination R2 = 0.998. This indicates that the sensor had good
calibratability. Figure 5d shows the change in resistance over time for five different sensors
exposed to 30 ppm NO2. The initial resistance of the BP sensor was the lowest, while the
PANI sensor had the highest resistance. As the doping concentration of BP increased, the
resistance gradually decreased. It can be observed that the resistance decreased as the gas is
introduced, and after introducing fresh air into the chamber at 400 s, the sensor’s resistance
gradually recovered.
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Figure 5. (a) Responses of PANI, PANI/BP-2:1, PANI/BP-1:1, PANI/BP-1:2, and BP gas sensors
at 10–60 ppm; (b) responses of PANI, PANI/BP-1:1 PANI/BP-1:2, and BP gas sensors at 2–8 ppm
concentrations of NO2 over time; (c) responses of four sensors at different NO2 concentrations;
(d) resistance values of five sensors as a function of time in 30 ppm NO2.

Performance metrics for evaluating gas sensors include sensor response and recovery
time, as well as sensor repeatability, selectivity, and long-term stability. In view of the con-
clusions reached in the different concentration tests, the PANI/BP (1:1) sensor performed
the best and was used in all further tests. Figure 6a shows the response and recovery
times of the PANI/BP sensor for 60 ppm NO2. The response and recovery times of the
sensor were 98 and 406 s, respectively. To highlight the good recovery and low zero drift of
PANI/BP in the repeatability test, pure PANI was selected for comparison. As shown in
Figure 6b, the PANI/BP and pure PANI sensors were tested five times in NO2 gas with a
concentration of 20 ppm. A significant drift of pure PANI was observed. Both the sensors
started with a response value of 0. The pure PANI sensor accumulated a total drift of
1032% at the end of the last test, whereas the PANI/BP sensor produced a drift of only
56%. In a long-term stability test lasting up to 4 weeks, we tested five sensors in the same
manner, and the sensors were placed at room temperature when not working. As shown
in Figure 6c, the response of the sensor started to decrease in the second week but leveled
off in weeks 3–4. The polymers were exposed to air for long periods of time. Therefore,
it was difficult to maintain long-term stability compared to MOS. This was a problem for
the polymer materials themselves, and there is no optimal solution yet. Six gases, NO2,
NH3, CH4, H2S, CO, and H2, were used to study the selectivity of the sensors. The sensor
exhibited good response to both NO2 and NH3, which is consistent with the results of
many previous polymer-based gas sensor studies. The other four gases did not exhibit
better sensitivities.
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Figure 6. (a) Response and recovery time of PANI/BP sensor at 60 ppm concentration NO2;
(b) repeated line measurements of PANI/BP and pure PANI sensors at 20 ppm concentration of
NO2; (c) response of PANI/BP sensor to 60 ppm concentration of NO2 over 4 weeks; (d) response of
PANI/BP sensors to 10 ppm of different target gases.

Table 1 summarizes the sensor performance from other studies, as well as the data from
this work. The use of MOS modifications to improve the gas-sensitive properties of PANI
has been considered in previous studies on room-temperature sensing. However, MOS
materials struggle to perform in low-temperature applications. Other studies have used
reduced graphene oxide (rGO) and carbon nanotubes (CNT) combined with PANI, which
can improve the gas-sensitive properties of PANI owing to their interesting structures.
The PANI/BP composites developed in this study exhibited excellent responses to NO2 at
room temperature.

Table 1. A summary of the latest research on the performance of NO2 gas sensors based on PANI-
sensitive materials.

Materials Sensing Range Response Res/Rec Time Temperature Reference

PANI/Ni@ZnO 5–100 ppm 75% (100 ppm) 82/399 s RT [26]
SnO2/PANI 5–50 ppm 810% (37 ppm) 17/25 s 140 ◦C [27]

PANI/g-C3N4 8–108 ppm 92% (108 ppm) RT [14]
PANI/SAN 5–100 ppm 72% (80 ppm) 1/1900 s 30 ◦C [28]
PANI/CNT 10–50 ppm 65.9% (50 ppm) 5.2/3.2 s RT [29]
PANI/rGO 15–35 ppm 21.56% (30 ppm) 12/14 s RT [30]
PANI/BP 2–60 ppm 2204% (60 ppm) 98/406 s RT This work

3.3. Gas-Sensitive Mechanism

To elaborate on the gas sensitization mechanism of the PANI/BP composites, it is first
necessary to explain the gas sensitization mechanisms of PANI and BP for NO2 gas and
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then discuss the sensitization mechanism of the composites. The molecular structure of the
PANI/BP-adsorbed NO2 gas is shown schematically in Figure 7a. PANI is a conductive
polymer whose molecular model was proposed by the Nobel Laureate Alan G. MacDiarmid.
The PANI chain consisted of two structural units: a reduced [–B–NH–B–NH–] repeat unit
and an oxidized [–B–N=Q=N–] repeat unit, where B and Q denote the C6H4 rings in the
benzenoid and quinonoid forms, respectively. PANI exhibits conductivity in acidic or
doped emerald green salt forms and insulation in undoped or emerald green alkaline
forms. After treatment with protonic acid or other oxidizing agents, electrons in the PANI
chain are transferred to the oxidizing agent, which increases the concentration of holes
in PANI to form p-type semiconductors. Pure PANI reacts with NO2 gas adsorption to
generate a nitrogen dioxide anion (NO−

2 ), which reduces the resistance value of PANI. The
specific reaction is as follows:

NO2(gas) + e− → NO−
2(ads) (2)

NO−
2(ads) + O−

ads → 2O2−
ads + NO2 (3)

NO2(gas) + e− → NO−
2(ads) (4)

Researchers have different views on the gas-sensing mechanism of BP for NO2. From
the perspective of morphology, the surfaces and sides of the BP thin films are nanoscale
films and stepped stacked nanoscale films, respectively. This special surface structure
increases the surface-to-volume ratio of the BP microstrips. Physically, semiconductors
with larger bandgaps have a weaker ability to adsorb gas molecules because of their lower
carrier concentrations, whereas semiconductors with smaller bandgaps have a harder
time producing a change in conductivity because of their higher carrier concentrations.
The rich nanoscale films on the surface of the BP microstrip and the lateral step-stacked
nanoscale films are not only good for increasing the effective gas-sensing region, but the
thickness of these nanoscale films is also expected to be in the optimal bandgap range and
carrier concentration, which leads to high sensitivity. On the other hand, Shumao Cui et al.
further quantitatively correlated binding energy with sensitivity by establishing a statistical
thermodynamic model to evaluate gas adsorption density [31]. For crystalline materials,
gas molecules adsorbed from their free phase are considered to be lattice gases, and the
interaction between the gas molecules and the solid surface (i.e., the crystalline material)
is described by the Morse potential. This reveals that the adsorption density of NO2 on
phosphene (2.8 × 1012 cm−2) is much higher than that of graphene (2.0 × 1010 cm−2).

The enhancement of the gas sensitivity of the PANI/BP composites can be divided
into two aspects. First, the response of the composites is enhanced compared to pure
BP, which is mainly due to the fact that the addition of PANI allows the original thick
film of BP to be better spaced apart, so that the BP exists in the form of more and thinner
tiny flakes. The unique two-dimensional layered structure of BP makes the conductivity
outside the surface much smaller than that inside the surface, and the charge transfer by
gas adsorption in the case of thick films tends not to be uniformly distributed throughout
the material but rather aggregates in the top surface region. Thus, the addition of PANI
enhances the response to BP. Second, the involvement of BP significantly improves the zero
drift of the PANI. The electrical conductivity of PANI depends primarily on its degrees of
protonation and oxidation. NO2 is a strong oxidizing gas; when in contact with the PANI
chain, it oxidizes PANI, which is often difficult to recover. This causes the zero drift of
the PANI. However, the addition of BP resulted in the formation of a p/p-type Schottky
junction at the composite interface. The Fermi level of BP is 4.6 eV, and the band gap of BP
is approximately 1.7 eV [32], depending on its thickness. Typically, the Fermi energy level
of the unprimed PANI is 4.4 eV with a band gap of 2.8 eV, as shown in Figure 7b,c. When
the two materials are in contact with each other, the holes in the BP tend to transfer to the
PANI surface, and the Fermi level reaches a new equilibrium. The NO2 molecule reacts
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with the chemisorbed oxygen anion, releasing electrons further back to the surface of the
material, reducing the hole concentration, and thus affecting the resistance of the material.

 

Figure 7. (a) Molecular schematic of NO2 gas adsorption by PANI/BP; band diagrams of (b) PANI,
(c) BP, and (d) PANI/BP.

4. Conclusions

This study demonstrated that the PANI/BP composite materials exhibited excellent
NO2 gas-sensing properties at room temperature. When the mass ratio of PANI to BP was
1:1, the sensor showed responses ranging from 1.8% to 2204% in the concentration range of
2–60 ppm NO2. PANI/BP composites were formed by ultrasonic exfoliation and mixing
BP prepared by low-pressure mineralization with PANI synthesized via chemical oxidative
polymerization. The composite material significantly mitigated the zero-drift issue of pure
PANI sensors and enhanced the response of pure BP sensors. This achievement provides
an effective solution for room-temperature NO2 sensors and highlights the tremendous
potential of BP in the gas-sensing field. In the future, the selectivity of PANI/BP gas-
sensitive materials still needs to be improved. As a polymer, PANI can be fabricated into
flexible film coatings, whereas the bandgap of BP can be modulated under external stress-
induced deformation. A flexible device prepared by combining the two is more likely to
have more interesting characteristics, and it awaits further exploration. Both PANI and BP
are nontoxic and biocompatible, suggesting broad prospects in the field of biosensing.
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Abstract: Gas sensors based on metal oxide semiconductors (MOS) have been widely used for
the detection and monitoring of flammable and toxic gases. In this paper, p-type Cr2O3 and Ti-
doped Cr2O3 (CTO) thin films were synthesized using an aerosol-assisted chemical vapor deposition
(AACVD) method. Detailed analysis of the thin films deposited, including structural information,
their elemental composition, oxidation state, and morphology, was investigated using XRD, Raman
analysis, SEM, and XPS. All the gas sensors based on pristine Cr2O3 and CTO exhibited a reversible
response and good sensitivity to isobutylene (C4H8) and ammonia (NH3) gases. Doping Ti into the
Cr2O3 lattice improves the response of the CTO-based sensors to C4H8 and NH3. We describe a
novel mechanism for the gas sensitivity of p-type metal oxides based on variations in the oxygen
vacancy concentration.

Keywords: Cr2O3; Ti-doped; AACVD; thin films; gas sensor; mechanism

1. Introduction

Volatile organic compounds (VOCs), including ammonia and hydrocarbons, are ubiq-
uitous, and their detection has been employed for the monitoring of food and beverages,
agricultural produce, pharmaceuticals, and health [1]. Certain VOCs are highly toxic
and/or carcinogenic and may cause both short- and long-term health issues (e.g., allergies
or cancer) as well as impact our ecosystem [2]. Even though the human nose serves as
a highly sensitive sensing system, it still fails when low-concentration or odorless toxic
gases—which pose a serious threat to human health—need to be detected [3,4], so the
development of a low-cost, simple-to-operate VOC sensor is of great current interest.

Gas sensors based on metal oxide semiconductors (MOSs) are commercially available
and have been widely used in the detection and monitoring of flammable and toxic gases [5].
MOS-based sensors are cheap, reliable, consume relatively low power, and have good
sensitivity, due to a wide conductivity range and a robust structure, making them an
ideal gas-sensing material [6]. Compared to the commercially successful n-type SnO2 and
WO3 sensors, p-type MOS-based sensors, such as Cr2O3, CuO, and NiO, have received
relatively little attention [7]. As a typical p-type semiconductor, Cr2O3 has been used in
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gas sensing [8], catalysis [9], and electrochemical devices [10]. It is reported that doping
titanium into Cr2O3 is an effective method to enhance the gas-sensing performance of
pristine Cr2O3 [11]. Ti-doped Cr2O3 (CTO) MOSs are also good p-type materials for use in
gas sensors, due to their tolerance towards humidity, good baseline stability, and reasonable
sensitivity. CTO-based sensors are especially good for the detection of trace quantities of
reducing gases in air (such as H2S, CO, or ethanol vapor), with operating temperatures
ranging from 300 to 500 ◦C [12,13]. Shaw [14] reported the deposition of Cr2−xTixO3
thin films on sensor substrates using a variety of techniques—including screen printing,
atmospheric pressure chemical vapor deposition (APCVD), and flame fusion methods—
and investigated their gas response to CO and ethanol. Du [15] used electrostatic spray-
assisted vapor deposition (ESAVD) at 650 ◦C to prepare Cr2−xTixO3 films for the detection
of NH3. The results showed that the sensitivity of Cr1.8Ti0.2O3 films to 500 ppm NH3 at
500 ◦C was around 1.45. To further investigate the effect of different Ti-doping levels on
Cr2−xTixO3, Du [16] carried out the synthesis and characterization of Cr2−xTixO3 with
different nominal compositions using the ESAVD technique. Of all the CTO sensors—
prepared with varying compositions—Cr1.7Ti0.3O3 exhibited the highest gas sensitivity.
This sensor exhibited a gas response of 2.90 when exposed to 500 ppm NH3 at 200 ◦C and
also revealed good sensitivity to ethanol vapor at 400 ◦C. Conde-Gallardo [17] found that
the conductivity of Cr2−xTixO3 films deposited by aerosol-assisted CVD (AACVD), using
copper acetylacetonate and titanium butoxide precursors dissolved in isopropanol, was
dependent on the degree of Ti-substitution (conductivity decreased with increasing Ti),
although they did not measure the gas-sensing properties.

AACVD has been widely implemented to prepare homogenous and uniform thin
films and can effectively generate high-purity MOSs [18]. It has a key advantage over
alternative methods of sensor material synthesis in that it combines both material synthesis
and device integration in a single step. The AACVD process has attracted attention over
other CVD processes due to its characteristics of easy operation, low cost, higher deposition
rates, and flexibility in tuning thin-film micro/nanostructures [19].

This work focused on the synthesis of Cr2O3 and Ti-doped Cr2O3 thin films via the
AACVD method and demonstrated the relative sensitivity of the materials to the gases
ammonia (NH3) and C4H8. NH3 is a colorless gas with corrosive properties and a strong
pungent odor. Severe damage is caused to the throat, lungs, eyes, and skin, even at low NH3
concentrations [20]. Moreover, it is reported that exposure to an NH3 atmosphere exceeding
50 ppm for a long time leads to serious pathological changes in organs such as the liver
and kidneys [21] and also results in serious health issues, including respiratory distress,
eye irritation, and skin problems [22]. NH3 is also a metabolite in breath exhaled from the
human body, which can be used as a marker of end-stage renal disease (ESRD) for a non-
destructive diagnosis in clinical medicine (average 4.88 ppm; range 0.82–14.7 ppm) [23].
As far as we know, this report is also the first time that CTO sensors have been used to
detect C4H8, a model alkene VOC. The chemical composition and morphological structure
of the Cr2O3 and CTO thin films were characterized using XRD, Raman analysis, SEM,
and XPS. To understand how the conductivity of CTO may change upon exposure to these
gases, we present the first description of a gas-sensing mechanism for p-type MOSs, based
on varying concentrations of oxygen vacancies in the sensing material.

2. Experimental Section

2.1. Synthesis of Cr2O3 and CTO Thin Films

The deposition of Cr2O3 and CTO thin films was achieved via the AACVD technique
in a homemade reactor equipped with a water-cooling system in the proximity of the inlet
to minimize the pre-reaction of precursors. A schematic of the AACVD technique is shown
in Figure 1.

To prepare the Cr2O3 films, alumina gas-sensor platforms (with interdigitated screen-
printed gold electrodes) were first cleaned with acetone and deionized water before use
and were then set onto a base and covered with a mask. These were then placed into the
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reactor and heated to 340 ◦C. A solution of chromium hexacarbonyl (0.1 g, 0.454 mmol)
in methanol (40.0 mL) was prepared and aerosols of the solution were formed using an
ultrasonic humidifier operated at 2 MHz, with the aerosols then transported to the reactor
by a N2 gas carrier at a flow rate of 1000 standard cubic centimeters per minute (sccm).
After ~10 cm3 of the precursor solution had been transported, the substrate and mask
were rotated 90◦ and the deposition process continued; this was repeated four times to
ensure homogeneous coverage of the thin films across the sensors. Once the precursor
solution was exhausted, the heating temperature and flow rate were reduced to 100 ◦C
and 300 sccm, respectively. After deposition, the dark green thin films obtained were
annealed for 24 h at variable temperatures and, respectively, named as Cr2O3-1, Cr2O3-2,
and Cr2O3-3, corresponding to the annealing temperatures of 500, 600, and 700 ◦C.

Figure 1. Schematic diagram of an aerosol-assisted CVD.

For the synthesis of CTO thin films, a solution of 0.22 g (0.775 mmol) titanium di-
isopropoxide bis-(acetylacetonate) (TDBAA) and 15.0 mL methanol was prepared, then
3.0 cm3 of this TDBAA–methanol solution was added to the chromium solution (as pre-
viously prepared) and stirred to obtain a precursor solution with a Cr:Ti molar ratio of
Cr1.5Ti0.5. Aerosols of this solution were again generated via a humidifier and transported
by a N2 gas carrier, but this time at a flow rate of 1500 sccm (to provide more homogeneous
Ti-incorporation). For the CTO-based sensors, the annealing temperature was maintained
at 600 ◦C and the annealing time varied; CTO-1 is the sample annealed for 6 h, while CTO-2
is the sample annealed for 30 h.

2.2. Characterization of the Samples

X-ray diffraction (XRD) patterns were analyzed using a Bruker, LinxEye D8 X-ray
diffractometer in reflection mode, using Cu Kα radiation (λ = 1.5406 Å) and operated at
50.0 kV and 1.0 mA. Scans were performed using a detection angle ranging from 20.0◦ to
70.0◦. Raman spectroscopy analysis was carried out using a Renishaw 1000 spectrometer
equipped with a 532 nm laser. The Raman system was calibrated using a silicon reference.
All films were placed in the spectrometer using an X-Y stage and analyzed in the ranges of
200 to 800 cm−1, with a laser power of 10%, an exposure time of 45 s, and an accumulation
of three times per sample. Scanning electron microscopy (SEM) was conducted using a Jeol
6310F microscope. All sample images were collected using a secondary electron detector.
The samples were coated with a thin layer of sputtered gold and connected to the metal
stage with copper tape. Energy dispersive analysis of the X-rays was conducted using the
same instrument to determine the sample composition (for the samples coated with carbon,
not gold). X-ray photoelectron spectroscopy (XPS) measurements were performed using
a Thermo Kα spectrometer with monochromatic Al Kα radiation, a dual-beam charge
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compensation system, and a constant pass energy of 50 eV. The binding energies were
calibrated with respect to the C 1s peak at 284.6 eV.

2.3. Sensor Fabrication and Gas-Sensing Measurements

A photograph of the MEMS platform is shown in Figure 2a. Once the AACVD-
deposited substrates were made, platinum wires were used to connect the alumina sub-
strates to a pin stage, as shown in Figure 2b. Four platinum wires were used for the
electrical connections; two were welded to the gold sensor trackpads on the top side of the
sensor platform, and the other two were connected to the platinum heater trackpads on
the bottom side. Gas-sensing measurements of the as-prepared Cr2O3 and CTO sensors
were tested at Alphasense Ltd., UK. The working temperature and resistance of the sensors
were measured and controlled by a Sensor Management System (SMS), which is designed
to work with up to eight metal oxide gas sensors. It has circuits to accurately control the
sensor heater temperature based on a constant-resistance setup with a digital control. The
variance in the concentration of the tested gas was obtained by altering the flow rate of
each gas using a mass flow controller (MFC, UFC 1100, Brooks), which was controlled by a
computer program written in LabVIEW (National Instrument 2016). In a typical test cycle,
the enclosed system containing the sensors was first purged with 50% humid air for 30 min;
afterwards, a flow of concentrated gas analyte was passed through for 30 min, and then a
flow of just humid air passed for 30 min again to clean the analyte.

Figure 2. (a) Photograph of sensor platform, and (b) schematic diagram of a sensor connected to
nickel pins via platinum wires.

3. Results and Discussion

3.1. Material Characterization

EDX analysis gave the composition of the samples as Cr1.95Ti0.05 (97.5% Cr, 2.5%
Ti on a metals basis), indicating decreased incorporation of Ti into the film relative to the
concentration in the precursor solution; this is commonly observed in multicomponent
films deposited by AACVD and occurs due to differences in the thermal decomposition
behaviour of the individual precursors. The XRD patterns of Cr2O3 and CTO-based sensors
are shown in Figure 3, as shown in Figure 3a, the characteristic peaks at 2θ = 24.5◦, 33.6◦,
36.2◦, 41.2◦, 50.2◦, 54.9◦, and 57.1◦ can be assigned to the (012), (104), (110), (113), (024), (116),
and (211) planes of hexagonal phase eskolaite (JCPDS # 38-1479) [24]. The XRD patterns of
corundum indicate that all of the diffraction peaks match well with the hexagonal phase
Al2O3 (JCPDS # 46-1212), which is expected as the substrates that are made from alumina.
Notably, the sharp diffraction peaks of gold (JCPDS # 04-0784) were also detected that come
from the ink used for the sensing electrodes. No obvious 2θ peak shift was observed when
Cr2O3 thin films were annealed at different temperatures (500, 600, and 700 ◦C) on the
surface of alumina sensing platform. Figure 3b exhibits the XRD patterns of CTO thin films
and the results indexed to the crystal structure of eskolaite (Cr2O3), corundum (Al2O3),
and gold. The CTO patterns are in close alignment with the deposited Cr2O3 thin films
and the result shows that no measurable change in the crystal structure is observed and
peaks of TiO2 are not present, which indicates that the full incorporation of Ti dopant
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into the lattice of Cr2O3 and no phase separation occurred within the limit of detection
of XRD. Furthermore, no other impurity peaks were detected in all of the XRD patterns,
demonstrating the high purity of the samples.

 

Figure 3. XRD patterns of (a) Cr2O3 thin film-based sensors exposed to different annealing tempera-
tures and (b) CTO thin film-based sensors subjected to different annealing times.

The average crystal sizes of the Cr2O3 and CTO thin films were calculated using
Scherrer’s formula:

D = kλ/βcos θ. (1)

Herein, D is the average crystal size, and all angles are in radians. For spherical
crystallites, in most cases k is a constant of about 0.9. λ represents the X-ray wavelength
(1.5406Å), and β is the full width at half maximum (FWHM) of the peaks of the Cr2O3 and
CTO thin films. For the Cr2O3 thin films, the calculated values of the crystallite sizes are
26, 31, and 30 nm, corresponding to the different annealing temperatures of 500, 600, and
700 ◦C. From the results, it can be seen that the crystallite sizes may become a little bigger
with the increase in annealing temperatures, but the difference is likely to be insignificant
within the precision of the Scherrer estimate. In the CTO thin films, the crystallite sizes of
CTO-1 and CTO-2 are 25 and 36 nm, respectively, demonstrating that the incorporation
of Ti into Cr2O3 crystal causes no obvious influence on its crystallite size (CTO-1), but
extending the annealing time from 6 h to 30 h appears to contribute to a growth in crystallite
size (CTO-2). Table 1 summarizes the preparation conditions and Scherrer sizes of the
different sensors.

Table 1. Preparation conditions and Scherrer sizes of the different sensors.

Samples Annealing Temperatures (◦C)
Annealing Times

(h)
Scherrer Size (nm)

Cr2O3-1 500 24 26
Cr2O3-2 600 24 31
Cr2O3-3 700 24 30
CTO-1 600 6 25
CTO-2 600 30 36

The crystal structures were also investigated using Raman spectroscopy. Figure 4
displays the Raman spectra of the Cr2O3 and CTO thin films. In Cr2O3, there are a total
of four Raman modes observed (three Eg modes and one A1g mode). Pristine Cr2O3 thin
films exhibited three Eg vibration modes at 303, 351, and 612 cm−1 and one intense A1g

mode at 553 cm−1. The absence of characteristic TiO2 Raman peaks for the CTO sample
correlates well with the results from XRD characterization—namely, there was no phase
separation on the film. The broad peak located at 721 cm−1 has been seen previously and
has been ascribed to the existence of local vibration [25].
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Figure 4. Raman spectra of the Cr2O3 and CTO thin films.

The morphologies of the as-prepared CTO thin films were characterized using SEM.
As seen from the high-resolution picture (Figure 5a), the CTO thin films consisted of many
uniform and well-dispersed sub-micron particles, which are spherical-like, with a diameter
of 300–500 nm. It can be speculated that the particles observed in SEM are agglomerates
of many smaller crystallites, due to the disparity between the particle size (SEM) and
the crystallite size (Scherrer). As shown in the low-magnification SEM image (Figure 5b),
the CTO particles are self-assembled to form a lamellar structure. SEM images of the
Cr1.95T0.05O3 films previously deposited (at higher temperatures) by APCVD exhibited
dense and spheroidal platelets sized 1–4 μm [14], whilst the Cr1.8Ti0.2O3 films deposited
by the ESAVD technique had a more ordered porous structure, due to the introduction of
polymeric additives [15].

Figure 5. (a) High-resolution and (b) low-resolution SEM images of the CTO thin film.

The surface chemical composition of the as-synthesized CTO was analyzed by XPS
and the results are shown in Figure 6. The XPS surface analysis was conducted using
C 1s as calibration at 284.6 eV. It can be observed that the sharp peaks in the survey
spectrum (Figure 6a) can be attributed to the elements of C, Ti, O, and Cr, demonstrating
the successful doping of Ti into the Cr2O3 thin film. The high-resolution spectrum of Ti4+

2p (shown in Figure 6b) is split into two peaks—of Ti4+ 2p1/2 and Ti4+ 2p3/2—centered
at 464.5 and 458.6 eV. This is in contradiction with the work of Conde-Gallardo et al. [17],
who found that their Cr2−xTixO3 films deposited by AACVD featured Ti3+—although
substitution by Ti4+ would be consistent with the decrease in conductivity they observed
with increasing Ti incorporation, due to electronic compensation through the formation of
electrons (which are expected to recombine with the native p-type carriers in Cr2O3). The
Cr 2p spectrum of CTO in Figure 6c could be divided into two peaks of Cr3+ 2p1/2 and Cr3+

2p3/2, located at 586.6 and 576.7 eV, respectively. Figure 6d shows that the XPS spectrum of
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O 1s is deconvoluted into three peaks, corresponding to Ti–O–Ti (534.2 eV), surface oxygen
species (-COx, -OH) (532.3 eV), and Cr–O–Cr (530.4 eV), respectively [26].

Figure 6. XPS spectra of the CTO film: (a) survey scan, (b) Ti 2p, (c) Cr 2p, and (d) O 1s.

3.2. Gas Response

Figure 7a,b show the dynamic responses of the Cr2O3 and CTO sensors towards C4H8
gas, respectively. The test conditions were set at two different concentrations of C4H8
gas at a relative humidity of 50% and operating temperatures of 400 and 450 ◦C. Each
temperature was tested with three pulses of C4H8 gas (20-5-20 ppm). Figure 8a,b show
the sensors response (resistance in gas over resistance in air, Rg/Ra) towards the different
concentrations of C4H8 at different temperatures. The dynamic response results (Figure 7)
show that the response values remained stable after the continuous test with different gas
concentrations at different working temperatures. Each pulse towards the analyte was
30 min, then followed by 30 min of humid air. It can be observed that resistance values are
higher for CTO as compared to resistance values of Cr2O3, as expected for substitution of
Cr3+ with Ti4+, again suggesting that Ti was fully incorporated into the host lattice rather
than as a separate phase. The CTO sensors also exhibited a typical p-type response upon
exposure to C4H8 gas. All the CTO sensors prepared by AACVD show a higher response
than that of the Cr2O3 sensors (Figure 8), although the CTO-1 sensor annealed for 6 h
displayed a lower response compared to the one annealed for 30 h (CTO-2).

All the sensors were then exposed to NH3, at the same relative humidity and operating
temperature as the C4H8 gas but using different concentrations (75-25-75 ppm), and the
results are shown in Figure 9. Obviously, the resistance values of the sensors also all
increase upon exposure to NH3, again showing the typical p-type property associated
with Cr2O3/CTO. As previously, the Cr2O3-2 film annealed at 600 ◦C shows the largest
response of the three Cr2O3-based sensors (Figure 8a). After doping Ti into the Cr2O3 thin
films, the as-prepared CTO sensors exhibited a higher response to NH3 compared to the
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Cr2O3-based sensors (Figure 8b). The highest response for Cr2O3 at 400 ◦C and 75 ppm
NH3 is about 1.09, whereas the response for CTO under the same conditions is about 1.45.
It is noteworthy that the annealing time influences the response of the CTO sensors to C4H8
and NH3 gases.

Figure 7. Change in resistance of the (a) Cr2O3-based sensors and (b) CTO-based sensors to C4H8 gas.

Figure 8. Rg/Ra against C4H8 concentration for each Cr2O3 and CTO sensor at different temperatures:
(a) 400 ◦C; (b) 450 ◦C.

Figure 9. Change in resistance of the (a) Cr2O3-based sensors and (b) CTO-based sensors to NH3.

3.3. Sensing Mechanism

In general, electron depletion theory is the most widely accepted sensing mecha-
nism for the majority of MOSs [27]. However, an alternative self-consistent description of
electronic change mediated by oxygen vacancies, rather than ionosorbed oxygen species,
has been postulated for n-type MOS [28–30]. A similar mechanism for p-type materials
is currently missing, despite the commonly employed electron depletion ex-planations
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for p-type materials requiring the surface oxygen acceptor species to be at vastly different
energy to those expected in n-type materials, which must be close to the conduction band
maximum in order for their adsorption and desorption to be thermodynamically accessible,
for the descriptions to work (in fact below the valence band maximum), despite there
being no rationalization for such a difference to exist. However, in direct contrast to n-type
materials, oxygen vacancies found in p-type ma-terials are typically ‘deep’ in the bandgap
(further from the conduction band edge than in n-type). Consequently, they will not be
ionized at normal sensor operating temper-atures (Equation (2), the electrons arising from
formation of the oxygen vacancy are not ionized to free electrons but rather are ‘trapped’ at
the vacancy). Due to the pres-ence of the (relatively) numerous (majority carrier) holes in
p-type materials it is ex-pected to be thermodynamically favorable for the electrons trapped
at oxygen vacan-cies (within the bandgap) to recombine with holes (in the valence band).
This means formation of oxygen vacancies would reduce the concentration of primary
carriers in a p-type material (Equation (3)), hence leading to a decrease in conductivity
(increase in resistance) with increasing oxygen vacancy concentration (a similar explanation
ex-plains the observed increase in Cr2O3 sensor resistance with Ti(IV)-doping (CTO); to
maintain electroneutrality for every two Ti(IV) substituted onto a Cr(III) site an oxygen
vacancy must be formed).

2OO → O2 + 2V ′′
O (2)

2V ′′
O + 4h· → 2Vx

O. (3)

Therefore, under exposure to reducing conditions, the hole concentration is expected
to decrease [31] and hence the resistance is expected to increase, at least at the surface of the
material. As shown in Figure 10, exposure of Cr2O3 or CTO to NH3 or C4H8 would cause
the surface lattice oxygen concentration (OO) to decrease as the lattice oxygen is consumed
by oxidizing the gas species (R), i.e., the oxidation of the analyte gas causes the oxygen
vacancy concentration in the sensing material to increase (VO), which annihilates holes (4)
and causes the resistance to rise, as observed in our tests.

2OO + 4h· + 2R → 2RO + 2Vx
O (4)

Exposure to pure air would allow the surface to re-oxidize, reducing the concentration
of oxygen vacancies and hence decreasing the (surface) resistance.

Assuming that the increases in resistance observed upon introduction of the analyte
gas are due to their reaction with lattice oxygen, rather than some form of direct donor
(analyte)/acceptor (sensor) behavior—which seems reasonable given that the strength
of any donor interaction at the elevated temperatures used here (400–450 ◦C) must be
questionable—the relative sensitivity towards these different reducing gases would then
relate either to the different thermodynamics (for a steady-state ‘saturated’ response) or
kinetics (for a transient response) for the oxidation of the gas species by lattice oxygen, i.e.,
the reactivity of a given analyte species towards oxidation. Whilst we do not have a direct
comparison available in our test data, a comparison of the change in resistance of our CTO
sensors towards 20 ppm C4H8 and 25 ppm NH3 at 450 ◦C (closest to steady-state response)
suggests that it is thermodynamically more favorable for C4H8 to be oxidized by CTO
(either due to the ease of oxidation or due to a more complete oxidation) at an elevated
temperature (higher resistance change observed for C4H8 at a similar concentration).

In addition, the difference in the sensing performance between Cr2O3 and CTO
(e.g., Figure 8) may then be attributed to the difference in the relative change in oxygen
vacancy concentration between the two materials (the lower initial hole concentration in
CTO, displayed schematically in Figure 10, with each Ti inducing the loss of one hole,
meaning a greater relative change is measured)—although without additional analysis
techniques, it cannot be discounted that the presence of Ti has a direct (e.g., catalytic) effect
on the reaction.
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Figure 10. Schematic illustration of the possible sensing mechanism for Cr2O3 and CTO thin films
when exposed to C4H8 or NH3.

4. Conclusions

In this work, Cr2O3 and CTO thin films, from [Cr(CO)6] and TBDAA precursors in a
methanol solution, were deposited on the surface of an alumina platform using AACVD.
Except for the patterns coming from the platform, XRD patterns for the CTO sensors only
displayed the crystalline phase of eskolaite (Cr2O3), which shows no indication of phase
separation. XPS analysis confirmed the presence of Ti4+ in the CTO thin films. Doping with
Ti4+ increased the resistance, characteristic of an n-type dopant. All the as-prepared sensors
based on Cr2O3 and CTO thin films exhibited good sensitivity and reproducibility in
response to isobutylene and ammonia gases at a humidity of 50% RH. We have postulated
a new mechanism for gas sensitivity in p-type metal oxides based on a varying oxygen
vacancy concentration.
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Abstract: The tuning sensitivity towards CO2 detection under in-field-like conditions
was investigated using SnO2-sensitive material deposited onto Al2O3 substrates provided
with platinum electrodes with interdigital gaps of 100 μm and 30 μm. X-ray diffraction,
low-magnification and high-resolution transmission electron microscopy, and electrical
and contact potential difference investigations were employed to understand the sensing
mechanism involved in CO2 detection. The morpho-structural analysis revealed that the
SnO2 nanoparticles exhibit well-defined facets along the (110) and (101) crystallographic
planes. Complex phenomenological investigations showed that moisture significantly
affects the gas sensing performance. The experimental results corroborated the literature
evidence, highlighting the importance of Pt within the interdigital electrodes subsequently
reflected in the increase in the CO2 sensing performance with the decrease in the interdigital
gap. The catalytic efficiency is explained by the distribution of platinum at the gas-Pt-SnO2

three-phase boundary, which is critical for enhancing the sensor performance.

Keywords: SnO2 nanoparticles; CO2 sensitivity; platinum electrodes; variable interdigital
gap; catalytic activity of platinum electrodes

1. Introduction

The origin of metal oxide semiconductor (MOS)-based gas sensors may be traced back
to the early 1970s, when Taguchi introduced the first gas sensing device utilising tin dioxide
(SnO2) [1]. In addition to its use as a transparent coating element for electrode material
in solar cells or displays, SnO2 is primarily involved in gas sensing and catalysis. The
SnO2-based sensors have been utilised in various industrial sectors, including automotive,
chemical, environmental detection and control, food, medicine, military, and safety. The
initial requirement involves monitoring the emissions from the vehicle, which mostly
consist of carbon in the form of small particles, unburned hydrocarbons, carbon dioxide,
carbon monoxide, nitrogen oxides, sulphur oxides, water vapour, and various other low-
level chemicals. The need to monitor the levels of different gases has led to extensive
research and development efforts to create sensors based on SnO2 that are widely applicable
in various fields [2]. Moreover, there are plenty of studies related to doped or un-doped
SnO2 specific to the aforementioned target sectors. When it comes to the detection of carbon
dioxide (CO2), MOS-based gas sensors are almost insensitive under normal working in-field
conditions (e.g., the presence of oxygen and relative humidity—RH).

Chemosensors 2024, 12, 238 https://doi.org/10.3390/chemosensors1211023831
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Carbon dioxide is an inert gas that absorbs short-wavelength light, contributing signif-
icantly to the greenhouse effect. It is commonly found in the atmosphere at concentrations
between 300 and 400 parts per million (ppm). As the concentration of CO2 in the environ-
ment rises, the human body will progressively encounter discomfort, difficulty breathing,
impaired sensory function, dizziness, shock, and perhaps death [3]. Monitoring the con-
centration of CO2 in respiration can provide valuable insights into respiratory status and
circulation disorders [4]. It can also help in the timely detection of respiratory dysfunction
and other abnormal situations during general anaesthesia, making it highly valuable in
both the operating room and the intensive care department [5]. From an industrial perspec-
tive, the extensive utilisation of fossil fuels leads to an increase in the concentration of CO2

in the atmosphere. Hence, the monitoring of CO2 is interconnected with the well-being,
health, and safety of individuals, as well as the government’s oversight of carbon emissions
and precise decision-making regarding energy structure regulation [6].

Currently, CO2 detection is performed with optical sensors [7], resistive sensors [8],
potentiometric sensors [9], amperometric sensors [10], capacitive sensors [11], surface
acoustic wave sensors [12], and quartz crystal microbalance sensors [13], among others.
Chemical gas sensors, which rely on the changes in the electrical resistance (conductance)
of MOS under variable surrounding conditions, are the simplest, cheapest, and most user-
friendly alternative [14]. In this respect, binary and ternary MOSs with high porosity, a large
specific surface area, and defect structures have attracted the attention of researchers. For
instance, ternary metal oxides exhibit Schottky, Frenkel, and interstitial atom defects, due to
variations in crystal structure, cation species, and valence states. In addition, the presence
of doped cations occupying the A/B sites will result in the formation of certain non-
intrinsic defects, which in turn contribute to the absorption of the target gas. The primary
ternary metal oxide materials utilised for CO2 sensing are the perovskite structure (ABO3)
and spinel structure (AB2O4) oxides. These include barium titanate (BaTiO3), lanthanum
ferrite (LaFeO3), nickel ferrite (NiFe2O4), and magnesium ferrite (MgFe2O4). Typically,
they are manufactured to create integrated structures or heterostructures by combining
them with metal oxides to improve their gas-sensing abilities [15,16]. In the work of
Chavali et al., metal oxide nanoparticles are described by their gas-sensing performance
concerning hierarchical structure, shape, and size. Not only the gas-sensing applications
are discussed, but also their complex applications in nanotechnologies [17]. Unfortunately,
the atmospheric relative humidity (RH) significantly affects the absorption and release of
carbon dioxide. The impact of RH on the sensing mechanism was investigated using density
functional theory (DFT). Under conditions of low humidity (RH < 35%), the interaction
between carbon dioxide (CO2) and tin dioxide (SnO2) with pre-adsorbed oxygen ions
(O2− and O−) from the (110) crystal surface was minimal. At a higher RH, CO2 molecules
were adsorbed onto the (110) crystal surface of SnO2. During this process, CO2 reacts
with OH− ions (from the dissociative adsorption of water) and leads to the formation of
carbonate. Additionally, an exchange of electrons between CO2 and SnO2 occurs. The
results suggest that the pre-adsorbed OH− on the (110) crystal facet enhances the CO2

sensing properties [18]. This indicates that certain crystal surfaces have a strong ability to
adsorb or react with various atomic, ionic, and molecular groups. Xiong et al. investigated
the sensing properties of SnO2 films doped with La, Gd, and Lu, as well as pure SnO2

films, for the detection of CO2 in an environment devoid of oxygen [19]. La significantly
enhanced the performance of CO2 sensing, with the highest performance observed when
the La doping content reached 4%. The rate at which carbonates develop and the amount of
oxygen vacancies have a significant impact on the features of gas sensing. Consequently, the
researchers analysed the XPS spectra of the O 1 s and C 1 s samples. They then determined
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the ratio of peak areas for residual carbon (organic carbon pollution) and carbonates, as
well as the ratio of peak areas for oxygen (O− and O2−). The optimal doping ratio was
determined to be 8 at. % when the concentrations of O2 in the carrier gas reached 21%
(in-field oxygen level), and it should increase to 16 at.% in the presence of free oxygen.

In the present study, we aimed to address a realistic scenario of the gas-surface inter-
action mechanisms involved in CO2 detection under in-field-like conditions characterised
by the presence of oxygen and variable relative humidity. Therefore, we performed DC
electrical investigations and simultaneous electrical resistance measurements assisted by the
contact potential differences on planar sensors, which were obtained by screen-printed SnO2

thick layers on substrates with different interdigital gaps of 100 and 30 μm, respectively.

2. Materials and Methods

2.1. Powders Synthesis

As previously reported [20], a sodium hydroxide solution was added dropwise over a
solution of tin (IV) chloride containing CTAB (hexadecyltrimethylammonium bromide).
The mixture was stirred for half an hour at room temperature, was afterward sealed in
a Hydrothermal Synthesis Autoclave Reactor with a PTFE Lined Vessel of 100 mL, and
was left to react at 160 ◦C for 18 h. SnO2 powder was isolated by centrifugation, washed
repeatedly, and air-dried at 120 ◦C. To complete the synthesis process, the dried powder
was thermally treated at 550 ◦C. The chemicals were used as purchased, without any further
purification: tin (IV) chloride (SnCl4, 99.999%, Acros Organics, Geel, Belgium), sodium
hydroxide (NaOH, >98%, Honeywell Fluka, Seelze, Germany), and hexadecyltrimethylam-
monium bromide (CTAB, 99%, Acros Organics, Geel, Belgium). A final thermal treatment
at 550 ◦C has completed the preparation processes.

2.2. Structural and Morphological Investigations

Structural investigations were performed using powder X-ray diffraction with a D8
ADVANCE diffractometer (BRUKER-57AXS GmbH, Karlsruhe, Germany) with Ni-filtered
Cu radiation (λ = 1.54184 Å) at room temperature in Bragg–Brentano geometry in the range
of 2θ from 20◦ to 95◦. The XRD data were analysed using the Rietveld refinement with
MAUD version 2.99 software to determine the lattice parameters and average crystallite size.

The morphology of the SnO2 sample was investigated using a JEOL JEM-ARM200F
transmission electron microscope (JEOL LTT., Japan, Tokyo), operated at 200 kV. To prepare
the TEM sample, a small quantity of the powder was mixed with ethanol, then it was
ultra-sonicated for 10 min, and a small droplet from this mix was drop-cast on a TEM
copper grid provided with a carbon membrane.

2.3. Layer Deposition and Sensing Investigations

The layer deposition process is the subject of a national patent application, OSIM/Nr.
A 00110/18 March 2024. In brief, the as-prepared sensitive powders were combined with 1,2
Propanediol and grounded to produce a paste with a medium viscosity. Subsequently, the
paste was applied onto commercial alumina substrates using the screen-printing technique
to form thick layers. The sensors obtained were gradually dehydrated and thermally
treated at 500 ◦C in air. This procedure enables the thorough elimination of the organic
solvent, guaranteeing the porosity of the layer and enhancing its adhesion to the substrate.
The alumina substrates are made using planar technology and are provided with platinum
electrodes and a heater on the backside. The interdigital electrodes on the substrate have
gaps measuring 100 μm and 30 μm, respectively. The obtained samples were labelled “SnO2

100 μm” and “SnO2 30 μm”. The electrical power through the heater is adjusted to control
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the temperature of the sensor layer, which in turn modulates the chemical interaction
between the MOS layer and the test gases. The substrates were passivated with glass
on both sides to avoid parasitic catalytic effects, thus highlighting the catalytic processes
that are taking place solely on the sensitive layer or at the three-phase boundary (e.g.,
gas–electrodes–SnO2).

A Gas Mixing System (GMS) was used to simulate the in-field atmosphere (Figure 1).
The GMS is managed by specialised software and comprises eleven gas channels fitted with
mass flow controllers, solenoid valves, and high-purity gas bottles. The system functions
in a dynamic state, maintaining a total flow rate of 200 mL/min. A relative humidity
(RH) is accomplished using a distinct pathway involving a gas-washing bottle containing
moisture. The real-time acquisition of the electrical resistance changes in sensors positioned
inside the sensor chamber was performed using a dedicated electrometer Keithley 6517A
(Tektronix, OHIO, Solon, OH, USA) operated under constant 3V bias, while the contact
potential differences (CPD) were recorded using a McAllister 6500 Kelvin Probe (McAllister
Technical Services, CALIFORNIA, Berkeley, CA, USA).

Figure 1. Gas Mixing System provided with a Kelvin probe involved in DC and contact potential
difference measurements (a), a sensor chamber (b), and a PC dedicated to evaluation and control (c).

3. Results and Discussions

3.1. XRD Characterisation

The powder X-ray diffraction (XRD) of the SnO2 sample prepared by the hydrothermal
method at a temperature of 160 ◦C presents the characteristic diffraction lines of the SnO2

(Figure 2). It exhibits a tetragonal structure with a symmetry space group of P42/mnm,
according to CIF no. 1526637 from the COD database.

 

Figure 2. XRD pattern of SnO2.
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Through Rietveld refinement, using the MAUD version 2.99 software, the lattice
parameters and the average crystallite size of 21.47 ± 0.19 nm were determined. The
crystallographic parameters for the lattice are slightly different than the reference data.

3.2. Analytical TEM Characterisation

The low-magnification TEM images were used to characterise the sample’s morphol-
ogy. Figure 3a shows that the sample consists of nanoparticles with the following different
dimensions: smaller quasi-spherical nanoparticles (having ~9 nm) and larger elongated
nanoparticles (having ~35 nm).

 

Figure 3. TEM image of SnO2 (a) and the corresponding SAED pattern, revealing the tetragonal
structure of SnO2 (b).

The structure of the sample was determined using selected area electron diffraction
(SAED). The SAED pattern shown in Figure 3b is typical for a polycrystalline material,
and it reveals the tetragonal structure of SnO2, with the space group P42/mnm. The white
arrows are pointing towards crystallographic planes (110), (101), and (211), as indexed
according to cif no. 2104754 from COD database.

The high-resolution TEM (HRTEM) investigations revealed the presence of (110) and
(101) crystallographic facets (Figure 4). Kuncser et al. [20], using VESTA modelling, showed
that (110) and (101) facets mostly have oxygen terminations.

 

Figure 4. HRTEM images showing faceted nanoparticles having different dimensions.
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Figure 4a shows two nanoparticles having the edges along (110) crystallographic
planes. The double white lines in Figure 4b indicate the (110), (10-1), and (011) crystallo-
graphic planes of a nanoparticle oriented along the [1–11] axis.

The average dimension was determined by measuring ~400 nanoparticles using
low-magnification TEM images similar to the TEM image shown in Figure 3a. The size
distribution is shown in Figure 5. After fitting the as-obtained histogram with a log-normal
function, we obtained a mean value of 15.4 nm and a standard deviation of 6.9 nm. Within
the error limits, the mean value of the particle size obtained from TEM is in accordance
with the value of the crystallite size obtained from Rietveld refinement.

Figure 5. SnO2 nanoparticles size distribution histogram fitted using a log-normal function.

In conclusion, the morpho-structural TEM investigations have shown that the sample
consists of nanoparticles with different dimensions, having well-defined facets along (110)
and (101) crystallographic planes [21–23].

3.3. Sensing Characterisation

The response of MOS sensors depends on the operating temperature of the gas-
sensitive material, which determines the adsorption of atmospheric oxygen in its molecular
or ionic forms. The response capacity decreases at higher working temperatures due to the
different rates of the adsorption/desorption processes [24]. Consequently, we conducted an
initial experiment to observe the changes in the sensor signal as the operating temperature
varied in the range of 100–400 ◦C for sensors based on SnO2 thick layers deposited onto
interdigital Pt electrodes with alternative gaps of 100 and 30 μm. The sensor signal was
determined by calculating the ratio of the electrical resistance measured under a reference
atmosphere (e.g., a synthetic air 5.0 background with 50% relative humidity) to the electrical
resistance measured while exposed to 3000 ppm of CO2 under the same RH conditions. The
highest level of sensitivity was achieved at an operating temperature of 350 ◦C (Figure 6a).

When the sensors operate at moderate temperatures, oxygen physisorption on the
MOS surface is generally accepted. This process does not entail any transfer of electrical
charge from the sensitive material to the adsorbed molecular oxygen. When the temperature
rises, oxygen chemisorption occurs at the surface of the SnO2 grains. Consequently, electron-
depleted layers are formed near the surface of the grains due to the electron transfer from
the sensitive material to the adsorbed O− oxygen species. In terms of energy, the depleted
layers act as potential barriers, impeding the flow of electrons between the boundaries of
the grains [25].

Considering the interdigital gap as d ≈ N × g (where N is the number of grains and
g is the average grain size), the larger d is, the more grains we have and thus the more
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intergranular barriers. From the electrical point of view, this situation is associated with
electrical resistance in dry air conditions, explaining the higher resistance in the case of
SnO2 deposited on the substrate with an interdigital gap of 100 μm (Figure 6b).

In humid conditions, the electrical resistance decreases due to the known reducing
effect of RH [26].

2Sn + O− + H2O → 2(Snδ+ − OHδ−) + e− (1)

A similar behaviour is related to the presence of CO2, although it is known as a rather
inert gas [27]. Herein, the resistance of SnO2 decreases under CO2 exposure, suggesting
interactions with previously chemisorbed O− (Equation (2)) or OH− (Equation (3)) species,
leading to the release of electrons in CB.

Sn + O− + CO2 → Sn − CO3
− + VO

+ + e− (2)

(Snδ+ − OHδ−) + CO2 → Sn + HCO3
− + VO

2+ + 2e− (3)

Figure 6. The dependence of the sensor signal on the operating temperature (a), the behaviour of the
electrical resistance in the atmosphere with variable RH and CO2 concentrations for an operating
temperature of 350 ◦C (b), and the sensor signal to CO2 for SnO2 100 μm versus SnO2 30 μm (c,d).

Translating the electrical resistance changes in the sensor signals for both sensitive
structures (Figure 6c,d), it can be observed that the smaller interdigital gap (30 μm), the
higher the sensor signal is. Moreover, one can see that both sensors exhibit a special relation
with water, as long as the CO2 sensitivity increases in the presence of RH compared to
dry air. Complex phenomenological investigations (e.g., simultaneous electrical resistance
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and contact potential differences) provide the perspective of an explanation regarding this
behaviour (Figure 7).

The CPD measurements provide insights into the changes in work function (ΔΦ), al-
lowing us to discriminate between physisorption (associated with changes in the electronic
affinity, Δχ) and ionosorption (associated with changes in the surface potential barrier,
qΔVs). Considering the electrochemical potential (μ) of the SnO2 constant, we can write

q × ΔCPD = ΔΦ = Δχ + qΔVs = Δχ − kBTlnRair/Rgas (4)

where q is the electron charge, ΔCPD is the contact potential difference measured with
the Kelvin Probe, kB is the Boltzmann constant, T is the operating temperature, Rair is the
electrical resistance measured under humid synthetic air, and Rgas is the electrical resistance
measured under CO2 exposure.

As shown in Figure 7a,b, ΔΦ does not vary because it is the same SnO2 material
deposited onto substrates with different interdigital gaps. On the other hand, the greater
the water effect (Δχ), the greater the potential barrier variation (qΔVs).

At this point, it is important to understand whether the differences induced by the
interdigital gap are determined by their electrical contribution to the total resistance of the
sensors or by the catalytic activity of the platinum electrodes.

 

Figure 7. CO2 influence over the potential changes: SnO2 100 μm (a) and SnO2 30 μm (b) for
Top = 350 ◦C and 50% RH.

The first hypothesis is supported by the geometrical approach of a SnO2 polycrys-
talline sensitive material, considering incompletely depleted grains, arranged between Pt
electrodes with interdigital gaps (L) of 100 and 30 μm (Figure 8a). The so-called surface
state model [28] was used to represent the surface and bulk energetic dependencies with
respect to the percolation path phase of the electric current (Figure 8b).
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Figure 8. Schematic representation of the sensitive structure based on SnO2 deposited on a substrate
with Pt electrodes with different interdigital gaps L (a), energy band bending (b), and the equivalent
electrical circuit (c).

For gas sensors consisting of a thick polycrystalline-sensitive MOS layer, the con-
duction mechanism is dominated by surface phenomena. Exposure to an in-field-like
atmosphere and operating temperature favours oxygen and water vapour chemisorption,
determining the covering of the surface with the negative charge. This causes the ap-
pearance of a depletion layer near the surface due to the Coulomb repulsion towards the
electrons in the bulk. Thus, the conduction is limited by the Schottky barriers (qVs) formed
at the grain boundaries. In terms of the electrical equivalent circuit (EEC), the surface
is associated with a resistance Rs in parallel with a capacity Cs (Figure 8c). These are
controlled by the charging/discharging of the surface traps which are directly modulated
by the surface chemical gas interactions [29].

The resistance Rb corresponds to the electrons in the bulk and is weakly influenced [30].
The SnO2-Pt electrode contact is associated with the RcCc parallel circuit.

The electrons will flow from the semiconductor towards the metal because the SnO2

work function (4.53 eV) is lower than the Pt work function (5.64 eV) [31,32]. Accordingly,
the energy bands bend up due to the depletion of electrons in the semiconductor, and
the electrons flowing towards the Pt electrode must cross over the potential barrier qVc,
as in the case of the grain-to-grain Schottky element. But, taking into account that the Pt
resistance is much lower than the SnO2 surface resistance (Rc « Rs), its contribution can be
neglected, whether the interdigital gap L is 100 or 30 μm.

By close observation and through the aforementioned reasons, the electrical influence
of the interdigital electrodes on a thick film gas sensor can be considered negligible.

The second hypothesis is supported by the known spill-over effect of Pt [33,34]. In
brief, when a reducing gas is adsorbed on Pt, its dissociation is activated, followed by
migration (spill-over) on the MOS surface where it interacts with oxygen, increasing the
conductivity in the case of an n-type semiconductor [35].

In addition to the effects induced by impregnation/doping with noble metals, the
role of Pt electrodes must be considered in terms of the geometric and catalytic effects.
Several authors [36,37] have pointed out the significant role of the geometry influence of
the electrodes placed at the bottom region of the sensitive MOS layer. When a certain gas
molecule hits the MOS surface, it diffuses through the porous film and induces an electrical
effect at the bottom electrodes (so-called “three-phase boundary regions”). Starting from
the empiric demonstration of the differences in sensitivity induced by the variation in the
electrode gaps, Hoefer et al. [38,39] propose a rigorous work aiming to establish precisely
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the role of interdigital geometry on the sensing performance. As such, a sensor array
with a highly asymmetric electrode configuration could develop a low-cost sensor system
with improved selectivity (e.g., the selective detection of NO2 versus CO by varying the
interdigital electrode gaps).

On the other hand, the Pt electrode shows increased activity in the direct conversion of
CO2, with implications on the electrical properties of the SnO2 sensitive layer [40]. Besides
direct conversion, the spillover effect activates the gas adsorption on the Pt, which subse-
quently leads to the diffusion or migration of the adsorbed species on the neighbouring
gains [41]. By spanning the literature, one can find that the chemical activation of CO2 as
a quite inert gas is still a matter of debate, especially with MOS-based gas sensors. The
complex work of Wang et al. [42] stated that Pd and Pt represent the most favourable
metals for CO2 conversion. The role of Pt as a single-atom catalyst has attracted extensive
attention due to the superior catalytic performance towards CO2 conversion via a reverse
water gas shift reaction (RWGS). Thus, the work of He et al. [43] presented a simple route
to load 6.4 wt %Pt on silicon carbide with superior catalytic properties. Mondoza-Núñez
et al. [44] investigated the effect of Pt addition on CO2 methanation catalysed by ZrO2-
supported Rh. Quite similar results have been obtained by Ramos Gonzalez et al. [40]
on pristine Pt-catalysed SnO2 hybrid nanostructures when operated at low temperatures
(100 ◦C), envisaging a gas sensing mechanism based on the adsorption of OH− ions onto
the SnO2 surface. The sensing mechanism was attributed to the electron transfer from
the porous silicon-based band to the conduction band of the SnO2. In the case of ZnO
nano-ribbons [45], the role of Pt was used alongside Pd, Fe, Ag, and Au as simple adatom
catalysts towards sensing H2, H2S, and CO2.

With the aforementioned review of the literature and considering the technological
details of our samples (Figure 9), it is beyond doubt that the noble parts of the sensor (e.g.,
at the three-phase boundary between gas–Pt interdigital electrodes and SnO2) have a great
share in the catalytic activity of the CO2 gas.

 

Figure 9. Planar substrate sensor overview. Side a represents the Pt heater meander (a) and sensor
components parts (b); Side b1 represents the interdigital electrodes with a 100 μm gap (c); Side b2
represents the interdigital electrodes with a 30 μm gap (d) and a cross-section of the sensor (e).

Specifically, the thickness of the SnO2 layer (2.42 μm) and the Pt electrodes (3.51 μm)
was determined with the Ambios XP-100 Profilometer, and their ratio suggests that the
dominating amount of Pt controls the overall sensing effect.

It is worth mentioning that besides the Pt interdigital electrodes (e.g., where solely
catalytic effects take place), other Pt regions are covered with glass to avoid parasitic CO2

catalytic effects.
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In this context, we strongly believe that the sensitivity to CO2 increases with the
proportion of Pt in the sensitive structure. This explains the higher sensor signal when
SnO2 is deposited over electrodes with an interdigital distance of 30 μm, compared to
100 μm.

These results are consistent with the results from the literature which highlights the
role of Pt in CO2 reactivity; although, in the field of chemical sensors, the findings are less
true for MOS-sensitive materials.

4. Conclusions

SnO2 powder was obtained by hydrothermal growth at a temperature of 160 ◦C. A
final thermal treatment at 550 ◦C has completed the synthesis processes. X-ray diffraction
has shown a tetragonal structure, and the Rietveld refinement revealed a crystallite size of
~21.5 ± 0.19 nm. The morpho-structural TEM/HRTEM investigations highlight nanoparti-
cles with different dimensions, having a mean value of 15.4 nm for a standard deviation
of 6.9 nm and well-defined facets along (110) and (101) crystallographic planes. The SnO2

powder was transformed into a paste by mixing it with 1,2 Propanediol, and then it was
screen-printed as a thick layer onto commercial Al2O3 substrates having Pt electrodes
with alternative interdigital gaps of 100 μm and 30 μm. The obtained sensors labelled
“SnO2 100 μm” and “SnO2 30 μm” were thermally treated at 500 ◦C in air to eliminate the
organic solvent and ensure SnO2 adhesion to the substrate. The electrical power through
the substrate backside heater controlled the temperature of the SnO2 layer, favouring the
chemical interaction with gases. A Gas Mixing System was used to simulate the in-field-like
test atmosphere (synthetic air having different relative humidity and CO2 concentration).
The contact potential differences (CPDs) induced by the chemical interactions on the SnO2

surface were recorded using a McAllister 6500 Kelvin Probe. Thus, it was possible to
differentiate between water physisorption associated with changes in the electronic affinity
and oxygen ionosorption associated with changes in the surface potential barrier and,
consequently, with the electrical resistance. The differences induced by the interdigital gap
over the sensor signal to CO2 were analysed in terms of the electrical equivalent circuit
and catalytic activity of the platinum electrodes. The thickness ratio of 2.42 μm/3.51 μm
between the SnO2 layer and the Pt electrodes allowed us to conclude that the amount of Pt
specific for a 30 μm interdigital gap determines the increase in the sensing response to CO2

in accordance with the catalytic effect reported in the literature.
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Abstract: This research introduces an RI sensor for detecting various alcohol species with a designed
twisted polymer optical fiber (POF) sensor. The sensor is developed via a straightforward twisting
technique to form an effective coupling mechanism. The sensor works on intensity variation where
coupled intensity varies when different types of alcohol are added. The structure relies on the
twisting of two fibers, where one fiber is used as the illuminating fiber and the other fiber is used as
the receiving fiber. Five different types of alcohol are tested (methanol, ethanol, propanol, butanol,
and pentanol) as a substant. The experimental results reveal that the sensor is able to detect all five
distinct substants effectively by optical power intensity variation. Moreover, the sensor’s sensitivity
is analyzed with different factors such as the influence of the bending radius and the coupling length,
which reveals that the sensing parameters could be customized depending on specific requirements.
The sensor demonstrated consistent responses in repeatability tests, with minimal variation across
multiple measurements, highlighting its stability. Additionally, the study explores temperature’s
influence, revealing a sensitivity shift for every degree Celsius of change. This POF-based alcohol
sensor represents a significant leap forward in optical sensing technology.

Keywords: POF-based sensor; alcohol sensor; coupling method; intensity-based sensor

1. Introduction

The need for a precise, rapid, and trustworthy method to detect alcohol levels is
crucial across various domains such as the food-processing industry, clinical settings,
medical research, and environmental and agricultural evaluations [1–3]. Consequently,
continuous monitoring of atmospheric alcohol content is vital for safeguarding workplace
health [4–7]. Numerous methods for detecting alcohol have been utilized to examine
different substances within complex samples. These techniques include chromatography,
immunochromatography, mass spectrometry, nuclear magnetic resonance, polymerase
chain reaction, ultraviolet–visible spectroscopy, Fourier-transform infrared spectroscopy
(FTIR), standard infrared spectroscopy, surface-enhanced Raman spectroscopy (SERS),
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Raman spectroscopy, circular dichroism spectroscopy, spectrofluorimetry, and more, all of
which remain highly pertinent [8–18].

Despite their usefulness, these methods have constraints, with some suffering from
insufficient precision and accuracy issues. Issues related to ease of movement, delayed
reaction times, and complex operational steps emphasize the necessity for fresh analytical
strategies that offer swift targeted assessments and clear understanding of outcomes.
Exploring the creation of optical fiber sensors as an alternative to established techniques
is a potential solution to overcome these difficulties [19,20]. One of the key benefits of
optical sensors is their heightened sensitivity and selectivity, enabling exact detection and
measurement. These sensors operate in a non-intrusive manner, preserving the original
state of the sample and preventing any contamination. They also stand out due to their
robust resistance to electromagnetic interference, guaranteeing precise functionality even
in adverse conditions. With their long-lasting durability and minimal maintenance needs,
optical sensors have solidified their reputation as a dependable option across various
sectors [21]. These advantages showcase optical fiber’s significant potential for application
in both chemical and biological sensing fields.

Optical sensing techniques have long been recognized for their effectiveness in alcohol
detection. Fiber optic near-infrared spectroscopy was introduced as a tool for measur-
ing alcohol levels about three decades ago [22]. Since then, significant advancements
have been made to enhance sensitivity. A remarkable innovation was the integration of
fiber optics with multi-walled carbon nanotubes and Co3O4, which achieved heightened
sensitivity—35 counts per ppm for ethanol and 51 counts per ppm for ammonia—while
also offering exceptional discriminatory capabilities in gaseous substance analysis [23].
Another sensor in alcohol detection technology includes an surface plasmon resonance
(SPR)-enabled glass rod sensor design, where the sensor excelled in selectively sensing wa-
ter and ethanol [24]. Another optical configuration involved an alcohol sensor constructed
with lipophilic Reichardt’s dyes embedded in polymer membranes, but its functionality is
constrained by the influence of pH variations in the solution [25]. Penza et al. combined
single-walled carbon nanotubes with silica optical fiber and a quartz crystal microbalance to
create a novel alcohol sensor design [26]. Furthermore, an optical microfiber sensor was em-
ployed for the detection of alcohol [27]. However, the number of researchers has detected
alcohol based on the refractive index change to modulate the optical power intensity.

These sensors work based on the principle that alcohol presence or concentration
can change how light travels through a material. Specifically, alcohol alters the material’s
refractive index. By measuring this change in the refractive index, the sensors can ac-
curately determine the level of alcohol present [28–30]. Morisawa et al. [28] reported a
polymer optical fiber-based alcohol sensor in their work, wherein changes in the refractive
index were induced by Nonolac resin, which swells upon exposure to alcohol. The SPR
optical fiber sensor system is also used for alcohol detection, with an integrated gold layer
developed. Notably, this design omitted the need for a rotating stage or spectrometer. Its
efficacy in precisely quantifying various alcohol types was then successfully demonstrated
through validation tests [29]. A demonstration showcased a tapered fiber optic sensor
proficient in identifying aliphatic alcohols, including methanol, ethanol, 1-propanol, and
2-propanol [30]. The sensor operates by detecting alterations in the refractive index within
the evanescent field of the fiber’s tapered zone, induced by the presence of these alcohols,
which in turn modifies the output power. These illustrations demonstrate the advancement
in and potential of optical sensing systems in alcohol detection, although with several
challenges to overcome.

This research utilizes a POF RI sensor to detect various types of alcohol. The sensor
design uses the fiber-twisting technique to obtain intensity variation as the different types
of alcohol used for detection purposes. Extensive experimental results were conducted
to evaluate the sensor’s response and evaluate the sensor’s sensitivity performance. This
paper’s second section discusses the sensor’s design and fabrication process, as well as its
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underlying operational principles and the specifics of the experimental setup. Results and
discussions are subsequently presented in the third section.

2. Fabrication and Operation Principle

2.1. Sensor Fabrication

This research employs a commercial POF (1 mm step-index SK-40) manufactured by
Mitsubishi Co., Ltd. In the SK-40 step-index fiber, the RI experiences an abrupt shift at the
interface of the core and cladding layers. Here, the fiber core portion is responsible for light
transmission and is made up of polymethyl methacrylate (PMMA), a prevalent transparent
polymer material, and the cladding is made of a fluorinated polymer exhibiting a reduced
refractive index. This difference ensures the occurrence of total internal reflection of the
light rays. Specifically, the POF has a core diameter of 98 μm, paired with a refractive index
of 1.49. The core is an encircled 20 μm-thick cladding layer with a refractive index of 1.41,
which establishes the vital optical disparity crucial for efficacious light guidance.

For the sensing probe, two POF fibers are used to create twisting structures, as a single
fiber is not able to detect alcohol. The twisting creates a coupling structure where the
coupled power is affected by a coupling medium. Creating a twist in two POFs involves
intertwining them to form a helical structure, similar to how one might twist together
two strands of rope or wire. This process can be beneficial for several reasons in optical
fiber applications. The twisting structure keeps the fibers closely bound, preventing gaps
from forming between them. In contrast, a parallel fiber structure carries the risk of
separation between the fibers. When a twisted pair of fibers is bent or pulled, the twist
helps distribute the mechanical forces evenly between the fibers, reducing the likelihood of
damage. In certain specialized applications, intentionally twisting fibers can enhance the
coupling efficiency of light between fibers.

The process of creating a twist in POFs typically involves manually rotating one fiber
around the other while maintaining tension control to ensure even twisting and prevent
over-twisting. The number and tightness of the twist (number of twists per unit length)
can be adjusted based on the specific application requirements. We kept 1 cm for one twist.
In the case of the third configuration (extended length), there were 5 twists and the length
was 50 mm. After twisting, the fibers can be secured in position using a sheathing material
to maintain the twisted configuration. The light source was coupled to the first fiber, and
the intensity was measured from the forward end of the fiber. A visual representation of
the completed work is provided in Figure 1. A laser diode operating at 635 nanometers
(TLS001-635 Thorlabs) was connected with the illuminating fiber and a pair of photodiodes
(S120 Thorlabs) was connected with the forward end of the fibers. In previous research
efforts [31–34], the concept of a twisted structure has been employed by various scientists
for diverse applications.

2.2. Sensor Principle

The twisting structure depends on three sensing mechanisms. In a few cases, the
twisted structure was used for a rotational sensor [31,32], where the sensing mechanism
relies on the coupling of macrobend loss. The continuous bending of the fiber to induce
light leakage is a means of detecting movement or rotational motion. In another work [34],
a force sensor was developed specifically to work on the principle of cladding mode
frustrating total internal reflection. This refers to a situation where the total internal
reflection of light within the fiber is disturbed by the introduction of a perturbation in term
of force, allowing some light to escape. Contrasting with these prior works, our present
study introduces a different operational principle. Instead of relying on macrobend loss or
cladding mode disruptions, we employ a change in the refractive index as the fundamental
mechanism driving our sensor’s function. This approach offers unique advantages and
sensing capabilities tailored to the detection and measurement of variations in the refractive
properties of the medium surrounding or interacting with the optical fiber.
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    (a) 

(b) 

Figure 1. (a) Sensing mechanism and (b) illustration of sensor fabrication and experimental setup.

Boundary Conditions: In coupled mode theory, solving the differential equations for
governing power transfer between fibers requires appropriate boundary conditions specific
to the sensor’s configuration. For our twisted POF sensor, the boundary conditions are
established based on the physical setup of the fibers and the light propagation behavior:

Input Condition: At the start of the illuminated fiber (z = 0), the power in the illu-
minating fiber (P1) is equal to the input power from the light source. This is defined as
P1(z = 0) = Pinput, where Pinput is the optical power injected into the illuminated fiber.

Coupled Power Condition: At the receiving fiber’s output (z = L where L is the
length of the twisted region), the coupled power (P2) is measured. This is influenced
by the coupling coefficient κ and the refractive index of the surrounding medium. The
conditions are:

P2(z = L) = κP1(z = L) (1)

In our experiments, the coupling coefficient is directly influenced by the refractive
index of the surrounding alcohol medium. For instance, higher refractive indices (e.g.,
butanol, pentanol) result in increased κ, leading to higher power transfer. Lower refractive
indices (e.g., ethanol, water) exhibit reduced κ, leading to lower coupled power. Moreover,
the boundary conditions for the twist length (L) and fiber geometry (diameters of the
illuminating and receiving fibers) are varied experimentally to optimize coupling efficiency.

Coupled Mode Theory Derivation: When a POF undergoes twisting, its functionality
evolves into that of an efficient coupling mechanism. In coupled mode theory, the cou-
pling between two optical fibers is affected by several factors, including changes in the
surrounding refractive index. In our case, each alcohol sample has a unique RI. When the
refractive index of the medium surrounding the fibers changes, it can alter the coupling
efficiency between the fibers by impacting the propagation constant and the overlap of the
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evanescent fields. This relationship can be described using coupled mode equations. For
two coupled fibers, the power transfer between them can be expressed as [35]:

dP1

dz
= −κP2 &

dP2

dz
= −κP1 (2)

where P1 and P2 are the optical powers in fibers 1 and 2, respectively, z is the propa-
gation direction, and κ (kappa) is for the coupling coefficient between the fibers. The
coupling coefficient κ depends on the overlap of the mode fields and the surrounding
refractive index.

Coupling Coefficient Dependency on Refractive Index: For a refractive index n, the coupling
coefficient κ can be approximated as:

κ ∝ e
−α

n f iber−nmedium
n f iber (3)

where n f iber is the refractive index of the fiber core; nmedium is the refractive index of the
surrounding medium, which is alcohol’s RI; and α is a constant that depends on the fiber
geometry and other parameters.

As the refractive index of the surrounding medium nmedium approaches that of the fiber
core n f iber, the coupling coefficient κ increases, allowing more power to transfer between
the fibers. Conversely, if the surrounding refractive index is significantly different from the
core’s refractive index, the evanescent fields are less effective in overlapping, reducing the
coupling efficiency.

Evanescent Field Penetration Depth and Its Role: The evanescent field associated with
cladding modes penetrates the external medium adjacent to the fiber. The penetration
depth dp of this evanescent field is a measure of how far into the external medium this
field extends before its intensity drops to a negligible level. This depth is crucial for
understanding and designing sensors. The penetration depth dp can be mathematically
expressed as [36]:

dp =
λ

2π
√

n2
cladsin2 θ − n2

ext

(4)

where λ is the wavelength of the light in a vacuum, nclad is the refractive index of the
cladding, next is the refractive index of the external medium, and θ is the incident angle.
Thus, a change in the refractive index of the surrounding medium directly affects the
amount of power coupled between the fibers. This principle is particularly used in our
sensing applications, where changes in the surrounding refractive index can modulate
coupling efficiency, enabling the detection of different alcohols.

2.3. Characterization of Alcohol Species

The research encompassed investigations on five distinct alcohol species: methanol,
ethanol, propanol, butanol, and pentanol. These diverse alcohol specimens were acquired
from Sinopharm Chemical Reagent Co., Ltd., Shanghai, China. The refractive indices of
pure alcohol forms were determined utilizing an Abbe refractometer, with all readings taken
at ambient temperature (20 ◦C). The refractive indices of various alcohols are important
for understanding their optical properties. The RIs of methanol (methyl alcohol), ethanol
(ethyl alcohol), propanol (propyl alcohol), butanol (butyl alcohol), and pentanol (amyl
alcohol) are approximately 1.329, 1.361, 1.377, 1.397, and 1.410, respectively as shown
in Table 1. To conduct the tests, a precise quantity of the alcohol sample was extracted
from the flask using a dropper and applied to the twisted structure’s sensing probe. Light
propagated from one fiber to another fiber is disrupted with a specific RI medium, as
shown in Figure 1b. These observed modifications are fundamentally linked to changes in
the refractive index and alcohol-specific absorption traits.

48



Chemosensors 2024, 12, 252

Table 1. The RI of alcohol species.

No Species RI

1 Methanol (methyl alcohol) 1.329
2 Ethanol (ethyl alcohol) 1.361
3 Propanol (propyl alcohol) 1.377
4 Butanol (butyl alcohol) 1.397
5 Pentanol (amyl alcohol) 1.410

3. Results and Discussion

Fiber irregularities, including cuts or adjustments similar to those employed in so-
phisticated technologies such as SPR sensors or D-shaped sensors, can impact the sensor’s
output [37,38]. Nonetheless, these methods are typically associated with high expenses
or fiber damage. In response to non-destructive and cost-effective sensing techniques,
the fiber-twisting approach is an alternative option. This approach entails establishing a
deliberate coupling zone within the fiber, designed to facilitate enhanced light interaction
with the ambient medium, such as water or alcohol, thereby optimizing sensing capabilities.
Figure 2 shows the primary sensor detection response to alcohol, where a straight fiber
was also tested. Figure 2 displays the intensity (mW) at the forward end of the illumination
fiber over time (sec) under different conditions: without coupling, and with coupling in
air and alcohol. The coupled power, denoted as normalized optical power (P2/P1), was
calculated using the outputs, where P2 represents the final output power and P1 the initial
output power from the same port. The sensor’s sensitivity was defined as:

S = (Δnormalized optical power/Δn)× % (5)

where Δn denotes the change in the RI of the tested alcohol, and Δ normalized optical power
represents the alteration in the coupling ratio. There is no response to the presence of alcohol
(see the red curve of Figure 2a). The red line shows a constant intensity over time, indicating
that when the fiber is straight and connected to a light source and power meter without
any imperfections or coupling, it is not sensitive to the alcohol application in this setup.
The sensor response to detecting alcohol is shown in black in Figure 2. The blue and black
lines show variations in coupled power when alcohol is applied to the fiber sensor section.
The blue line indicates the response when air is replaced with alcohol in the coupling
region, showing a noticeable drop in intensity, which demonstrates the sensor’s sensitivity
to alcohol.

Figure 2. Intensity response of the sensor at the end of both fibers over time: (a) illuminating fiber
and (b) receiving fiber.
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Investigation of the spectral characteristics of the twisted structure was conducted
and the experimental setup featured a broadband light source (Ocean Optics DH-2000)
that spanned wavelengths ranging from 215 to 2000 nanometers, alongside a spectrometer
(Ideaoptics NOVA) for spectral analysis. This setup facilitated exact measurements of
the optical responses of the fiber system to various media. The experimental protocol
involved illumination connected with a broadband light source, and each forward end was
connected with a spectrometer. The resultant data are presented in Figure 3. In Figure 3,
the vertical axis labeled “Photon Counts” represents the number of photons detected by the
photodetector during the measurement process. Photon counts are directly proportional to
the intensity of light that is transmitted through the POF and subsequently detected in the
receiving fiber. It reflects the decrease in photon counts as light interacts with the alcohol
medium surrounding the fiber. In the twisted structure, the transmitting and coupling
ends exhibit a significant increase in coupled loss compared to an untwisted fiber when
alcohol is added. The coupling power is further reduced in the receiving fiber when alcohol
is added.

Figure 3. Response of the transmission spectra in the transmitted port and in the coupled port.

The operational effectiveness of this sensor in distinguishing between different types
of alcohol is visually demonstrated in Figure 4. The twisting of the fiber structure introduces
a considerable improvement in sensing technology. By intentionally introducing twists, a
specialized region is created within the fiber where light can couple or interact more dynam-
ically with the substance outside the fiber, such as alcohol. This coupling region functions
as a sensing probe, enabling the fiber to perceive alterations in the external environment.
When alcohol is added to the coupling region, it causes a significant decrease in the coupled
intensity. This decline in light intensity is in response to the presence of alcohol. Conse-
quently, this methodology offers an economically prudent and fiber-preserving strategy
for harnessing optical fibers in sensing applications. Further, a series of different detailed
assessments and characterizations were executed to analyze the sensor’s performance and
credibility. These assessments are aimed at analyzing the sensor’s sensitivity response,
which could be useful for customizing the parameters depending on specific requirements.

Figure 5 illustrates the alcohol-sensing capabilities of the sensor, which is configured
with an illuminated fiber and a receiving fiber. Figure 5 highlights the sensor’s ability
to differentiate between various alcohols based on their refractive indices and the corre-
sponding changes in power output. With the twisted section measuring precisely 8 mm,
the graph discloses a clear linear correlation between the coupling ratio, expressed as
normalized optical power, and the RI of the external medium. Notably, as the RI ascends
beyond 1.329, coinciding with the POF’s cladding RI, there is a decline in normalized
optical power. On the flip side, in cases where the RI dips beneath 1.410, as observed with
pentanol, an increase in normalized optical power is evident. This observed trend stems
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from the conversion of cladding modes into radiation modes, a phenomenon triggered
when the RI of the surrounding alcohol matches the cladding RI, thereby lessening the
coupling efficiency. Thus, the sensor excels in detecting RIs that exceed the inherent RI of
the fiber cladding. Moreover, the sensor manifests a linear response within the RI spectrum
spanning from 1.329 to 1.410.

Figure 4. Measured output power of the twisted sensor under various alcohols.

Figure 5. Demonstrated alcohol-sensing capabilities configured with an illuminated fiber and a
receiving fiber.

Figure 6 illustrates the results of alcohol-sensing experiments conducted on a series
of sensors, all featuring an illuminating fiber with a different bend radius. These sensors
incorporated bending with four different radii: 10 mm, 15 mm, 20 mm, and 25 mm. When
an optical fiber is bending, some of the guided light is radiated out of the core, leading to
bending loss. The amount of light that is lost depends on the radius of the bend; smaller
bend radii cause greater bend loss due to the tighter curvature. In a twisted optical fiber
sensor, the bending induces more significant radiation loss. Meanwhile more radiated
power will be coupled. The light-coupling intensity has a direct impact on the bend radii.
Thus, for a smaller bend radius, the optical power loss increases more rapidly as the
refractive index of the surrounding medium changes. This is because the evanescent field,
which extends into the surrounding medium, is more strongly affected by the refractive
index changes in a tightly bent fiber.

As the refractive index increases, more light is coupled out of the core, leading to a
larger change in the detected optical power. Therefore, sensors with smaller bend radii
(10 mm and 15 mm) exhibit higher sensitivity to refractive index changes, as even slight
variations in the surrounding medium’s refractive index cause significant changes in the
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optical power. In contrast, sensors with larger bend radii (20 mm and 25 mm) experience
less bend loss and weaker mode coupling. The evanescent field interaction with the
surrounding medium is less pronounced, resulting in smaller changes in optical power for
the same refractive index variations. As a result, these sensors show reduced sensitivity to
refractive index changes because the optical power remains relatively stable, even as the
surrounding medium’s refractive index changes. Overall, the sensitivity response of the
sensors is shown in Table 2.

Figure 6. Effect of different bend radii on sensor measurement response.

Table 2. Sensitivity response of the sensors.

No Species R2 Sensing Length Bend Radius

Without bend 178%/RIU 0.9745 10 mm -
With bend 416%/RIU 0.9821 - 10~50 mm

Extended length 572%/RIU 0.9891 10~50 mm -

It was observed that the sensor’s sensitivity improves when the smaller bend radius
is based on the experimental outcomes, whereas the reverse scenario leads to reduced
sensitivity. Because a small bend radius generates a higher radiation mode. Meanwhile,
it is worth noting that the sensing length also effects the sensor’s performance [32,33]. In
the context of optical fiber sensors, the influence of the twisted region’s length on sensing
performance was also investigated, as shown in Figure 7. With increased twisted region
length, the interaction between the light in the core and the surrounding medium (i.e., the
alcohol solution) is enhanced, as the twisting causes the light to repeatedly interact with
the cladding and the external environment. This results in more significant changes in the
optical power in response to variations in the RI of the surrounding medium.

A longer twisted region means that the cumulative effect of the twisting perturbations
on the light propagation is greater. Each twist contributes to the modulation of the light
path, increasing the sensitivity of the sensor to changes in the external refractive index.
As the length of the twisted region increases from 10 mm to 50 mm, the overall effect of
the twisting is more pronounced, leading to higher sensitivity. This is because the longer
twisted region allows for more substantial light interaction with the surrounding medium,
amplifying the sensor’s response to refractive index changes. The twisted region effectively
increases the interaction length between the guided light and the surrounding medium. A
longer interaction length means that even small changes in the refractive index can cause
more significant alterations in the light propagation, resulting in higher sensitivity. The
sensitivity of the alcohol-sensing performance increases with the length of the twisted
region due to enhanced mode coupling, accumulated effects of twisting, and increased
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interaction length. These factors collectively amplify the sensor’s response to changes
in the surrounding medium’s refractive index, leading to higher sensitivity with longer
twisted regions.

Figure 7. Influence of the twisted region’s length on the alcohol sensor’s performance.

Figure 8 demonstrates the sensor’s repeatability by illustrating that the sensor con-
sistently responds when the same alcohol is tested multiple times. The error bars in this
figure represent the variability observed across repeated trials, which underscores the
reliability and consistency of the sensor’s performance. The normalized optical power is
plotted against the refractive index of the alcohol samples for three successive measure-
ments, denoted as the first, second, and third time. The data points for the first (squares),
second (circles), and third (triangles) measurements show consistent trends across the
different refractive indices. This indicates good repeatability of the sensor, as the results
from the three measurements are closely aligned. The overlap of data points from the
three measurements for each refractive index value demonstrates the sensor’s ability to
produce reproducible results. There is minimal deviation between the measurements,
which signifies the sensor’s reliability in repeated use. As the refractive index increases
from 1.329 to 1.410, the normalized optical power decreases, following a consistent pattern
across all three measurements. This consistent decrease highlights the sensor’s sensitivity
and stable performance in detecting changes in refractive index.

Figure 9 illustrates the effect of the temperature on the sensor’s sensing capability. For
the temperature response, the twisted region was placed on a heating plate, and we slowly
changed the temperature from 20 ◦C to 55 ◦C. We found that for every 5 ◦C the temperature
changes, the sensor’s response changes a little. This small change happens because of
two main reasons: the thermo-optic effect and heat, which makes the fiber grow or shrink
a bit (thermal expansion). When it is warmer, the fiber’s ability to bend light changes,
which can change light propagated inside the fiber. Also, as the fiber heats up or cools
down, it gets bigger or smaller, causing tiny changes in its shape. Temperature changes
also cause physical expansion or contraction of the fiber material due to thermal expansion.
In the case of twisted structure, this can lead to minute adjustments in the fiber’s geometry,
such as its diameter, the tightness of the twist (pitch), or the spacing between fibers. These
geometric alterations can disrupt the way light is guided and coupled within the fiber,
thereby influencing the sensor’s output and contributing to its temperature sensitivity.

53



Chemosensors 2024, 12, 252

Figure 8. Repeatability sensor response.

Figure 9. Influence of temperature on the sensor’s performance.

A comparison of fiber optic-based alcohol sensors is shown in Table 3. Its non-intrusive
design supports repeated use, and its simplicity in manufacturing promises affordability.
It also has a negligible response to temperature fluctuations, flexible fiber configurations,
and a mostly straightforward reaction pattern, so integrating this sensor into monitor-
ing equipment is effortless. It is also chemically resilient, compatible with a wide array
of solvents, and can be adjusted to suit specific needs, making it a formidable asset for
meticulous alcohol detection in applications like chemical analyses, quality checks, and
healthcare diagnostics. The sensor’s working principle is based on intensity modulation,
and concentration and different kinds of isomers are not considered in this study. The
sensor’s structure will be modified to investigate isomers or concentrations of alcohol.
Further studies could involve the incorporation of surface modifications or coatings specif-
ically tailored to interact with certain chemical groups present in alcohol but absent in
other volatile organic compounds (VOCs). By introducing these modifications, the sensor
can interact with alcohols through additional mechanisms such as hydrogen bonding,
hydrophobic interactions, or specific binding, rather than just relying on changes in the
refractive index. This approach can significantly enhance the specificity of the sensor,
allowing it to distinguish between alcohol and other VOCs more effectively.
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Table 3. A comparison of fiber optic-based alcohol sensors.

Ref. Method Variant Sensitivity Fiber

[7] Finite-element-method Methanol, ethanol, and propanol, 92% Photonic crystal fiber
[22] Spectroscopy Ethanol - Silica fiber
[24] SPR Ethanol - Silica fiber
[28] Refractive index Ethanol, methanol - POF
[39] COMSOL Ethyl alcohol 44.85% PCF
[40] Evanescent field Alcohol 3.87 dB/% SMS
[41] fluorescence intensity Methanol, ethanol, and propanol 5–90% v/v -
[42] Piezoresistive Ethanol Poly acrylamide hydrogels

This work Intensity variation Methanol ethanol, propanol, butanol,
pentanol 572%/RIU POF

4. Conclusions

This research introduces an RI sensor for detecting various alcohol species using a
twisted polymer optical fiber sensor. The sensor is developed via a straightforward twisting
and bending principle. The sensor operates on intensity modulation, which changes due to
different alcohols altering the coupling medium. The system consists of two fibers: The
first fiber launches the light, and the second fiber measures the coupled intensity. The
experimental results reveal that the sensor is capable of detecting all five distinct substances.
Moreover, the sensor’s sensitivity is analyzed with respect to various factors, such as the
influence of the sensor bending radius and sensor length. The sensor demonstrates high
stability and repeatability, achieving a sensitivity of about 572%/RIU. Additionally, this
study explores the influence of temperature, revealing a sensitivity shift for every degree
Celsius of change. This POF-based alcohol sensor represents a significant leap forward in
optical sensing technology. In future, the sensor’s capability to detect additional alcohol
types and other volatile organic compounds will be investigated to broaden its applicability
in various industries. Long-term stability and durability tests will be conducted to assess
the sensor’s performance over extended periods and in harsh conditions, improving its
robustness for industrial applications.
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Abstract: Manganese dioxide (MnO2) has drawn attention as a sensitiser to be incorporated in graphene-
based chemoresistive sensors thanks to its promising properties. In this regard, a rGO@MnO2 sensing
material was prepared and deposited on two different substrates (silicon and Kapton). The effect of the
substrate nature on the morphology and sensing behaviour of the rGO@MnO2 material was thoroughly
analysed and reported. These sensors were exposed to different dilutions of NO2 ranging from
200 ppb to 1000 ppb under dry and humid conditions (25% RH and 70% RH) at room temperature.
rGO@MnO2 deposited on Kapton showed the highest response of 6.6% towards 1 ppm of NO2 under
dry conditions at RT. Other gases or vapours such as NH3, CO, ethanol, H2 and benzene were also
tested. FESEM, HRTEM, Raman, XRD and ATR-IR were used to characterise the prepared sensors.
The experimental results showed that the incorporation of nanosized MnO2 in the rGO material
enhanced its response towards NO2. Moreover, this material also showed very good responses
toward NH3 both under dry and humid conditions, with the rGO@MnO2 sensor on silicon showing
the highest response of 18.5% towards 50 ppm of NH3 under 50% RH at RT. Finally, the synthetised
layers showed no cross-responsiveness towards other toxic gases.

Keywords: reduced graphene oxide; manganese dioxide (MnO2); gas sensor; NO2 detection; NH3

detection; Kapton; SiO2/Si

1. Introduction

Technological and economic advances increasingly threaten the environment and air
quality, necessitating urgent solutions. The demand for low-cost and effective gas sensors,
crucial for detecting toxic agents such as nitrogen dioxide NO2 [1], ammonia NH3 [2],
and carbon monoxide CO [3] in various fields, has never been more pressing. While
traditional methods like infrared spectrophotometry (IRSP) [4], non-dispersive infrared
analysis (NDIR) [5], and gas chromatography-mass spectrometry (GC-MS) [6] have been
widely used for detecting toxic gases, they are not without significant drawbacks. Their
high cost and complexity have underscored the need for a new, more efficient approach.
This realisation has led to the development of chemoresistive devices, known for their ease
of operation, low production cost, fast response time, and ease of miniaturisation [7].
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Since their first use in the 1960s, metal oxides (MOX) such as ZnO [8,9], SnO2 [10,11],
WO3 [12,13], and many more [14] have been studied as sensitive films to be used in
the fabrication of chemoresistive devices for gas sensing and especially for detecting
NO2. Even though MOX are effective and sensitive, the need for a pervasive, widespread
monitoring of air pollutants has oriented research to the discovery of new, less power-
hungry, gas-sensitive materials. This has, for example, led to the emergence of graphene-
based chemoresistive sensors. The unique and exceptional properties of graphene that
made it a solid gas sensing material candidate are thermal stability, mechanical robustness,
high conductivity, high carrier mobility at low to room temperatures, a large surface
area of up to 2630 m2/g for single-layer graphene, low electrical noise [15] and, most
importantly, the fact that its electronic properties are easily affected by the adsorption of gas
molecules [16]. Graphene, as a chemoresistive layer, is a p-type material. The interaction
between a reducing gas such as NH3 and the already adsorbed oxygen species on the
surface of the graphene layer results in a transfer of electrons back to the surface, hence the
increase in the surface resistance of the graphene film [17]. Meanwhile, when in contact
with an oxidising gas such as NO2, the transfer of electrons happens from the sensitive layer
to the adsorbed NO2 molecules, leading to a decrease in the surface resistance [18]. Table 1
displays a collection of works found in the literature using graphene-based chemoresistive
sensors doped with different MOX for the gas detection of different analytes:

Table 1. Gas sensors fabricated from graphene-based materials and their response towards different
toxic gases.

Material Target Gas
Gas Concentration

(ppm)
Operating
Condition

Response
(%)

Ref.

Graphene/MoS2 hybrid aerogel NO2 0.5 200 ◦C 9 [19]
rGO/SnO2 nanoparticles NO2 5 50 ◦C 3.31 [20]

ZnO nanorods/rGO) mesoporous
nanocomposites NO2 1 RT 119 [21]

Graphene nanoplatelets/polyaniline
nanocomposite NH3 1 RT 0.7 [22]

rGO/PtNPs nanocomposite NH3 1 RT 2.87 [23]
Polyaniline (PANI)/graphene oxide

(GO)/ZnO hybrid LbL film NH3 50 65% RH 3 [24]

Graphene oxide H2 200 RT 10 [25]
rGO/TiO2 decorated by Pd/Pt

nanoparticles H2 500 180 ◦C 92% [26]

One of the graphene derivatives is reduced graphene oxide (rGO). It was reported in
the literature to be the best and most used graphene-based sensing material for detecting
NO2 [27,28] and NH3 [29,30] due to its numerous defect sites and functional groups, which
facilitate gas adsorption. rGO has been reported to be able to detect chemical warfare agents
and explosives at trace levels (ppb) [31]. Moreover, the synthesis of rGO can be achieved
via straightforward and inexpensive processes that reduce GO via chemical and thermal
routes or even using UV light [32]. Studies have shown that pristine rGO gas sensors
exhibit slow response and recovery dynamics. Hence, the hybridisation of rGO with MOX
has been a solution often explored to enhance its sensing properties (e.g., ameliorating
response dynamics and extending the number of gases that can be detected). D. Tripathi
et al. explored this process, and an enhancement of the sensitivity and selectivity of the
rGO material towards ammonia by incorporating WO3 nanomaterial in the sensing layer
was achieved [33]. Another reported work by D. Milad et al. showed that the synthesis
of a TiO2/rGO composite exhibited improved gas sensing properties towards methanol
and ethanol [34]. This is achieved via the MOX nanoparticles supported on rGO behaving
as catalysts or as electronic sensitisers, favouring the occurrence of heterojunctions at the
MOX/rGO interface.
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Some of the reported MOX nanoparticles used for the loading of the rGO layers for
gas sensing are ZnO [35], SnO2 [36], and WO3 [37]. Still, in recent years, MnO2 has gained
popularity due to its low toxicity, low cost, high stability, and ease of fabrication. It was
also used in a wide range of applications and fields such as energy storage [38], biomedical
field [39], and in developing gas sensors [40]. However, in the gas sensing field, there is a
limited amount of reported work discussing the incorporation of the MnO2 nanomaterial
into rGO to achieve a sensitive layer towards different toxic gases. One of the few works
reported is of Hui Zhang et al., where they successfully synthesised an rGO-coated Ni foam-
supported MnO2 for the enhanced detection of NO2 at a concentration of 50 ppm while the
sensor was operated at room temperature [41]. Meanwhile, Alexander et al. modified rGO
with doping of MnO2 nanoparticles and tested the rGO/MnO2 composite as a gas sensor
for different gases such as 25 ppm of NO2, 500 ppm of H2 and 1000 ppm of CH4 under
dry conditions with heating at 85 ◦C [42]. Another reported work was of Ghosal et al.,
where they prepared different hybrids for alcohol vapour detection. One of the hybrids,
the rGO/MnO2 nanoflowers binary composite, showed good responses towards ethanol
and methanol vapours in the range of 5–100 ppm while heating at 150 ◦C [43]. Lastly,
Ahmad et al. made a ternary nanocomposite of PANI@rGO@MnO2 using a multi-step
process for NH3 detection. The tests were made at 100 ◦C under dry conditions [44]. The
fact that very few works have been reported on rGO@MnO2 gas sensors so far makes
exploring its gas-sensing properties interesting and worthwhile.

In this paper, rGO@MnO2 sensitive layers were successfully synthesised and deposited
on different transducing substrates (Kapton and silicon with gold electrodes). The gas
sensing performance of the rGO@MnO2 sensors was studied for different reducing and
oxidising species. The effect of ambient moisture on sensor response was evaluated as well.
Results are presented and thoroughly discussed. A sensing mechanism for the detection of
ammonia and nitrogen dioxide is presented.

2. Materials and Methods

In this section, a detailed explanation of the preparation of the doped reduced
graphene oxide with nanosized MnO2 at 95/5 wt.%, alongside the process of deposit-
ing it on the Kapton and silicon substrates via the spray coating technique, is presented.
The section also describes the techniques employed in the study of the morphology and
composition of the hybrid material and in the test of its gas sensing properties.

2.1. Preparation of Reduced Graphene Oxide Doped with MnO2

Commercial rGO obtained from LayerOne company (Norway) was doped with nano-
sized MnO2 (rGO/MnO2 95/5 wt.%) using a process based on patented procedures (Patent
number ES2678419A1) by GNANOMAT company. Briefly, reduced graphene oxide was
dispersed in oxalic acid, in which the starting Mn3O4 had been previously dissolved
at 50 ◦C. After homogenisation, nanosized MnO2 was slowly precipitated on reduced
graphene oxide by adding a basic solution (NaOH 5 M) under vigorous agitation. The
solid was filtered and dried at 90 ◦C overnight. Synthesis parameters, such as temperature,
stirring speed, addition rate, or MnO2/rGO proportion, were controlled to obtain the
desired crystallinity that provides the material with optimal properties. The manganese
oxide phase was checked via XRD; Figure S1 (in Supplementary Materials) shows the
XRD diffractogram.

2.2. Substrates Choice, Preparation, and Material Deposition

The substrate material choice was based on several factors. Kapton substrate is
considered important in the synthesis of new flexible and wearable sensors since it has a
very high flexibility. Ilghar R. et al. used this material as a substrate to fabricate a wearable
Kapton graphene biosensor for the detection of toxic gases [45]. Additionally, Kapton
has very good thermal stability and is known to be a hydrophobic material. Meanwhile,
SiO2/Si substrates have different advantages to offer. Initially, the substrate starts as a
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silicon wafer and an insulating layer of SiO2 is usually obtained via a thermal oxidation
process. Such substrates show very high thermal stability and standard processes from the
semiconductor industry can be used to pattern interdigitated electrodes or heating resistors.

Ten milligrams of the rGO@MnO2 was weighed and suspended in a 10 mL ethanol
solution via a 30 min sonication. Subsequently, suspended material was deposited by
spray coating onto two different substrates (i.e., silicon and Kapton). During the coating
process, substrates were heated at 50 ◦C to promote the evaporation of the solvent and the
formation of a homogeneous film. Both substrates were prepared differently. The SiO2/Si
substrate was prepared by thermally growing SiO2 on top of the silicon wafer and later cut
in specific dimensions, as shown in Figure 1a, with a thickness of 0.5 mm. Meanwhile, the
Kapton substrate was prepared by sticking the Kapton piece to a small plastic support with
dimensions same as the silicon one shown in Figure 1b with a total thickness of 0.58 mm.

 
(a) (b) 

Figure 1. Pictures of the prepared sensors on the (a) silicon substrate and (b) Kapton substrate.

The interdigitated gold electrodes were deposited on the substrates using different
processes. For Kapton substrates, 9 nm of gold was sputtered using a shadow mask to form
the electrodes. In contrast, a two-step approach was used for the silicon substrates. At first,
a laser lithography technique (DWL 66fs, Heidelberg Instruments, Heidelberg, Germany)
was used to pattern a photoresist that coated an oxidised silicon wafer in the shape of the
electrodes. In the second step, a titanium adhesion layer was sputtered with a thickness
of 10 nm, and then a gold layer was sputtered on top with a thickness of 100 nm. A final
lift-off process was conducted to obtain the electrodes. The silicon wafer was then diced.
Both fabricated substrates have the same configurations regarding the electrodes, which
are listed below in Table 2.

Table 2. Configurations of the electrodes of the fabricated sensors.

Parameter Dimension

Electrodes dimension 15.00 × 2.87 nm
Active area dimension 2.78 × 6.00 mm

Size of fingers 0.216 mm
Number of fingers 5

Gap between fingers 0.3 mm

2.3. Material Characterisation and Gas Sensing Measurements

A set of numerous characterisation techniques was used to study the different mor-
phological and sensing aspects of the synthesised materials. To assess their crystallinity,
a Raman spectrometer (Renishaw, plc., Wotton-under-Edge, UK) via a green laser with
a wavelength of 514 nm was used. The morphology of the surface and the nanosized
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material’s distribution were studied using a Field Emission Scanning Electron Microscope
(FESEM) employing a Carl Zeiss AG-Ultra 55 (ZEISS, Jena, Germany). A JEOL F200 TEM
ColdFEG (Tokio, Japan) operated at 200 kV was used for the high-resolution transmis-
sion electron microscopy (HRTEM) characterisation. TEM images and electron diffraction
patterns were acquired with a Gatan OneView camera, a CMOS-based and optical fibre-
coupled detector of 4096 by 4096 pixels. Gatan Digital Micrograph program was used
to process the (S)TEM images. STEM images (1024 × 1024 pixels) were recorded from
the JEOL bright-field (BF) and high-angle annular dark-field (HAADF) detectors with a
camera length of 200 mm. Samples were inserted in a JEOL beryllium double-tilt holder for
energy-dispersive X-ray spectroscopy (EDS). STEM-EDS mapping was recorded from an
EDS Centurio detector (silicon drift) with an effective area of 100 mm2 and 133 eV of energy
resolution. STEM-EDS maps (512 × 512 pixels) were processed with the JEOL Analysis
software to check the shape of the nanosized MnO2 and its incorporation in the graphene
layers. Finally, a Jasco FTIR/IR-6700 infrared spectrometer (Oklahoma City, OK, USA)
with a diamond crystal kit was used to conduct the ATR-IR analysis of the interaction
between the molecules of the rGO@MnO2 material. The obtained sensors were placed in a
35 cm3 volume Teflon chamber. Later, a set of Bronkhorst mass-flow controllers (Ruurlo,
The Netherlands) with a 100 mL/min flow were used to pass a continuous stream of dry
air (Air Premier, 99.995% purity) and other target analytes with different concentrations
through the Teflon chamber. The same set of mass flow controllers was utilised to di-
lute the target gases from calibrated bottles (NO2-1 ppm, CO-100 ppm, NH3-100 ppm,
ethanol-20 ppm, and Benzene-10 ppm balanced in dry air). The resistance changes were
obtained in real-time via an Agilent HP 34972A multimeter (Santa Clara, CA, USA). The
ambient moisture effect on the responses of the sensors was evaluated by using a controller
evaporator mixer (CEM) to obtain low humidity levels with a minimum of 25% RH and
a maximum of 50% RH at room temperature. For higher values of relative humidity, the
flow of the dry air with the corresponding concentration of gas was humidified, passing
through a bubbling water system at room temperature. The sensing response is defined as
the relative change in resistance and was calculated using the following formula:

R (%) = ((|Rg − Ra|)/Ra) × 100

Rg and Ra correspond respectively to the resistance values prior to and following gas
exposure. Figure 2 shows the schematic representation of the gas detection process and
equipment used.

Figure 2. Schematic representation of the gas detection process and used equipment.

3. Results

This section first presents and discusses the results of the characterisation tests made
for the prepared sensitive layers (rGO and rGO@MnO2), which are based on the Raman,
FESEM and HRTEM techniques. Secondly, the gas testing results for these sensors towards
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NO2 and NH3 at room temperature under dry conditions are presented, followed by the
results gathered at different humidity levels. Additionally, selectivity tests are reported.
The results of the gas sensing tests are compared to those found in the literature. Finally, a
sensing mechanism for the detection of NO2 and NH3 is introduced.

3.1. Sensitive Layer Characterisation
3.1.1. Raman

The study of the molecular structure of carbon products and the assessment of disor-
ders and defects in the material can be performed using Raman spectroscopy analysis. Two
specific peaks always appear when analysing graphene: the G-band and the D-band. The
first one, placed at around 1500 cm−1

, corresponds to the first order scattering of the E2g
phonons at the Brillouin zone centre and originates from the in-plane vibrations of the sp2

carbon atoms [46]. Meanwhile, the D-band is observed around 1300 cm−1 and represents
the formation of j-point photons of A1g symmetry; it is also associated with double bonds
C=C, meaning the more intense the band is, the higher the presence of sp2 domains is. Fur-
thermore, D-band peak intensity depends highly on the presence of disorders and defects
like vacancies and edges in the carbon lattice and grain boundaries [47]. To determine the
degree of oxidation of the graphene, a simple calculation of the intensity ratio of both the D
and G band peaks is enough, i.e., ID/IG; the higher this ratio is, the lower the oxidation
level is [48].

Finally, the second-order bands are observed from 2500 cm−1 to 3200 cm−1, containing
one always visible peak at around 2700 cm−1, known as the 2D band. They are used gener-
ally to determine the layers of the graphene since graphene is susceptible to stacking [49].
The chosen name of this band comes from the fact that it is the overtone of the D band, and
two of the same phonons responsible for the D band are involved in the 2D band. Two
other bands are sometimes reported when studying graphene Raman spectra, which are
the D+G band, which can be seen around 2900 cm−1

, and the combined overtone of the D
and G bands, the 2G band around 3200 cm−1, which is attributed to the overtone of the
G band [50]. In our case, we are working with rGO, which means that the stacking of the
layers is random, and since the width of the peaks is relative to the disorder, that can lead
to an overlapping of the 2D band peak with the D+G and 2G, resulting in a bump like peak
observed in the range of 2600 cm−1 to 3100 cm−1 [51].

Figure 3a,b shows the Raman spectra of bare rGO and rGO doped with nanosized
MnO2, respectively. For both cases, D bands are located at 1355 cm−1 and G bands around
1590 cm−1. For the second-order bands, three visible peaks corresponding to the 2D, D+G,
and 2G bands at respectively 2697 cm−1, 2940 cm−1, and 3188 cm−1 are present in the
Raman spectra of the reduced graphene oxide; meanwhile, in the Raman spectra of the
MnO2 doped reduced graphene oxide we observe a bump-like peak around 2926 cm−1,
which is in agreement with the explanation made previously. Moreover, the ID/IG intensity
ratio is 0.89 for rGO@MnO2 and 0.85 for rGO, showing a slightly lower oxidation level
in the doped rGO and the presence of a higher number of defects, which can be caused
by the doping process. Finally, it was noticed that the Raman signal in the rGO@MnO2
sample shows a higher intensity than the pristine rGO sample, which can be correlated
to the presence of the nanosized MnO2 since the presence of MOX usually leads to this
increase in the intensity [52].

3.1.2. FESEM

Figure 4a shows the obtained FESEM images of the layers present on the surface of
the graphene loaded with MnO2 on the silicon substrate using a back-scattered electron
detector (BSE). A very homogenous layer is observed covering the totality of the surface
inspected. MnO2 cannot be clearly seen, even when using a BSE detector, because of the
low concentration of the nanosized material and the small size, but when performing an
EDS analysis of the surface, its presence was detected (see Figure S2 in the Supplementary
Materials). Figure 4b shows the FESEM image of the graphene doped with MnO2 deposited
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on Kapton. Again, a very good coverage of the substrate surface is seen. However, in this
case, the surface of the substrate is getting rapidly charged because of the effect of the
magnetic field coming from the BSE detector, leading to the formation of very bright areas.
Similarly, in the samples on silicon, an EDS analysis (see Figure S3 in the supplementary
materials) detected the presence of MnO2 in the samples deposited over Kapton. Still, the
MnO2 crystals are too small to be seen in the FESEM images, just as for the sensing layer
deposited on silicon.

(a) (b) 

Figure 3. (a) Raman spectra of rGO and (b) Raman spectra of rGO@MnO2.

  
(a) (b) 

Figure 4. FESEM images of (a) the surface of the graphene doped with MnO2 deposited on the silicon
substrate and (b) the surface of the graphene doped with MnO2 deposited on the Kapton substrate.

3.1.3. HRTEM

An HR-TEM analysis was conducted to examine better the morphology of the nano-
sized MnO2 and its incorporation in the graphene layer. Figure 5a shows an HR-TEM image
of layers of graphene in addition to an interesting structure on the top right side; zooming
in on this structure (Figure 5b), a sponge-like shaped nanosized material was observed,
which was attributed to the MnO2 after performing an EDS analysis. Moreover, when
chemically mapping the chosen area’s surface, a high concentration of Mn is located in the
same position as the sponge-like structure, proving the presence and the likely shape of the
nanosized MnO2 shown in Figure 5c. Meanwhile, Figure 5d,e shows the EDS mapping of
the other present elements, which are O and C, respectively. Moreover, Figure 5f shows
an overlay image of all the maps of the elements carbon, manganese and oxygen. The
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overlapping of the elements Mn and O maps with the colours blue and red created a pink
zone where the nanosized MnO2 is concentrated. Finally, Figure 5g presents the EDS map
spectrum of the same area, showing the elements present in the mapping appearing as Mn
with the highest concentration; the other elements, except for C and O, come from the grid
of the HRTEM.

 
(a) (b) 

(c) (d) 

 
(e) (f) 

Figure 5. Cont.
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(g) 

Figure 5. (a) HRTEM image of layered graphene doped with nanosized MnO2; (b) a zoomed HRTEM
image of a scale of 50 nm of the same material; (c) EDS mapping showing Mn concentration on the
area of analysis; (d) EDS map of O element in the mapped area; (e) EDS map of C element in the
same mapped area; (f) overlay image of all the maps of the elements C (green), O (red) and Mn (blue);
(g) EDS map spectrum of the studied area.

3.1.4. ATR-IR

Figure 6 shows the ATR-IR spectrum of both rGO@MnO2 on silicon and Kapton
substrates. Examining Figure 6a,b, we can see rGO specific bands for the stretches of C=C
and C–O, a specific band for the Mn–OH vibration proving the successful association of
Mn and rGO producing MnO2@rGO and finally, a specific band for the Mn–O vibration.
These bands are present in both materials deposited on silicon and on Kapton substrate.
The only difference is the presence of the OH band and also the position of the previously
mentioned peaks. For the MnO2@rGO deposited on silicon, the C=C and C–O stretches
are located at around 1144 and 1012 cm−1; meanwhile, for the MnO2@rGO deposited on
Kapton, those peaks are located around 1577 and 1017 cm−1 [53]. The Mn–OH stretch is
located at 784 cm−1 for the sensitive material deposited on silicon and at 870 cm−1 for the
same material on Kapton. The Mn–O stretch is present for the rGO@MnO2 at 491 cm−1;
meanwhile, the material deposited on Kapton is at 501 cm−1. Moreover, Kapton-specific
peaks were clearly seen in the spectrum shown in Figure 6b; these peaks were identified
and reported in the work of Evie L. et al. [54].

(a) (b) 

Figure 6. ATR-IR spectra of (a) rGO@MnO2 on silicon substrate and (b) rGO@MnO2 on Kapton substrate.

Finally, in the ATR-IR spectrum of the material deposited on Kapton, we can observe
a bump between 3000 and 3600 cm−1, specific for the OH stretching vibration, which
is absent in the Spectra of the same material deposited on silicon. Thus, the substrate
generates differences in the film, and Kapton particularly favours hydroxylation, which
has an impact on sensing behaviour.
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3.2. Gas Sensing Results

A selection of different toxic gases and vapours was used to study the sensing proper-
ties of the pristine rGO and rGO@MnO2 sensors. First, NO2 was thoroughly studied with
different dilutions ranging from 200 ppb up to 1000 ppb under dry air as well as under
ambient moisture conditions (close to real conditions). Sensors were always operated at
room temperature. Then, NH3 was also tested as an interferent gas with a concentration of
50 ppm under the same conditions used for NO2. The registered baseline resistance of both
the materials when conducting these tests for rGO@MnO2 on silicon is near 100 kΩ while
the value is near 6 MΩ when deposited on Kapton. For pristine rGO material films, the
baseline resistance over the silicon substrate is near 13.2 kΩ and for the Kapton substrate,
it is near 28.5 kΩ. This difference in baseline resistance values of the same material on
different substrates is directly affected by the sensitive layer thickness; Figures S4 and S5
show the deposited layers’ thickness on top of each substrate. Noticeably, the material
on top of silicon has a higher thickness and, thus, a lower resistance value. Meanwhile,
materials on Kapton have lower thickness and, thus, higher resistance values. Figure 7a
shows the response of the different sensors towards different concentrations of NO2, and
it was noticed that the type of substrate used does not affect the response of the sensi-
tive layer towards the analyte. rGO on silicon and Kapton has almost the same response
through the studied range, with an average difference of 0.8%. The same behaviour was
also seen for the rGO@MnO2 sensors, where the average difference between the responses
was 0.4%. Moreover, the most important aspect to note is that the sensors based on rGO
incorporating MnO2 show a superior response to the pristine ones (a two-fold increase in
response). The loading of rGO with MnO2 is effective at increasing sensitivity towards
NO2. In fact, rGO@MnO2 on Kapton exhibits a higher sensitivity of 3% ppm−1 compared
to the 1% ppm−1 for the pristine rGO; meanwhile, for the materials deposited on silicon,
the sensitivity of the doped material is slightly better than its pristine counterpart with
1.8% ppm−1 for rGO@MnO2 on silicon and 1.5% ppm−1 for on rGO silicon. The sensitivity
values were evaluated from the slope of the line obtained from the linear regression of the
responses of the sensor towards different concentrations of the gas. Figure 7b shows the
resistance changes of the rGO@MnO2 on silicon substrate for 600 ppb of NO2, Figure 7c
shows the resistance changes of the rGO@MnO2 on Kapton substrate for 600 ppb of NO2 at
25% RH, and Figures S6–S8 show the resistance changes of the same material under the
same atmosphere but towards different concentrations of the target gas (NO2).

Further studies were conducted where ambient moisture was introduced via two
different methods to check its effect on the sensing properties of the sensors. The first
method consisted of using a CEM to obtain 25% RH, and the second method consisted
of using a bubbling water glass bottle that was installed between the mass flow and the
chamber to humidify the air and the gas to reach a maximum RH of 70%. The ambient
temperature was kept constant at 25 ◦C throughout the measurement period. Figure 8a,b
shows the calibration curves for the studied sensors at 25 and 70% of relative humidity,
respectively. Comparing the results shown in Figure 8a (dry conditions) and 6a (25%
RH), one can notice that the response of the MnO2-doped rGO sensors under humid
conditions increases by a factor of 2.5 than when under dry conditions. For example, the
rGO@MnO2 on Kapton sensor response for NO2 1000 ppb at 25% humidity is 17.6%, while
it is 6.4% under dry conditions. Interestingly, the responses of the pristine rGO sensors
at 25% RH were enhanced by factors of 3.5 and 4, reaching similar response intensities to
those recorded for MnO2-doped rGO sensors. For example, rGO on silicon and rGO on
Kapton responses to NO2 1000 ppb were 13.8% and 12.7%, respectively, whereas under
a dry atmosphere, their responses were 4.1% and 3.2%, respectively. Sensitivity values
were calculated following the slope of the linear regression of the response values towards
different dilutions of NO2 and compiled in Table 3.
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(a) (b) 

 
(c) 

Figure 7. (a) Calibration curve of the responses of the fabricated sensors towards different concentra-
tions of NO2 at room temperature and under dry conditions; (b) resistance changes of the rGO@MnO2

on silicon substrate for 600 ppb of NO2 at 25% RH; (c) resistance changes of the rGO@MnO2 on
Kapton substrate for 600 ppb of NO2 at 25% RH.

Table 3. Sensitivity values of the different sensors under 25% and 70% relative humidity at
room temperature.

Material
Sensitivity
(% ppm−1)

Relative Humidity (%)

rGO-MnO2 Silicon
9.8 25

27.2 70

rGO-MnO2 Kapton 12.4 25
16.6 70

rGO Silicon
10.9 25
13.5 70

rGO Kapton 10.2 25
14.5 70

Meanwhile, Figure 8b reveals the calibration curves of the sensors under 70% ambient
moisture. It is noticed that when increasing the concentration of water vapour, the response
of the pristine rGO sensors is much more enhanced than the corresponding doped ones,
but the increase in the sensitivity is not so significant. When measuring 1000 ppb of NO2
and increasing the RH levels from 25 to 70%, the response of the pristine rGO sensors is
doubled, while the sensitivity just increased by a factor of around 1.3. In the case of the
rGO@MnO2 sensors, the increase in the response is only in the order of a factor of 1.2, but
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the increase in the sensitivity is higher than in the previous case, especially for the sensor
on the silicon substrate, as can be seen in Table 3.

This behaviour of the pristine rGO layers is expected since the same material was
already reported in the literature as a humidity detector, such as in the work of Muhammed
et al., where they fabricated rGO and rGO/Fe2O3 components for humidity detection and
the pristine material showed a high sensitivity towards RH and it increased more with
the incorporation of Fe2O3 [55]. Zhou et al. also managed to make humidity sensors with
the sensitive layer of rGO/SnO2. Initially, they tested the pristine SnO2 sensitivity and
response towards 75% RH, and they saw these results improve by adding rGO and making
rGO/SnO2 porous film, indicating the fact that rGO is a very sensitive material towards
humidity [56]. Although in this work, pristine rGO response towards RH increases with
the increase of the humidity level, the doping of rGO with MnO2 made the response less
affected by the RH levels, but the sensitivity increases when the level of humidity increases.
Theoretical LOD was calculated following this formula: LOD = 3.3 * (Sy/S), and the values
are compiled and shown in Table S3.

(a) (b) 

Figure 8. (a) calibration curves of the different sensors under 25% relative humidity at room tempera-
ture and (b) calibration curves under 70% relative humidity at room temperature.

Table 4 compares the results reported here with those of the literature. The sensors
we report are more sensitive to NO2 than those found in the literature. In addition, the
concentrations tested in the literature are generally higher than the ones reported here,
which indicates that our material is more sensitive in the low ppm concentration range.
While most works totally overlook the effect of ambient humidity in the sensing properties,
our material is shown to be able to detect NO2 in a wide range of ambient moisture levels.

Table 4. Comparison of the sensing performance to NO2 of different materials and rGO-based compounds.

Material
NO2

Concentration
(ppm)

Response
(%)

Condition
Sensitivity
(%ppm−1)

T (◦C) Ref.

Nano-MnO2/xanthan 7 1.21 Dry 0.17 RT [57]
δ-MnO2-Epitaxial Graphene-Silicon

Carbide Heterostructures 5 0.27 55% RH 0.14 RT [58]

Porous MnO2 /rGO 50 5.9 Dry 0.118 RT [41]
ZnO/rGO 10 5.1 Dry 0.51 RT [59]

rGO pomegranate peels 1 3.04 Dry 2.94 100 [60]
Phosphate doped rGO 1 4.5 Dry 4.5 RT [61]

VO2/rGO 5 1.63 Dry 0.326 RT [62]
MnO2 doped rGO 1 6.2 Dry 9.8 RT This work
MnO2 doped rGO 1 21 70% RH 27.2 RT This work
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The selectivity of the different sensors we tested was studied under the same experi-
mental conditions used for NO2 detection. Different species, namely, CO (50 ppm), NH3
(50 ppm), H2 (500 ppm), ethanol (20 ppm) and benzene (1 ppm) under dry conditions for
sensors operating at room temperature were measured. Figure 9 shows the responses to
these different gases or vapours. As can be seen, none of the sensors showed any response
to H2 and benzene. Noticeably, the inclusion of the nanosized MnO2 reduced the response
towards CO and Ethanol, making it utterly unresponsive to these interfering gases. There-
fore, the incorporation of MnO2 improved the sensor’s selectivity. Nevertheless, all the
sensors showed very significant responses towards 50 ppm of NH3.

Figure 9. Comparison of the responses of the different sensors towards different gases at dry
conditions to study the selectivity of the sensitive layer.

Taking into account the good responses observed for NH3, the effect of moisture in
the sensor responses to this gas was analysed. The sensors were exposed to 50 ppm of
NH3 under different humidity conditions (dry, 25% RH and 50% RH), always at room
temperature. Figure 10a shows the responses of the sensors to 50 ppm of ammonia for the
three different humidity conditions studied, and Figure 10b shows resistance changes of the
sensor pristine rGO on Kapton when exposed to NH3. As seen in the figure, when exposed
to an ammonia analyte, the sensor resistance decreases in contrast to what is expected
for a p-type material; this behaviour was explained later in the mechanism part. It was
also noticed that the response of the rGO@MnO2 on the silicon sensor was the highest
throughout all the conditions. The response of this sensor reaches a value of 18.5% at 50%
RH, which is 4 times higher than the response of the pristine rGO on silicon. rGO@MnO2
and pristine rGO on Kapton show basically the same behaviour, and the doped one shows
a slightly higher response towards NH3, with values of 6.7% and 5.8% for rGO@MnO2
and rGO, respectively, under dry conditions, 7.5% and 6% for 25% RH and 8% and 6.7% at
50% RH. Pristine rGO on silicon shows the lowest response values towards ammonia, with
a value of 4.6% at 50% RH. In essence, pristine rGO on Kapton and on Silicon substrates
shows a linear-like behaviour throughout the different RH levels tested, with very little
increase in sensitivity and increasing moisture levels. To have a better understanding of
the behaviour of the sensors towards ammonia under humidity, it could be explained as
follows: Since we are working in a humid environment, the sensing layers have already
adsorbed water molecules on its surface, saturating to an extent the adsorption sites,
especially of the pristine rGO layers. Later on, when these layers are exposed to an NH3 gas
flow, another phenomenon happens in the working atmosphere, and it can be attributed to
the characteristics of ammonia itself. In fact, both H2O and NH3 have a strong tendency to
form H bonds. Moreover, the electronegativity of the atoms determines the possibility of
forming hydrogen bonds, and since oxygen is more electronegative than nitrogen, the O
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atom from H2O rapidly creates a hydrogen bond with NH3 [33], as shown in Figure 10c.
Therefore, when considering the silicon substrate sensors, the response of the pristine rGO
sensor remains practically unchanged because of the phenomenon previously explained,
which prevents ammonia molecules from getting adsorbed on the surface. Meanwhile, for
the rGO@MnO2 sensor, the significant increase in the response, despite the occurrence of the
hydrogen bonding of the ammonia and water molecules, can be explained by the presence
of the nanosized MnO2, which plays a compensatory role by creating more adsorption sites
in the layer, meaning more space for the ammonia and water molecules to be adsorbed also
it has been previously reported as a good NH3 adsorbing agent [63], which explains the
increase of the response of the MnO2@rGO sensor. As for the sensors deposited on Kapton,
both pristine rGO and rGO@MnO2 showing similar behaviour can be explained by the
fact that the substrate is made of a very strong hydrophobic material. Therefore, water
molecules are getting repelled off of the surface, resulting in poor H2O adsorption and a
low dependency on these sensors for ambient moisture.

 
(a) 

 
(b) (c) 

Figure 10. (a) Calibration curve of the responses of the fabricated sensors towards different test
conditions (Dry, 25% RH and 50% RH); (b) resistance changes of the sensor pristine rGO on Kapton
when exposed to NH3 at 25% RH; (c) hydrogen bonding of water and ammonia molecules.

To check the position of this work in the literature regarding ammonia detection,
a set of data such as response and sensitivity of other materials and sensors analysing
NH3 gas were collected and compiled in Table 5 and put in comparison with our results.
Considering the same NH3 concentration, NiFe2O4/rGO had a response of 1.17; meanwhile,
Pani@MnO2@rGO had a response of 15.5 while heating up to 100 ◦C. Both these materials
showed lower responses than our work, which was 18.6% at 50% RH. It is true that
FeCo2O4/WO3/rGO have a slightly higher response of 19.8% at dry conditions, but in this
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work, NH3 concentration is 100 ppm, and the working temperature is 200 ◦C; meanwhile,
we are working at RT and half of the NH3 concentration.

Table 5. Comparison of the sensing performance to NH3 of different materials and rGO-based compounds.

Material
NH3

Concentration
(ppm)

Response
(%)

Condition
T

(◦C)
Ref.

PANI@MnO2@rGO 50 15.5 Dry 100 [44]
NiFe2O4/rGO 50 1.17 Dry 0 [64]

rGO/WO3 40 8.03 55% RH 35 [65]
FeCo2O4/WO3/rGO 100 19.8 Dry 200 [66]

CoFe2O4/rGO 25 1.06 Dry RT [67]
rGO@MnO2 50 18.6 50% RH RT This work

3.3. Sensing Mechanism

Graphene and its derivatives, such as rGO, are p-type materials, which implies that
usually, the interaction between rGO and oxidising gases such as NO2 causes a change in
the local carrier concentration and, therefore, a decrease in graphene-based sensor resistance
meanwhile when exposed to reducing gas such as NH3 an increase in the resistance takes
place [68]. Meanwhile, MnO2 is an n-type nanomaterial, and when exposed to an ambient
environment, a chemisorption of the oxygen molecules takes place, capturing electrons
from it and releasing different oxygen species such as O2

−, O2− and O− [69]. Moreover,
the incorporation of the MOX nanomaterial (in our case, nanosized MnO2) in the rGO
results in the formation of a p-n heterojunction, causing the flow of the electrons from the
MnO2 to rGO, implying the formation of a depletion layer on the area of contact of both
materials, also increasing the electron concentration in the rGO and the hole concentration
in MnO2 [70]. The exposure of the rGO@MnO2 to air leads to the adsorption of oxygen
on the surface of the p-n heterojunction material and the transfer of electrons from its
conduction band to the oxygen, resulting in the formation of O2

− ions following these
equations [71]:

O2 gas → O2 (ads)

O2 (ads)+e− → O2
− (ads)

When exposed to NO2, it gets adsorbed on the rGO@MnO2 surface and reacts with
the oxygen ions and electrons from the layer following this equation, causing the decrease
of the resistance of the sensor:

NO2(ads) + O2
− (ads) + 2e− → NO2

− + 2O− (ads).

As expected, our material showed the exact same behaviour explained previously,
where the baseline resistance of the sensors decreased when put in contact with NO2 gas
and recovered again when the gas flow stopped.

Although NH3 is a strong reducing gas, the baseline resistance should increase when
in contact with the gas, but not in our case, where the resistance of our sensors decreased.
This behaviour has been reported previously by A. Umar et al. when exposed to NH3, the
interaction between the analyte and the sensitive layer results in the release of electrons
back to the conduction band of the nanosized MnO2, which is believed to be the cause of
the decrease of the resistance of the sensor [41]. This behaviour has been observed also for
pristine rGO and was reported in the work of X. Xiao et al. [72]. More interestingly, D. Han
et al. comprehensively studied the NH3 sensing mechanisms, revealing that by changing
from a pure air atmosphere to an environment with the presence of NH3, a significant
change in the width of the depletion layer can be induced [73]. Thus, it is worth noting
that our sensitive film is essentially p-type owing to the major presence of rGO acting
as a transducing element. However, the presence of the MnO2 doping element, which is
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n-type, creates a p-n heterojunction, resulting in a depletion layer. Therefore, when the
NH3 interact with the MnO2, this probably leads to a decrease in the width of the depletion
layer, resulting in a more efficient transport and mobility of charge carriers. Consequently,
the conductivity of the film is improved, resulting in the observed decrease of resistance
when the sensor is exposed to NH3 in comparison to a pure air atmosphere.

Finally, graphene-based sensors are well known to be sensitive towards ambient mois-
ture, enhancing its responses [74]. Since the working temperature is at room temperature,
water molecules most likely play the role of a mediated adsorption site for the target gas,
thus increasing the sensor’s sensitivity and responses towards the chosen analyte [75],
which is in accordance with the results we obtained, where the responses of the sensors
increased under the ambient moisture conditions.

4. Conclusions

Incorporating nanosized MnO2 in rGO flakes to form a MnO2@rGO nanomaterial
to be integrated into chemoresistive sensors is a novel approach since a very limited
number of papers exist in the literature reporting the use of this material as a sensitive layer
for gas detection. Additionally, since the same material was deposited on two different
substrates (Kapton and silicon), the effect of the substrate material on the morphological
and sensing behaviour of the sensing material was thoroughly studied and reported in this
work. Our nanomaterial exhibits better performance and properties than other approaches
previously reported in the literature, showing a set of very promising results and high
responses towards low concentrations of NO2 and NH3. When deposited either onto
rigid (silicon) or flexible (polyimide) transducing substrates, the material shows good
response properties when operated at room temperature and even in the presence of
ambient humidity. Furthermore, sensors show very small cross-sensitivity to other species
such as hydrogen, ethanol and benzene vapours or carbon monoxide. All these properties
make MnO2@rGO an excellent candidate nanomaterial for the inexpensive, chemoresistive
detection of nitrogen dioxide or ammonia in real-life environments using either the flexible
substrate for wearable sensors for real-time gas monitoring or using silicon substrate for
the possibility of integrating gas sensors in the semiconductor industry.
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the EDS analysis for rGO@MnO2 on Kapton; Figure S4: Sensitive layer thickness on top of silicon
substrate; Figure S5: Sensitive layer thickness on top of Kapton substrate; Figure S6: Resistance
changes of the rGO@MnO2 sensor when exposed to 200 ppb of NO2; Figure S7: Resistance changes
of the rGO@MnO2 sensor when exposed to 400 ppb of NO2; Figure S8: Resistance changes of the
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Abstract: The monitoring of acetone in exhaled breath is expected to provide a noninvasive and
painless method for dynamic monitoring of summarized physiological metabolic status during
obesity treatment. Although the commonly used Mass Spectrometry (MS) technology has high
accuracy, the long detection time and large equipment size limit the application of daily bedside
detection. As for the real-time and accurate detection of acetone, the gas sensor has become the best
choice of gas detection technology, but it is easy to be disturbed by water vapor in breath gas. An
integrated breath gas detection system based on cavity ring-down spectroscopy (CRDS) is reported
in this paper, which is a laser absorption spectroscopy technique with high-sensitivity detection
and absolute quantitative analysis. The system uses a 266 nm single-wavelength ultraviolet laser
combined with a breath gas pretreatment unit to effectively remove the influence of water vapor. The
ring-down time of this system was 1.068 μs, the detection sensitivity was 1 ppb, and the stability
of the system was 0.13%. The detection principle of the integrated breath gas detection system
follows Lambert–Beer’s law, which is an absolute measurement with very high detection accuracy,
and was further validated by Gas Chromatography–Mass Spectrometer (GC-MS) testing. Significant
differences in the response of the integrated breath gas detection system to simulated gases containing
different concentrations of acetone indicate the potential of the system for the detection of trace
amounts of acetone. Meanwhile, the monitoring of acetone during obesity treatment also signifies
the feasibility of this system in the dynamic monitoring of physiological indicators, which is not only
important for the optimization of the obesity treatment process but also promises to shed further
light on the interaction between obesity treatment and physiological metabolism in medicine.

Keywords: obesity treatment; CRDS; breath acetone; breath pretreatment; real-time; accurate detection

1. Introduction

Obesity has become a serious problem threatening human health which is a chronic
metabolic disease caused by a variety of factors and may cause many kinds of metabolic
disorders such as hypertension, diabetes, cardiovascular disease, and so on. A recent
study showed that the global population of obese people was upwards of about 1 billion in
2022 [1]. Controlling weight and maintaining a healthy body condition are the main goals
of obesity management. Currently, lifestyle interventions, pharmacotherapy, gene therapy,
and weight loss surgery are usually used for obesity management and provide targeted
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guidance for obese patients and their clinicians in weight management, and the effects are
usually evaluated by weight loss [2]. This evaluation method is intuitive and relatively
convenient to realize, but it has nuance and limitations for fully and accurately responding
to the status of human fat metabolism.

Breath gas detection has been a non-invasive method for disease diagnosis and
metabolic status monitoring for the past few years. The changes in the composition
and content of trace Volatile Organic Compounds (VOCs) contained in exhaled gas reflect
the changes in the internal environment of the human body, which could be applied for the
noninvasive detection of many diseases, such as lung cancer, cirrhosis of the liver, breast
cancer, and diabetes mellitus [3–8]. Among the VOCs from breath gas, acetone is able
to effectively respond to the level of lipolysis and metabolism when the body’s glucose
supply is insufficient, and it is an important biomarker of human glucose metabolism
in respiratory gases. For instance, the amount of acetone produced will increase when
the patient’s fat metabolism accelerates during obesity treatment. Meanwhile, acetone is
highly volatile, and the excess acetone will appear in human exhaled gas at concentrations
much higher than the upper level in the range of healthy people (0.5–2.0 ppm) during gas
exchange or blood circulation in the human body [9,10]; so, it could provide an important
basis for real-time accurate monitoring of human metabolism during obesity treatment.
Therefore, accurate real-time detection of acetone content in respiratory gas has become a
potential method for monitoring the effectiveness of obesity treatment, which makes up for
the inadequacy of the current unitary and limited means of detection.

Gas chromatography (GC), Mass Spectrometry (MS), and electrochemistry (ECM) all
can realize the accurate detection of acetone in respiratory gases, but they have drawbacks
such as cumbersome sample preconcentration, poor detection selectivity, baseline drift, and
time-consuming detection, which lead to these methods not being suitable for real-time and
large-scale clinical testing applications [11–16]. On the other hand, laser spectroscopy has
the advantages of robustness, short response time, and high detection sensitivity [17–19].
Among the kinds of spectral detection technologies, the cavity ring-down spectroscopy
(CRDS) technique has a very high detection sensitivity by increasing the equivalent absorp-
tion path through the optical properties of the resonant cavity. However, the sensitivity and
stability of CRDS detection is largely influenced by the water vapor content of the ambient
gas. Therefore, elucidating how to reduce the water vapor concentration has become
the key to accurate detection of respiratory acetone by CRDS technology. Wang et al. [20]
successfully eliminated water vapor interference by heating the decay chamber to 40 ◦C.
Hancock [21] et al. achieved water vapor removal by cooling the breathing gas with pre-
treatment at −20 ◦C. Jiang et al. [22] used a 0.22 μm filter to deal with the moisture content
in the breathing gas. But the methods above are complicated in operation, high in cost,
and poor in adsorption performance, and there is an urgent need for a breath acetone
detection system based on CRDS technology which is less disturbed by moisture and has
high sensitivity and accuracy.

In this study, we designed and constructed an integrated detection system for respira-
tory acetone with respiratory gas pretreatment based on CRDS technology by utilizing the
unique spectral absorption property of the acetone molecule at 266 nm and the water vapor
adsorption property of porous activated carbon material. The breath acetone detection
accuracy and sensitivity of the designed system were verified through comparative experi-
ments. Further, the breath acetone concentration of obese patients during treatment was
tracked and monitored to verify the clinical value of the integrated breath gas detection
system in the dynamic monitoring of physiological indexes of obesity. The experiment
results showed that the detection system can reduce the interference of water vapor on
the accuracy of acetone detection through the breath gas pretreatment unit, the detection
accuracy can reach ppb level, and its detection results have good consistency compared
with GC-MS. The system has the advantages of high sensitivity, good stability, and fast
response speed for real-time clinical testing applications of breath acetone.
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2. Materials and Methods

2.1. Basic Principles of CRDS Technology

CRDS is a laser absorption spectroscopy technique with high-sensitivity detection and
absolute quantitative analysis, and the basic schematic of CRDS technology is shown in
Figure 1.

Figure 1. Basic schematic of CRDS technology.

The incident beam is reflected back and forth in a resonant cavity consisting of a highly
reflective mirror and a cavity, while the intensity of the beam transmitted after absorption
by the sample is detected, according to Lambert–Beer’s law [9,23–25]:

I(v) = I0e−α(v)d (1)

where I0 is the initial intensity of the incident beam, I(v) is the intensity of the outgoing
beam, v is the wavelength, e is the natural constant, d is the length of the resonant cavity,
and α(v) is the absorption coefficient of the substance to be measured. Therefore, the light
intensity in the resonant cavity shows a mono-exponential decay.

It can be calculated from the relationship between σ(v) (absorption cross section of
the substance to be measured) and α(v) = n ∗ σ(v):

τ0 =
d

c(1 − R)
(2)

τ =
d

c(1 − R + σ(v)nd)
(3)

Therefore, the absorption of the gas sample is as follows:

A = σ(v)nd =
d
c
(

1
τ
− 1

τ0
) (4)

It follows that the content of the substance to be measured can be obtained by measur-
ing τ0 and τ.

2.2. Construction of an Integrated Breath Gas Detection System Based on CRDS Technology

The integrated breath gas detection system designed and developed in this paper
is based on the basic principle of CRDS mentioned above, and mainly consists of three
modules: a laser module, breath acetone detection module, and data processing module,
as shown in Figure 2a. Among them, the breath acetone detection module consists of
a breath gas pretreatment unit (shown in Figure 2b), a resonance cavity, and a sample
injection system. The laser used in the integrated breath gas detection system is an Nd:YAG
pumped all-solid-state laser with a center wavelength of 266 nm from Changchun New
Industry, which is an electro-optic Q-tuned pulsed laser. The resonant cavity is composed
of a cylindrical stainless-steel cavity and a pair of high-reflectance mirrors (Los Gatos
Research, U.S.; Purchased in 2016), the length of the stainless-steel cavity is 50 cm, and the
cavity is accompanied by three welded standard ports, which are connected to the pressure
transducer, vacuum pump, and injection system, respectively. Adjustable flanges are used
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in this system to fix the high-reflectance mirrors at both ends of the resonant cavity. The
detector is a PMT from Hamamatsu, Japan, which has an integrated high-voltage generator
module, and the gain adjustment can be realized by adjusting the control voltage. The data
processing module mainly adopts the background deduction algorithm for data processing
to obtain the concentration of acetone in the measured sample.

 

Figure 2. Schematic diagram of (a) the structure of the integrated breath gas detection system and
(b) the breath gas pretreatment unit.

2.3. Preparation of Activated Carbon by Ester Hydrolysis for Breath Gas Pretreatment Unit

First, the graded porous activated carbon material [26,27] prepared in the pre-laboratory
stage was soaked in 1 mol/L alkaline solution (KOH) at a ratio of 1:10 for 24 h and then
centrifugally washed. Then, the centrifugally washed samples were placed in ethyl acetate
solution and stirred and soaked in a stirring heater at 80 ◦C for 48 h. Finally, the soaked
activated carbon was vacuum dried at 100 ◦C for 24 h to obtain the H-PACs.

The morphologies and microstructures of the samples were examined by scanning
electron microscopy (SEM, Quanta 250, FEI, Oxford Instruments, Oxford, UK), transmission
electron microscopy (TEM, JEM-2100F, JEOL, Tokyo, Japan), and Fourier Transform Infrared
Spectroscopy (FT-IR, iS50, Nicolet Instrument Co., Madison, WI, USA). Samples for FT-IR
measurements were obtained over the frequency range of 400–2000 cm−1. Water vapor
adsorption experiment data were provided by a micromeritics test.

2.4. Calculation of Acetone Concentration Based on Single-Wavelength Background
Deduction Method

According to the basic principle of CRDS, the integrated breath gas detection system
designed in this paper adopts the acetone concentration calculation method based on the
single-wavelength background deduction method to realize the accurate detection of breath
acetone [28,29]. Assuming that the high content of molecules (e.g., N2, O2, etc.) in the
breath gas is exactly the same in the breath and air as well as the negligible absorption
of other VOCs at 266 nm, air is used as the detection background during the specific
measurement process, and the decay time constants τ0, τatm, and τbreath of vacuum, air, and
samples are obtained by alternating the measurements of the vacuum, air, and the sample
to be tested, which finally obtains the effective absorption of the air and the sample to be
tested:

Aatm = σ(v)nd =
d
c
(

1
τatm

− 1
τ0
) (5)

Abreath = σ(v)nd =
d
c
(

1
τbreath

− 1
τ0
) (6)
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Therefore, the concentration of breath acetone is obtained:

ΔA = Abreath − Aatm = σ(v)nd (7)

2.5. Breath Sample Collection Program

A total of 10 obese subjects were recruited for this paper, and breath acetone gas
samples were collected every 10 min during obesity treatment. All of the subjects were non-
smokers and non-alcoholics and no pregnant or lactating female subjects were recruited.
Written informed consent was obtained from all subjects participating in this study, and no
cost was subsidized. First, a disposable mouthpiece was attached to the valve of a sampling
bag (FEP sampling bag) that had been repeatedly rinsed using high-purity nitrogen. Then,
the subject took an appropriate breath, held it in for 3 s, and then exhaled the single breath
into the sampling bag. Finally, when the gas volume reached 80% of the sampling bag, the
valve of the sampling bag was closed, and the samples were numbered and placed in the
holding box.

2.6. Sample Test Methods

Testing of all samples was accomplished on our designed integrated breath gas detec-
tion system (shown as Figure 3). First, after the system was warmed up, a baseline test of
the system was performed using the ambient gas as a reference. Then, the collected sam-
ples were connected to the breath gas pretreatment unit, and after moisture adsorption by
activated charcoal, they entered into the resonant cavity for acetone concentration testing,
and the sample gases in the resonant cavity were extracted by a vacuum pump after the
test was completed. Finally, at the end of each sample test, the resonant cavity is cleaned
using high-purity nitrogen gas and repeatedly rinsed at least three times.

 

Figure 3. Sample test systems and interfaces: (a) Integrated Breath Gas Detection System, and
(b) Sample test interfaces.

In addition, we tested the breath acetone samples using GC-MS under the following
conditions: Analytes absorbed on the SPME fibers were thermally desorbed in a gas
chromatography injector at 280 ◦C. The initial temperature of the column was 5 ◦C and the
column was maintained with carbon dioxide for 3 min. The column is initially heated to
5 ◦C and maintained with carbon dioxide for 3 min. The temperature was then increased
to 250 ◦C at a rate of 5 ◦C/min and held for 2 min.

3. Results and Discussion

3.1. Performance of Breath Gas Pretreatment Units

The hydrophilic porous activated carbon material in the breath pretreatment unit is
based on the shaped porous activated carbon material prepared in the previous research of
our group [26,27], and surface modification was carried out by the ester hydrolysis method
to prepare a porous activated carbon material with excellent water vapor adsorption
performance (Figure 4). Under alkaline conditions, some oxygen-containing functional
groups were formed on the surface of the shaped porous activated carbon by the hydrolysis
of ethyl acetate. Its unique pore structure and surface functionalization are more conducive
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to the adsorption of water molecules. Breath treated with this material can be free from
moisture interference in the test, improving the accuracy of the test.

Figure 4. Hydrophilic activated carbon prepared by ester hydrolysis method.

We performed a series of characterizations of the prepared hydrophilic activated
carbon materials. Figure 5 shows the SEM and TEM images of H-PACs, respectively. The
results showed that the modified activated carbon samples had a good three-dimensional
porous structure. Among them, the microporous structure provided more sites for the
adsorption of water molecules. From the TEM images, it can be seen that the modified ACs
have a unique porous structure as well as a large number of microporous structures, which
is conducive to the adsorption of water vapor in the micropores.

 
Figure 5. Electron microscope images of H-PACs. (a) SEM image; (b) TEM image.

Figure 6 compares the N2 adsorption–desorption isotherms and pore size distribution
curves of the H-PACs. According to IUPAC classification, N2 adsorption isotherms are type
I, indicating that they are typical microporous materials [30,31]. As shown in Figure 6a, the
type I isotherms of the H-PACs suggest the presence of micropores in the H-PACs, whereas
the H4 type hysteresis loops of the H-PACs indicate the presence of both micropores
and mesopores. According to the pore size distribution curves of the H-PACs shown in
Figure 6b, micropores (0.8 nm~1.5 nm) are dominant in the H-PACs, and there is a unique
bimodal pore structure that exists in the H-PACs. Studies have shown that more micropores
and smaller mesoporous pores are conducive to water vapor adsorption [32]. Therefore,
the H-PACs have the best layered porous structure, which can provide more reaction sites
for water vapor adsorption.

Figure 7a shows the FT-IR spectra of the H-PACs. From the figure, it can be seen that
the H-PACs prepared by ester hydrolysis modification showed obvious absorption peaks
at around 1640, 1410, 1380, and 870 cm−1, which were the vibrational absorption peaks
of -C=O and -C-H, respectively [33–35]. This indicates that a large number of functional
groups are most likely to be introduced on the surface of H-PACs. Figure 7b shows the
adsorption isotherms of the modified sample to water vapor. All of them are V-shaped
according to IUPAC classification, which is a typical isotherm for the adsorption of water
vapor by activated carbon [36]. From the figure, it can be seen that the adsorption of
H-PACs increases with increasing relative pressure at room temperature. This indicates
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that the functional groups on the surface of the activated carbon have a greater effect on
water vapor adsorption at lower relative pressures, which may be due to the fact that
the functional groups act as active centers inducing the movement of water molecules
and forming hydrogen bonds with them for water molecule adsorption. Long et al. [37]
suggested that the hydrophilic groups bind to water molecules through hydrogen bonding.
The adsorption of H-PACs becomes larger as the relative pressure increases. This is mainly
due to the fact that water molecules continue to enter into the activated carbon and continue
to adsorb at the sites of previously adsorbed water molecules and form water molecule
clusters, which break off from each other when they grow to a certain size, thus filling in
the micropores [38]. This indicates that the hydrophilic activated carbon prepared by the
improved ester hydrolysis method has good water vapor adsorption properties, and it can
effectively remove the interference of water in the pretreatment stage of breath to ensure
the accuracy of breath acetone detection.

Figure 6. (a) N2 adsorption–desorption isotherms and (b) pore size distribution curves of H-PACs.

Figure 7. FT-IR (a) and isothermal adsorption curve (b) of water vapor in H-PACs.

3.2. Performance of the Integrated Breath Gas Detection System

In order to ensure that the absorption of gases within the vacuum decay chamber
adheres to the Lambert–Beer law, the ring-down signal under the vacuum of an integrated
detection system for breath acetone based on CRDS technology was measured. Figure 8a
shows a typical ring-down signal under vacuum acquired by an oscilloscope, with the
relative time in the horizontal coordinate and the signal intensity in the vertical coordinate
and fitted to the results as shown in Figure 8b. From the figure, it can be seen that the
typical ring-down signal shows exponential decay. Further logarithmic operation on the
fitted section (0-t) shows that the fitted correlation coefficient is greater than 0.9995, and the
fitted residuals and residual sum of squares are 4.25 × 10−4 and 3.16 × 10−4, respectively,
which suggests that the decaying signals obtained by this analytical system are close to the
mono-exponential decay conforming to the Lambert–Behr law.

To test the baseline stability of the ring-down time, we continuously measured the
vacuum ring-down time constant for 8 h, with each data point being the result of averaging
128 ring-down signals. The typical baseline stability of the system is shown in Figure 9.
The results show that the vacuum ring-down time constant t is 1.068 μs with a standard
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deviation of 1.35 ns. The stability is defined as the ratio of the standard deviation of the
ring-down time constant to the mean over a period of time, i.e., the stability is 0.13%, which
is within the satisfied error tolerance.

 
Figure 8. (a) Typical ring-down curves; (b) single-exponential fitting result curves.

Figure 9. Stability curve of the integrated breath gas detection system.

The accuracy of the measurement by this detection system was further verified by
comparing the results with those of GC-MS. The GC-MS test was performed on breath
gas samples from healthy individuals in the ion monitoring mode of operation, and the
acetone profile obtained is shown in Figure 10a. Figure 10b shows the breath acetone
concentrations independently measured using the two methods; the horizontal and vertical
coordinates are the acetone concentrations measured using this system and GC-MS, respec-
tively. Based on the test results, the two sets of data were linearly fitted, and the correlation
coefficient of the linear fit between the two was R2 = 0.99924, and the linear relationship
was y = 0.9853x + 0.08024, which indicates the consistency of the measurement results of
the integrated breath gas detection system based on CRDS technology with the results
of GC-MS.

Figure 10. (a) GC-MS profiles of breath acetone and (b) comparison curve between CRDS-based
breath acetone detection system and GC-MS measurement results.
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3.3. Application of Integrated Breathing Acetone Detection System

Furthermore, in order to demonstrate the feasibility of this integrated breath gas
detection system in the dynamic monitoring of physiological states, the detection system
was investigated to monitor the acetone content in the exhaled gas of subjects during
obesity treatment (shown as in Figure 11a). Subjects were treated for obesity by massage
for 10 min followed by a 5 min rest period, and breath gas samples were collected before,
during (10, 15, 25, 30, 40, and 45 min), and in a relaxed state at the end of their massage
treatment. The subjects were tested for their response to exhaled gas at different treatment
stages, and the corresponding acetone content was calculated based on the ring-down
time. As shown in Figure 11b, the acetone content in the breath of the subjects basically
remained in a relatively stable state in the calm state before the massage treatment, with
its concentration fluctuating between 0.75 and 1.75 ppm, which belongs to the state of the
breath acetone level in a normal human body [10].

Figure 11. (a) Schematic diagram of the response results of the massage treatment process monitoring
and detection system. (b) The average resting breath acetone concentration profiles for all subjects.
(c) Curves of changes in breath acetone concentration in subjects during the treatment of obesity with
each massage treatment. (d) Curves of the breath acetone concentration of subject #2 throughout the
course of massage treatment.

The changes in breath acetone during the treatment are shown in Figure 11c. From the
figure, it can be seen that after 10 min of massage treatment, the acetone level showed an
increasing trend with the increase in massage treatment time, and then, in the relaxed state
at the end of the treatment, this gradually declined, which was related to the metabolic
process of acetone in the body, and further declined to a level close to that in the resting
state before massage. Although subject #1 appeared to have no significant change in
breath acetone during a single measurement, his level of breath acetone increased to
some degree throughout the course of treatment. During the whole follow-up process
of obesity massage therapy, we took subject #2 as an example to analyze the changes in
breath acetone concentration during the whole process, and the results were shown in
Figure 11d. As can be seen from the figure, subject #2’s breath acetone concentration
decreased over time as the treatment process progressed, but the lowest concentration at
this stage was higher than 4 ppm. In the middle of treatment, the concentration of breath
acetone plateaued. As the massage treatment continued, the breath acetone concentration
increased again. These results indicate that the developed integrated breath acetone
detection system has a promising application in the dynamic real-time monitoring of
physiological metabolic states.
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4. Conclusions

This study designed and built an integrated detection system for breath acetone detec-
tion based on the CRDS technology, which implemented a breath gas pretreatment function
by using porous activated carbon material with water vapor adsorption characteristics.
This detection system utilized the unique absorption spectrum of acetone molecules at 266
nm and could reduce the interference of water vapor on the accuracy of acetone detection
through the breath gas pretreatment unit. The experiment results showed that this novel
breath acetone detection system had good consistency compared with GC-MS, so as to real-
ize the accurate detection of breath acetone. Meanwhile, this system had the advantages of
high sensitivity, good stability, and a fast response time. Through tracking and monitoring
of breath acetone concentration in eight obese patients during the treatment of obesity with
a massage method and the changes in body weight indexes, it was proved that the accurate
detection of breath acetone by this system could further effectively evaluate the effect
of the massage method in the treatment of obesity. The results of the experimental tests
showed that the concentration of breath acetone raised with the increase in the treatment
time during the treatment of obesity, and the concentration of breath acetone changed
significantly after the rest interval of the massage. This may be related to the physiological
changes in the body’s fat consumption and decomposition as well as the discharging of
products from the body after the decomposition. It proved that the integrated breath gas
detection system developed in this study had good clinical application prospects for the
dynamic real-time monitoring of physiological metabolic states.
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Abstract: The sensing properties of adsorption/combustion-type microsensors using 5 wt%
Pt-loaded aluminas, which consist of two kinds of alumina (α-Al2O3 and γ-Al2O3), as
sensing (catalytic) materials for ethanol and toluene, were investigated in air, and the
mixing effects of α-Al2O3 with γ-Al2O3 on the dynamic and static responses of the sensors
were discussed in this study. The mixing of 50 wt% α-Al2O3 with γ-Al2O3 was the most
effective in enhancing the dynamic responses to ethanol, which originated from the flash
combustion behavior of ethanol and/or their partially decomposed products adsorbed
on the sensing films from 150 ◦C to 450 ◦C, while further mixing of α-Al2O3 with γ-
Al2O3 tended to increase the dynamic responses to toluene. On the other hand, the static
responses to both ethanol and toluene, which arise from their catalytic combustion at
elevated temperatures (450 ◦C), mainly increased with an increase in the addition of α-
Al2O3 in the 5 wt% Pt-loaded aluminas. These results indicate that the synergistic effects of
the catalytic activity and the thermal conductivity of the 5 wt% Pt-loaded aluminas are the
most important for the sensing properties of these sensors to ethanol and toluene.

Keywords: adsorption/combustion-type gas sensor; MEMS; dynamic response; static
response; thermal conductivity; catalytic activity; alumina; platinum; ethanol; toluene

1. Introduction

The large number of volatile organic compounds (VOCs) generated from various
building materials, such as paints, adhesives, and resins, has been a serious problem for
a long time, and it is widely recognized that these substances have a variety of adverse
effects on human health [1–3]. In order to reduce these symptoms, so-called “sick house
syndrome” and “chemical sensitivity”, it is essential to develop specific VOC-sensing
devices that can detect VOCs in indoor environments with high sensitivity. On the other
hand, various kinds of VOCs are also contained in human biogases, such as exhaled breath
and skin gas, and monitoring changes in their concentrations can help determine the health
status and presence or absence of disease [4–6]. For example, acetone has been reported to
be a biomarker for diabetes and metabolic activity, isoprene and pentane for heart disease,
and toluene and 1-nonanal for lung cancer [7–11], and the development of a wearable
device that can sensitively and selectively detect these VOCs is significantly attractive in
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the healthcare and medical fields. Recently, various gas sensors have been developed for
the sensitive and selective detection of different types of VOCs [12–24]. Our group has
developed adsorption/combustion-type gas sensors that combine the functions of “VOC
adsorption” and “flash VOC combustion” for many years, by dynamically operating kinds
of catalytic combustion-type gas sensors, in order to detect such ultra-trace amounts of
VOCs [25,26]. After VOCs are adsorbed on the surface of the catalytic materials of the
sensors at low temperatures, they are burned by flash heating and the large amount of
combustion heat generated becomes output as a sensor signal. We previously reported that
the VOC response of adsorption/combustion-type gas sensors was drastically improved
by impregnating Pd and Au nanoparticles in an optimal ratio on γ-alumina (γ-Al2O3)
or by highly dispersing core/shell (Au/Pd) nanoparticles by ultrasonic reduction on γ-
Al2O3 [27,28]. We also confirmed that the VOC response was improved by co-loading
Pt and a metal oxide on γ-Al2O3 and that the VOC-sensing characteristics were highly
dependent on the type of metal oxide [29,30]. In the process of clarifying the VOC-response
mechanism of adsorption/combustion-type gas sensors while closely investigating the
VOC oxidation activity and adsorption/desorption characteristics, it was suggested that
the thermal conductivity of the catalytic material also had a significant effect on the VOC-
response characteristics [31]. In fact, our previous research revealed that the VOC-response
characteristics of the sensor were improved when α-alumina (α-Al2O3), which has a small
specific surface area but high crystallinity, was mixed with γ-Al2O3 and that they were
loaded with Pd and Au [26]. In this case, it was inferred that the higher thermal con-
ductivity of α-Al2O3 compared with γ-Al2O3 contributed to the improved VOC-response
characteristics. In this study, therefore, we focused on Pt nanoparticles as a noble-metal
catalyst for efficient VOC combustion and aimed to clarify the effect of mixing α-Al2O3

with γ-Al2O3 as the base material of the sensing film on the VOC-sensing properties of
adsorption/combustion-type microsensors for two kinds of VOCs, ethanol and toluene.

2. Experimental Section

2.1. Preparation of Sensing Materials and Characterization

γ-Al2O3 powder (JGC Catalysts and Chemicals Ltd., Kanagawa, Japan) and α-Al2O3

powder (TM-DA, Taimei Chemical Chemicals Co., Ltd., Tokyo, Japan) were mechanically
mixed in an agate mortar, and then Pt particles were loaded onto their surfaces by gen-
eral impregnation with hydrogen hexachloroplatinate(IV) hexahydrate (FUJIFILM Wako
Pure Chem. Corp., Osaka, Japan), followed by heat treatment at 500 ◦C for 1 h. The
obtained powder is denoted as nPt/γ(r)α(t)-Al2O3 [n: the amount of Pt loaded (wt%), r:
the weight ratio of γ-Al2O3 to all aluminas (wt%), t: the weight ratio of α-Al2O3 to all
aluminas (wt%)], and nPt/γ(100)α(0)-Al2O3 and nPt/γ(0)α(100)-Al2O3 are abbreviated
and simply expressed as nPt/γ-Al2O3 and nPt/α-Al2O3, respectively. The pore size dis-
tribution and the specific surface area (SSA) of the obtained powders were measured by
Barrett-Joyner-Halenda (BJH) and Brunauer-Emmett-Teller (BET) methods using nitro-
gen adsorption-desorption isotherms (TriStar 3000, Micromeritics Inst. Corp., Norcross,
GA, USA), respectively [32–34]. The crystal phases of the powders were characterized
by X-ray diffraction analysis (XRD; Minflex 600-DX, Rigaku Corp., Tokyo, Japan) using
Cu Kα radiation (40 kV, 40 mA), and their crystallite sizes were calculated by using the
Scherrer equation. The chemical states of Al, O, and Pt on the surface of the representative
powders were characterized by X-ray photoelectron spectroscopy using Al Kα radiation
(XPS; ACIS-TLATRA DLD, Kratos Analytical, Manchester, UK). The binding energy was
calibrated using the C 1s level (285.0 eV) of the usual contamination.
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The dispersibility, surface area, and average particle size of the Pt nanoparticles on
the surface of typical 5Pt/γ(r)α(t)-Al2O3 powders were calculated using the CO-pulse
method (BELCAT II, MicrotracBEL Corp., Osaka, Japan). The nanostructure of the typical
5Pt/γ(r)α(t)-Al2O3 powder was observed by transmission electron microscopy (TEM; JEM-
ARM200F, JEOL Ltd., Tokyo, Japan), and scanning transmission electron microscopy with
energy dispersive X-ray spectroscopy for elemental mapping (STEM-EDS; JEM-ARM200F
and JED-2300T, JEOL Ltd., Tokyo, Japan). The thermal conductivity of representative
nPt/γ(r)α(t)-Al2O3 powders was measured by using a modified transient plane source
sensor (TRIDENT, C-Therm Technologies, Fredericton, NB, Canada). The nPt/γ(r)α(t)-
Al2O3 powders were pelletized by compressing at 1000 kg for 8 min, followed by annealing
at 500 ◦C for 2 h in ambient air, and the obtained disks with a diameter of ca. 2 cm
and a thickness of ca. 1 mm were used for the thermal conductivity measurement. The
heat treatment condition was the same as that of the sensor fabrication described in the
following section. The catalytic combustion behavior of ethanol and toluene over typical
5Pt/γ(r)α(t)-Al2O3 powders was measured using a handmade catalytic activity evaluation
system. The 5Pt/γ(r)α(t)-Al2O3 powders were pelletized by compressing at 1000 kg for 8
min, followed by annealing at 500 ◦C for 2 h in ambient air, and the obtained disks with a
diameter of ca. 1 cm were crushed to obtain irregularly shaped agglomerates with a size
of 250–850 μm. They were packed into the region of ca. 12 mm in width in the center of a
fixed bed reactor with an inner diameter of 2.0 cm, and the oxidation activity of ethanol
and toluene over the typical nPt/γ(r)α(t)-Al2O3 powders was measured in synthetic air at
a flow rate of 20 cm3 min−1 (space velocity: 8159 h−1) and in compressed air at a flow rate
of 20 cm3 min−1 (space velocity: 40,795 h−1).

2.2. Fabrication of Sensors and Measurement of Sensing Properties to Ethanol and Toluene

Figure 1a shows a stereomicroscope photograph of a microsensor platform with a
couple of Pt microheaters, which was fabricated by MEMS technology, and Figure 1b
shows a SEM photograph of a Pt microheater, which was covered with a thin alumina
film, on a thin insulating substrate (ca. 70 × 70 μm2) with a diaphragm structure. The
Pt microheater also served as a detector. The microsensor platform, which was recently
downsized from the previous one [16–23], was designed by Yazaki Energy System Corp.
The nPt/γ(r)α(t)-Al2O3 and unloaded γ(r)α(t)-Al2O3 powders were used as the sensing
and reference materials, respectively. They were mixed with an appropriate amount of an
organic vehicle consisting of polyvinyl butyral resin (mean polymerization degree: 700)],
di-n-butyl phthalate, and terpineol by ball milling for 30 min. The obtained nPt/γ(r)α(t)-
Al2O3 and unloaded γ(r)α(t)-Al2O3 pastes were applied over both the Pt microheaters, as
a sensing film or a reference film, respectively, by drop coating employing an air-pulse
fluid dispenser (MS-10DX, Musashi Eng., Inc., Tokyo, Japan) with a suitable syringe. The
microsensor chips attached to these films were then heat-treated at 500 ◦C for 2 h in
ambient air. The obtained sensors were referred to as sensing materials (nPt/γ(r)α(t)-
Al2O3). Figure 1c shows the SEM photographs of a typical sensing 5Pt/γ(r)α(t)-Al2O3

film on a substrate with a Pt microheater. The thickness at the center of the film was
approximately 30–40 μm, and the thickness gradually decreased toward the edge of the
film. In addition, the surface of the film was relatively smooth, and the morphology of the
film was formed with relatively good reproducibility.
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Figure 1. (a) Stereomicroscope photograph of microsensor platform with a couple of Pt microheaters,
and SEM photographs of (b) Pt microheater and detector at diaphragm and (c) typical sensing film
(5Pt/γ-Al2O3).

2.3. Measurement of Sensing Properties to Ethanol and Toluene

The sensing properties of ethanol and toluene were measured in an acrylic chamber
(internal volume: approximately 50 dm3) in which 10, 100, and 1000 ppm of ethanol or
toluene were vaporized just on a compact ceramic heater. The nPt/γ(r)α(t)-Al2O3 sensors
consist of sensing (nPt/γ(r)α(t)-Al2O3) and reference (γ(r)α(t)-Al2O3) films with Pt micro-
heaters, and these films were assembled into a bridge circuit, as shown in Figure S1a. All
sensors were consecutively pulse-heated during a cycle of 10 s from low temperature (LT,
150 ◦C, 9.6 s) to high temperature (HT, 450 ◦C, 0.4 s) in this study. A typical signal profile of
the sensor is shown in Figure S1b. Ethanol, toluene, and their related components (interme-
diates), which are produced by partial oxidation and/or condensation, are adsorbed on
the oxide surfaces of both films at 150 ◦C in the target gas. These adsorbates burn mainly
on the oxide surface of the sensing film the moment the sensor is heated to 450 ◦C. At that
time, the sensor-signal profile typically has one dynamic signal originating from the flash
catalytic combustion of all the adsorbates mainly on the oxide surface of the sensing film. A
static signal originating from the general catalytic combustion of ethanol or toluene mainly
on the oxide surface of the sensing film is constantly confirmed after the instantaneous
dynamic signal disappears during pulse heating at 450 ◦C. The magnitude of the general
response (ΔVMAX) was defined as the largest difference between the output voltage in air
containing ethanol or toluene and that in air (ΔV). Two responses, which were calculated
by integrating the dynamic and static signals of the sensor-signal profiles, were defined as
the integrated dynamic response (IDR) and integrated static response (ISR), respectively
(see Figure S1b).

3. Results and Discussion

3.1. Characterization of Sensor Materials

Figure S2 shows the nitrogen adsorption/desorption isotherms and pore size distri-
butions of all the 5Pt/γ(r)α(t)-Al2O3 powders. Figure 2 shows the dependence of the SSA
of the 5Pt/γ(r)α(t)-Al2O3 powders on the amount of α-Al2O3 (t). The amount of nitrogen
adsorbed on the 5Pt/γ-Al2O3 powder was the largest among all the 5Pt/γ(r)α(t)-Al2O3

powders, and thus both the pore volume and the SSA (ca. 219 m2 g−1) of the 5Pt/γ-Al2O3

powder were also the largest among them. In addition, the large hysteresis of the nitrogen
adsorption-desorption isotherms was clearly confirmed under a relative pressure of 0.6–1.0,
indicating that they were classified mainly as type-IV isotherms in the models of IUPAC [32].
Thus, the mesopore distribution arising from nitrogen adsorption was significantly differ-
ent from that of nitrogen desorption. The SSA monotonically decreased with an increase
in the amount of α-Al2O3, as shown in Figure 2, and the ratio of the small mesopores
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(diameter: ≤ca. 5 nm) to large mesopores (diameter: ≥ca. 5 nm) gradually increased with
the decrease in the SSA. The SSA of the 5Pt/α-Al2O3 powder was the smallest among them
(ca. 12 m2 g−1), while the adsorption and desorption isotherms had little hysteresis and the
diameters of the mesopores were mainly less than 5 nm. Figure S3 shows the XRD spectra
of all the 5Pt/γ(r)α(t)-Al2O3 powders, and Figure 3 shows the dependence of the ratio of
the normalized integral intensity of the (400) peak of γ-Al2O3 to that of the (116) peak of
α-Al2O3 (I400,γ/I116,α) on the amount of α-Al2O3 in the 5Pt/γ(r)α(t)-Al2O3 powders. All
the peaks of the 5Pt/γ-Al2O3 powder were assigned to γ-Al2O3 (JCPDS No. 10-0425), while
all the peaks of the 5Pt/α-Al2O3 powder were assigned to either Pt (JCPDS No. 04-0802) or
α-Al2O3 (JCPDS No. 71-1123). In addition, the peaks of both γ-Al2O3 and α-Al2O3 were
confirmed in the XRD spectra of the other 5Pt/γ(r)α(t)-Al2O3 powders. On the other hand,
the small peaks of Pt were detected only in the 5Pt/γ(75)α(25)-Al2O3 powder among them,
which indicates that the crystallinity and/or crystallite size of Pt nanoparticles loaded to
the γ(r)α(t)-Al2O3 powders increased with an increase in the amount of α-Al2O3 in the
5Pt/γ(r)α(t)-Al2O3 powders. Furthermore, the I400,γ/I116,α value monotonically decreased
with an increase in the amount of α-Al2O3 in 5Pt/γ(r)α(t)-Al2O3. The dependences of
both SSA (Figure 2) and I400,γ/I116,α (Figure 3) values on the amount of α-Al2O3 in the
5Pt/γ(r)α(t)-Al2O3 obviously show that α-Al2O3 was uniformly mixed with γ-Al2O3 in
the 5Pt/γ(r)α(t)-Al2O3 powders.

 

Figure 2. Dependence of specific surface area (SSA) of 5Pt/γ(r)α(t)-Al2O3 powders on the amount of
α-Al2O3 (t).

 

Figure 3. Dependence of the ratio of normalized integral intensity of (400) peak of γ-Al2O3 to that of
(116) peak of α-Al2O3 (I400,γ/I116,α) on the amount of α-Al2O3 (t) in 5Pt/γ(r)α(t)-Al2O3 powders.
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Figures S4 and S5 show the XPS spectra of Pt 4f, Al 2s, and O 1s of all 5Pt/γ(r)α(t)-
Al2O3 powders, and variations in the ratio of Pt or Al to all Pt and Al species and the ratio of
each Pt component to all Pt species with the amount of α-Al2O3 in the 5Pt/γ(r)α(t)-Al2O3

powders are shown in Figure 4. All the ratios were calculated by the deconvolution of their
XPS spectra. The half-widths of both the Al 2s and O 1s spectra gradually narrowed with
an increase in the amount of α-Al2O3 (“from ca. 2.7 eV to ca. 2.0 eV” and “from ca. 2.8 eV
to ca. 1.8 eV”, respectively). In addition, the binding energy of the Al 2s spectra was hardly
dependent on the amount of α-Al2O3, whereas the binding energy of the O 1s spectra
was negatively shifted with an increase in the amount of α-Al2O3. On the other hand,
the amount of Pt0 (Pt metal) increased and the amount of Pt2+ (such as PtO) decreased
with the amount of α-Al2O3, while the amount of Pt4+ (such as PtO2) remained almost
unchanged. Nevertheless, the binding energy of Pt positively shifted with the amount
of α-Al2O3, while the amount of Pt2+ was much larger than those of Pt0 and Pt4+. These
results indicate that the electron density in all the Pt components decreased with an increase
in the amount of α-Al2O3 and that the electrons were transferred to the oxygen species of
the Al2O3-components due to the interaction between Pt and Al2O3. Moreover, the ratio of
Pt to all Pt and Al species on the 5Pt/γ(r)α(t)-Al2O3 surface increased with an increase in
the amount of α-Al2O3, even though the amount of Pt loaded onto the mixed aluminas
was only 5 wt% for all 5Pt/γ(r)α(t)-Al2O3 powders. In other words, the amount of Pt
loaded per unit SSA increased with an increase in the amount of α-Al2O3 because the SSA
of α-Al2O3 was much smaller than that of γ-Al2O3, as shown in Figure 2.

 

Figure 4. Variations in the ratio of Pt or Al to all Pt and Al species and the ratio of each Pt component
to all Pt species with the amount of α-Al2O3 in 5Pt/γ(r)α(t)-Al2O3 powders.

The dispersibility, surface area, and average particle size of Pt loaded onto the aluminas
of representative 5Pt/γ(r)α(t)-Al2O3 (5Pt/γ-Al2O3, 5Pt/γ(50)α(50)-Al2O3, and 5Pt/α-
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Al2O3) powders were estimated from the CO adsorption/desorption properties, as shown
in Table 1. The dispersibility and surface area of the Pt nanoparticles decreased and then
the average particle size of Pt increased with an increase in the amount of α-Al2O3. These
results indicate that the Pt nanoparticles, which were smaller than those on the surface of α-
Al2O3, were loaded in a highly dispersed state on the surface of γ-Al2O3. The dispersibility
and surface area of 5Pt/γ(50)α(50)-Al2O3 were relatively close to the average values of
α-Al2O3 and γ-Al2O3 (dispersibility: ca. 31%, surface area: ca. 76 m2 g−1-Pt). This suggests
that the Pt nanoparticles loaded on the surface of α-Al2O3 and γ-Al2O3 of 5Pt/γ(50)α(50)-
Al2O3 existed in a relatively similar state to the Pt nanoparticles loaded on the surface of
α-Al2O3 and γ-Al2O3 alone. Therefore, the average particle size of the Pt nanoparticles
of 5Pt/γ(50)α(50)-Al2O3 calculated from the CO adsorption/desorption properties is not
very meaningful when discussing the loading state. However, just the value is also very
reasonable because it lies between the Pt nanoparticles on the 5Pt/γ-Al2O3 surface, which
has a small average particle size, and the Pt nanoparticles on the 5Pt/α-Al2O3 surface,
which has a large average particle size.

Table 1. Dispersibility, surface area, and average particle size of Pt loaded onto the aluminas of
typical 5Pt/γ(r)α(t)-Al2O3 powders.

Sample 5Pt/γ-Al2O3 5Pt/γ(50)α(50)-Al2O3 5Pt/α-Al2O3

Dispersibility/% 47.8 32.0 14.0
Surface area/m2 g−1-Pt 118 80.0 34.5

Average particle size/nm 2.37 3.55 8.12

Figure 5 shows TEM photographs of representative 5Pt/γ(r)α(t)-Al2O3 (5Pt/γ-Al2O3,
5Pt/γ(50)α(50)-Al2O3, and 5Pt/α-Al2O3) powders. The γ-Al2O3 powder consisted of very
fine particles, which were quite aggregated. In contrast, the α-Al2O3 powder was formed
from particles with a diameter of approximately 200 nm. Furthermore, it was confirmed
that the particles of both γ-Al2O3 and α-Al2O3 powders were uniformly mixed in the TEM
photograph of 5Pt/γ(50)α(50)-Al2O3. Many Pt nanoparticles were confirmed with both
γ-Al2O3 and α-Al2O3 particles in all highly magnified TEM photographs. The sizes of
the Pt nanoparticles in the 5Pt/γ-Al2O3 and 5Pt/γ(50)α(50)-Al2O3 powders were smaller
than those of the Pt nanoparticles in the 5Pt/α-Al2O3 powder, but their sizes seem to be
comparatively smaller than the average sizes of the Pt nanoparticles, which were calculated
from the amount of CO adsorption (Table 1).

Figure S6 shows the annular dark-field (ADF)-STEM images and EDS maps (Al K
and Pt M) of representative 5Pt/γ(r)α(t)-Al2O3 (5Pt/γ-Al2O3, 5Pt/γ(50)α(50)-Al2O3, and
5Pt/α-Al2O3) powders, together with their TEM photographs. In all the samples, the
EDS signal of Al K almost overlapped with the morphology of the alumina particles, as
confirmed in the TEM photographs. The EDS signal of Pt M was also observed at almost the
same location as the EDS signal of Al M in the TEM and ADF-STEM images of 5Pt/γ-Al2O3

and 5Pt/γ(50)α(50)-Al2O3, which indicates that Pt nanoparticles were uniformly loaded on
both γ-Al2O3 and α-Al2O3 particles in these samples. On the other hand, on the basis of the
ADF-STEM images and the EDS maps of the Pt M signal, it was confirmed that not only Pt
nanoparticles randomly loaded on the surface of the α-Al2O3 particles, but also that a large
amount of Pt nanoparticles was agglomerated at the interfaces (grain boundaries) of the α-
Al2O3 particles. The large average size of the Pt nanoparticles in the 5Pt/α-Al2O3 powder
(Table 2), which was calculated from the amount of CO adsorbed, probably originates
from their agglomeration. Such agglomeration of Pt nanoparticles was not observed in
the 5Pt/γ(50)α(50)-Al2O3 powder, because the γ-Al2O3 particles were well mixed with
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the α-Al2O3 particles and the γ-Al2O3 particles were well inserted among the α-Al2O3

particles, as shown in the TEM and ADF-STEM images. The amounts of Pt nanoparticles
loaded in 5Pt/γ-Al2O3, 5Pt/γ(50)α(50)-Al2O3, and 5Pt/α-Al2O3, which were evaluated by
EDS analysis, were ca. 5.1 wt%, ca. 4.7 wt%, and ca. 4.9 wt%, respectively, and these values
were almost the same as the amount of Pt added during the preparation process.

 

Figure 5. TEM photographs of representative 5Pt/γ(r)α(t)-Al2O3 powders. Black and white arrows
show Pt nanoparticles.

Table 2. Thermal conductivities of typical samples.

Sample Thermal Conductivity/10−2 W m−1 K−1

γ-Al2O3 9.32
5Pt/γ-Al2O3 9.63
10Pt/γ-Al2O3 9.97
γ(50)α(50)-Al2O3 14.9
α-Al2O3 37.7

The thermal conductivity of the sensing materials is one of the most important factors
for adsorption/combustion-type gas sensors, because the thermal energy generated by
the oxidation of VOCs on the catalyst surface needs to be effectively transferred to the Pt
microheater (detector) to enhance the magnitude of the VOC response. Table 2 shows the
thermal conductivities of representative sample disks fabricated under the same conditions
as the sensor manufacturing conditions (heat treatment at 500 ◦C for 2 h in ambient air).
The thermal conductivity of the γ-Al2O3 disk was small, and the thermal conductivity
largely increased with an increase in the amount of α-Al2O3 added to γ-Al2O3 and the
thermal conductivity of the α-Al2O3 disk was very large. On the other hand, the thermal
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conductivity of the nPt/γ-Al2O3 disks also tended to increase with an increase in the
amount of Pt loaded, but the increase ratio was small in the range of 0–10 wt%. These results
indicate that the addition of α-Al2O3 is effective in increasing the thermal conductivity of
the sensing film.

3.2. Catalytic Activities

Figure 6a shows the catalytic combustion behavior of 100 ppm ethanol and 100 ppm
toluene over representative 5Pt/γ(r)α(t)-Al2O3 (5Pt/γ-Al2O3, 5Pt/γ(50)α(50)-Al2O3, and
5Pt/α-Al2O3) powders in dry air at a flow rate of 20 cm3 min−1. The oxidation activities
of 5Pt/γ-Al2O3 and 5Pt/γ(50)α(50)-Al2O3 for ethanol were extremely high, achieving
nearly 100% ethanol conversion even at room temperature. However, there was a large
difference in the amount of acetaldehyde produced as an intermediate product, and the
amount of acetaldehyde produced over 5Pt/γ-Al2O3 was clearly smaller than that over
5Pt/γ(50)α(50)-Al2O3. The amount of CO2 produced over both samples did not increase
until relatively high temperatures were reached, and the CO2 concentration reached 200
ppm, which is the concentration produced when ethanol is completely oxidized, at 250 ◦C.
This was because other partially decomposed products except for acetaldehyde were
produced over both samples. In fact, previous studies confirmed the production of ethylene
and diethyl ether as partially decomposed products at incomplete medium temperatures
for ethanol oxidation [22]. No partially decomposed products other than acetaldehyde
were confirmed because of the low ethanol concentration used in this study. The catalytic
combustion behavior of 100 ppm ethanol over representative 5Pt/γ(r)α(t)-Al2O3 (5Pt/γ-
Al2O3, 5Pt/γ(50)α(50)-Al2O3, and 5Pt/α-Al2O3) powders in dry air was also investigated
at a higher flow rate of 100 cm3 min−1, as shown in Figure S7a. It was not possible to
quantify the amount of CO2 produced in this experiment because compressed air was used
as the base gas. Increasing the gas flow rate obviously clarified that the oxidation activity
of 5Pt/α-Al2O3 for ethanol was higher than that of 5Pt/γ(50)α(50)-Al2O3. These results
confirmed that the ethanol oxidation activity decreased with increasing amounts of α-Al2O3

added to 5Pt/γ(r)α(t)-Al2O3, owing to the large specific surface area of 5Pt/γ-Al2O3, as
well as the high dispersibility of Pt nanoparticles and the large Pt surface area.

 

Figure 6. Catalytic combustion behavior of (a) 100 ppm ethanol and (b) 100 ppm toluene over
representative 5Pt/γ(r)α(t)-Al2O3 powders in dry air (flow rate: 20 cm3 min−1).

Figure 6b shows the catalytic combustion behavior of 100 ppm toluene over representa-
tive 5Pt/γ(r)α(t)-Al2O3 (5Pt/γ-Al2O3, 5Pt/γ(50)α(50)-Al2O3, and 5Pt/α-Al2O3) powders
in dry air at a flow rate of 20 cm3 min−1. The toluene conversion property of 5Pt/γ(50)α(50)-
Al2O3 was the highest among them, but 5Pt/α-Al2O3 also showed a relatively high toluene
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conversion property. The amount of CO2 generated, which is an indicator of complete
oxidation, over 5Pt/α-Al2O3 was larger than that over 5Pt/γ(50)α(50)-Al2O3, even at low
temperatures, confirming that partially decomposed products of toluene are not easily
generated on the surface of 5Pt/α-Al2O3. On the other hand, the oxidation activity of
5Pt/γ-Al2O3 for toluene was much lower than that of the others, whereas the oxidation
activity of 5Pt/γ-Al2O3 was comparable to that of the others only at lower temperatures.
The catalytic combustion behavior of 100 ppm toluene over representative 5Pt/γ(r)α(t)-
Al2O3 (5Pt/γ-Al2O3, 5Pt/γ(50)α(50)-Al2O3, and 5Pt/α-Al2O3) powders in dry air was also
investigated at a higher flow rate of 100 cm3 min−1, as shown in Figure S7b. The amount
of CO2 produced was not able to be monitored in this experiment, too. The difference
in the catalytic activity between 5Pt/γ(50)α(50)-Al2O3 and 5Pt/α-Al2O3 was clarified by
increasing the gas flow rate, and it was confirmed that the toluene oxidation activity of
5Pt/γ(50)α(50)-Al2O3 was higher than that of 5Pt/α-Al2O3. It is also noteworthy that the
oxidation activity of 5Pt/γ-Al2O3 for toluene became comparable to that of 5Pt/α-Al2O3

when the gas flow rate increased from 20 cm3 min−1 to 100 cm3 min−1, which means that
the gas flow rate (the rate at which toluene is supplied to the catalyst surface) is one of the
most important factors for the relative comparison of the oxidation activities of the samples.

3.3. VOC-Sensing Properties

Figure 7 shows the sensor-signal profiles of representative 5Pt/γ(r)α(t)-Al2O3 (5Pt/γ-
Al2O3, 5Pt/γ(50)α(50)-Al2O3, and 5Pt/α-Al2O3) sensors to ethanol and toluene in ambient
air. These sensor-signal profiles largely depended on the kind of VOCs and their concen-
tration, as well as the composition of the aluminas, that is, the amount of α-Al2O3, in the
5Pt/γ(r)α(t)-Al2O3 powders. The 5Pt/γ-Al2O3 sensor shows “medium dynamic responses
and relatively small static responses to ethanol” and “quite small dynamic responses and
medium static responses to toluene”. The 5Pt/γ(50)α(50)-Al2O3 sensor showed “quite
large dynamic responses and relatively small static responses to ethanol” and “small dy-
namic response and medium static response to toluene”, but the dynamic responses of the
5Pt/γ(50)α(50)-Al2O3 sensor to toluene were much larger than those of the 5Pt/γ-Al2O3

sensor. On the other hand, the 5Pt/α-Al2O3 sensor showed small dynamic responses
and large static responses to both gases. As mentioned above, the mixing of α-Al2O3

with γ-Al2O3 can significantly change the sensor-signal profiles to ethanol and toluene.
Figure 8 summarizes the composition dependencies of the three kinds of responses of
all the 5Pt/γ(r)α(t)-Al2O3 sensors to ethanol and toluene. The general response, ΔVMAX,
and integrated dynamic response, IDR, to ethanol were the largest when the amount of
α-Al2O3 was 50 wt%, irrespective of the concentration of ethanol, while the maximum of
ΔVMAX and IDR to toluene tended to shift toward a larger amount of α-Al2O3. Therefore,
the magnitudes of ΔVMAX and IDR to ethanol were basically larger than those of toluene,
but the differences were relatively smaller when the amount of α-Al2O3 was larger. The
integrated static response, ISR, to 1000 ppm ethanol increased with an increase in the
amount of α-Al2O3, while those to 10 and 100 ppm ethanol seemed to be the largest at the
amount of α-Al2O3 of 50 wt%, as with their ΔVMAX and IDR. On the other hand, the ISR to
toluene increased with an increase in the amount of α-Al2O3 in all toluene concentration
ranges. In addition, the magnitude of ISR to ethanol was smaller than that of toluene,
irrespective of the toluene concentration and the amount of α-Al2O3.

Figure 9 summarizes the concentration dependencies of the three kinds of responses of
all 5Pt/γ(r)α(t)-Al2O3 sensors to ethanol and toluene. The ΔVMAX and IDR, especially the
IDR to both ethanol and toluene, tend to be saturated with an increase in their concentration,
which indicates that ethanol, toluene, and their partially decomposed products produced
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during the low-temperature period (150 ◦C) were adsorbed on the sensing-material surface
and they burned during the flash heating-up period from 150 ◦C to 450 ◦C. On the other
hand, the ISR to both ethanol and toluene increased approximately linearly with an increase
in their concentration. This is because ethanol and toluene directly burned over the sensing-
material surface during the static operation at 450 ◦C, and thus the ISR behavior of these
sensors is quite similar to the behavior of general catalytic combustion-type gas sensors.

Figure 7. Sensor-signal profiles of (a) 5Pt/γ-Al2O3, (b) 5Pt/γ(50)α(50)-Al2O3, and (c) 5Pt/α-Al2O3

sensors to ethanol and toluene in ambient air.

 

Figure 8. Composition dependencies of three kinds of responses of all 5Pt/γ(r)α(t)-Al2O3 sensors to
(a) ethanol and (b) toluene.

The variations in the three kinds of responses with the amount of α-Al2O3 seem to
be influenced by the various characteristics of 5Pt/γ(r)α(t)-Al2O3. The ethanol oxidation
activity decreased with an increase in the amount of α-Al2O3. In addition, the amount of
ethanol and/or the partially decomposed products generally decreases with an increase
in the amount of α-Al2O3, because the specific surface area of 5Pt/γ(r)α(t)-Al2O3 powder
drastically decreased with an increase in the amount of α-Al2O3. However, the thermal
conductivity increased significantly with an increase in the amount of α-Al2O3. The
synergetic effects of these factors must determine the largest ΔVMAX and IDR to ethanol
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when the amount of α-Al2O3 was 50 wt%. The shift of the largest ΔVMAX and IDR to
toluene toward a larger amount of α-Al2O3 in comparison with those to ethanol probably
arises from the largest toluene oxidation activity of 5Pt/γ(50)α(50)-Al2O3. On the other
hand, ISRs to both ethanol and toluene increased with an increase in the amount of α-Al2O3,
which was almost the same as the dependence of thermal conductivity on the amount
of α-Al2O3. The highly thermally conductive α-Al2O3 effectively transfers the thermal
energy generated by the oxidation of ethanol and toluene toward the Pt microheater of the
5Pt/γ(r)α(t)-Al2O3 sensors during the high-temperature period.

 

Figure 9. Concentration dependencies of three kinds of responses of all 5Pt/γ(r)α(t)-Al2O3 sensors
to (a) ethanol and (b) toluene.

As mentioned above, the 5Pt/γ(r)α(t)-Al2O3 sensors have two important sensing-output
information in one signal: dynamic response and static response. Therefore, we expect that
these attractive characteristics of adsorption/combustion-type VOC sensors will bring great
benefits to highly sensitive and selective VOC detection through accurate analysis using
adequate computing technologies, such as machine learning and AI technology.

4. Conclusions

The sensing properties of adsorption/combustion-type 5Pt/γ(r)α(t)-Al2O3 sensors to
ethanol and toluene were investigated in ambient air, and the effects of mixing α-Al2O3 and
γ-Al2O3 as the base material of the sensing film on the sensing properties were discussed
in this study. The α-Al2O3 powder was well mixed with the γ-Al2O3 powder, and the Pt
nanoparticles were basically dispersed on the surface of these aluminas (some of the Pt
nanoparticles were agglomerated at the grain boundaries only in the γ-Al2O3 powder),
which was confirmed by the evaluation of the adsorption/desorption characteristics of N2
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and CO, as well as by the analyses using XRD, XPS, TEM, and STEM-EDS. The mixing of
50 wt% α-Al2O3 with γ-Al2O3 was the most effective in enhancing both ΔVMAX and IDR
to ethanol, while the maximum ΔVMAX and IDR to toluene tended to shift toward a larger
amount of α-Al2O3. The ethanol oxidation activity of 5Pt/γ(r)α(t)-Al2O3 decreased with
an increase in the amount of α-Al2O3, whereas the thermal conductivity increased with
an increase in the amount of α-Al2O3. These results indicate that the synergistic effects
of catalytic activity and thermal conductivity of 5Pt/γ(r)α(t)-Al2O3 are quite important
in enhancing the ethanol-sensing properties of the sensors. On the other hand, the ISR to
both ethanol and toluene mainly increased with an increase in the addition of α-Al2O3

in 5Pt/γ(r)α(t)-Al2O3, even though the oxidation activities of α-Al2O3 for ethanol and
toluene were lower than those of the other samples. Therefore, the relatively high thermal
conductivity of α-Al2O3 must be of great importance in the effective transfer of thermal
energy generated by the oxidation of ethanol and toluene toward the Pt microheater of the
5Pt/γ(r)α(t)-Al2O3 sensors during the high-temperature period.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/chemosensors13010009/s1, Figure S1: Measurement circuit
and typical sensor-signal profile with definition of three kinds of responses; Figure S2: Nitrogen
adsorption-desorption isotherms and pore size distributions of all 5Pt/γ(r)α(t)-Al2O3 powders;
Figure S3: XRD spectra of all 5Pt/γ(r)α(t)-Al2O3 powders; Figure S4: XPS spectra of Pt 4f of all
5Pt/γ(r)α(t)-Al2O3 powders; Figure S5: XPS spectra of Al 2s and O 1s of all 5Pt/γ(r)α(t)-Al2O3

powders; Figure S6: (i) TEM photographs, (ii) ADF-STEM images, and EDS maps of (iii) Al K and
Pt M of representative 5Pt/γ(r)α(t)-Al2O3 (5Pt/γ-Al2O3, 5Pt/γ(50)α(50)-Al2O3, and 5Pt/α-Al2O3)
powders; Figure S7: Catalytic combustion behavior of (a) 100 ppm ethanol and (b) 100 ppm toluene
over representative 5Pt/γ(r)α(t)-Al2O3 powders in dry air (flow rate: 100 cm3 min−1).
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Abstract: Chemical sensors, relying on electrical conductance changes in a gas-sensitive
material due to the surrounding gas, have the (dis-)advantage of reacting with multiple
target gases and humidity. In this work, we report CMOS-integrated SnO2 thin film-
based gas sensors, which are functionalized with mono-, bi-, and trimetallic nanoparticles
(NPs) to optimize the sensor performance. The spray pyrolysis technology was used
to deposit the metal oxide sensing layer on top of a CMOS-fabricated micro-hotplate
(μhp), and magnetron sputtering inert-gas condensation was employed to functionalize
the sensing layer with metallic NPs, Ag-, Pd-, and Ru-NPs, and all combinations thereof
were used as catalysts to improve the sensor response to carbon monoxide and to suppress
the cross-sensitivity toward humidity. The focus of this work is the detection of toxic
carbon monoxide and a specific hydrocarbon mixture (HCmix) in a concentration range
of 5–50 ppm at different temperatures and humidity levels. The use of CMOS chips
ensures low-power, integrated sensors, ready to apply in cell phones, watches, etc., for air
quality-monitoring purposes.

Keywords: metal oxide; metallic nanoparticles; CMOS; tin dioxide

1. Introduction

Gas sensing has become a vital necessity for ensuring high air quality (AQ) indoors
and outdoors. Since people in Europe spend 90% of their time indoors, environmental
monitoring is of tremendous importance for private homes, offices, and vehicles. Poor
indoor air quality has a great impact on human health (allergies, asthma, cancer, etc.) and
also on employee productivity (15% reduction by low indoor air quality) [1]. Air pollution
is considered a “silent killer”, causing an estimated 7 million premature deaths every
year [2]. Hence, it is crucial to monitor precisely and improve the quality of the air inside
buildings. The State of the Art in the identification of gas species is lab-class analytical
techniques, such as infrared spectroscopy, fluorescence spectroscopy, chemiluminescence,
gas chromatography, or mass spectroscopy. While these lab-based technologies are very
effective, all of these techniques are based on bulky and expensive tools, which are limited to
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stationary use and not suited for applications such as miniaturized handheld technologies,
consumer electronic devices, or Internet-of-Things-based sensor networks [3].

In practice, air quality monitoring can be performed by gas sensor devices, which
can be categorized into five main types according to their operational principle [4]: elec-
trochemical (redox reactions on the electrodes), catalytic (burning of gas molecules), non-
dispersive infrared (absorption of IR radiation), photo-ionization (gas ionization by UV-
light), and solid-state (absorption/desorption of oxygen molecules from metal oxide (MOx)
surface) [5]. The last type is a conductometric MOx-based gas sensor which has many
advantages: it is highly sensitive to many dangerous gases, stable in an oxygen atmosphere,
and has a long lifetime [6]. Over the past decades, various types of MOx-based sensors
have been developed [7–10]. Among those, sensors based on MOx, such as SnO2, ZnO,
CuO, TiO2, and WOx [11,12], are the most promising candidates for inexpensive, compact
implementations with industrial relevance [13–18]. Nevertheless, MOx-based gas sensors
have significant drawbacks, because they suffer from cross-sensitivity issues and require
a comparatively high operation temperature, which results in high power consumption
being necessary to operate the sensor [19]. These drawbacks have prevented their mass
market penetration in consumer electronics, in particular, for ultralow-power applications
(e.g., energy autonomous IoT devices) [20,21].

There are several approaches to overcome these disadvantages and improve the
performance of gas sensor devices: Sensitivity can be improved by the implementation
of nanomaterials, such as nanocrystalline thin films, nanowires, or NPs, to maximize the
surface to volume ratio [22–24]. The use of specific MOx nanostructures has demonstrated
a general improvement in the gas-sensing performance. Selectivity can be improved
by dedicated functionalization of MOx nanostructures with metallic NPs [25–29], which
provide a catalytic effect. Moreover, this kind of functionalization can lead to improved
sensitivity, which enables a lower sensor operation temperature as compared to the basic
device. High power consumption can be minimized by using micro-hotplate devices;
integration of sensing materials on CMOS technology-fabricated micro-hotplates allows us
to fabricate advanced gas-sensing devices with low power consumption and give us the
potential to integrate them into everyday electronic devices [20,21,30].

In the literature, the enhanced influence of metallic nanoparticles on the sensing
performance of MOx-based sensors has already been widely investigated. However, a
systematic study of different types of metallic nanoparticles and all their bi- and tri-metallic
combinations has never been reported, especially not on CMOS-integrated chips. In
this work, we demonstrate that the performance of CMOS-integrated SnO2 thin film-
based gas sensors can be significantly improved via functionalization with mono-, bi-,
and trimetallic nanoparticles (NPs). Ag-, Pd-, and Ru-NPs and all combinations thereof
have been deposited by magnetron sputtering inert-gas condensation on the SnO2 films.
This article focuses on the efficient detection of the toxic gas carbon monoxide (CO) in
a humid atmosphere (50% relative humidity level) in a concentration regime between
5 ppm and 50 ppm, which is in the range of the maximum allowed concentration in the
workplace in Germany (30 ppm [31]), and hence, it highly relevant for practical safety
applications. In order to mimic cross-sensitivity toward Volatile Organic Compounds
(VOCs), a specific mixture of hydrocarbon gases (HCmix, mixture of acetylene, ethane,
ethene, and propene, each of them 500 ppm) was investigated as well. We demonstrate that
surface functionalization with mono-, bi-, and trimetallic NPs strongly improves the sensor
in particular in the low operation temperature range between 100 ◦C and 200 ◦C, where the
bare SnO2 film exhibits no significant response. The idea is to find materials for optimizing
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the selectivity of a gas sensor system by increasing and decreasing the sensitivity of SnO2

toward CO and HCmix, respectively.

2. Materials and Methods

2.1. Fabrication of Sensor Devices

For this work, a CMOS-based sensor chip (ams OSRAM AG, Premstätten, Austria)
with 8 micro-hotplates (μhps) [30] was used. Each μhp has two sensors, leading to a total
of 16 sensors on one sensor chip. The μhps are based on a poly-Si heater and are etched
through the CMOS stack down to the bulk Si. The sensors are contacted with Ti (5 nm)/Pt
(150 nm) electrodes for a 4-point measurement.

The base sensing material is a SnO2 thin film (thickness, 50 nm), which was deposited
with spray pyrolysis technology at atmospheric pressure. The precursor solution was a
tin chloride pentahydrate (SnCl4·5H2O) in ethyl acetate. The solution was sprayed with a
N2 carrier gas on the chips, which were kept at 400 ◦C during the spraying process. The
chips were annealed at 400 ◦C for 60 min for a more homogenous surface structure. The
sensing films were structured by a photolithography process and dry Ar ion etching. Next,
the films were coated with a resist protection layer before the μhps were under-etched by
an isotropic XeF2 dry-etching process. The finished chips were cleaned from the protective
layer and further processed by stealth dicing into single dies (4.7 × 5.1 mm2), which were
glued and wire-bonded to printed circuit boards for the gas measurements. Figure 1a
shows the final CMOS-integrated chip with 8x μhp array, and Figure 1b shows a single μhp
with two SnO2 sensor structures.

Figure 1. (a) Micro-hotplate chip and (b) single μhp.

The next step was the functionalization of the SnO2-based chips with NPs; it was
achieved by magnetron sputtering inert-gas condensation in a high-vacuum system us-
ing a cluster beam source, followed by an in-line quadrupole mass filter (QMF) for size
selection [32]. For the generation of NPs, the NanoGen Trio deposition system (Mantis
Deposition Ltd., Thame, UK), was employed, which features the possibilities of either
sequential sputtering or co-sputtering in parallel up to three independent targets. Since
the current study already contained a great number of variable parameters (metallic ele-
ment, number of elements, detected gases, gas concentration range, humidity level, and
temperature), we used sequential sputtering of the individual elements to keep it simple.
The sputtering sequence should have no impact on the sensing performance, because the
amount of each metal was controlled by the time of the individual sputtering steps. Hence,
the analysis is focused on size distributions and coverages (NP number/area) for the multi-
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element cases. High-resolution TEM images of the individual-element NPs are presented,
which should be representative NP structures for all cases (no alloying, no segregation,
and only minor surface coalescence at this coverage). The base pressure was ~10−8 mbar
before deposition, whereas the pressures were ~10−4 mbar and ~10−1 mbar in the main
chamber and the aggregation zone, respectively, during NP deposition. The argon-gas
flow rate was set at 70 sccm, and the aggregation zone length was fixed at 120 mm. A 5 W
power was applied to the Ag, Pd, and Ru targets during sputtering in order to produce
mono-metallic (Ag, Ru, and Pd), mixed bi-metallic (AgRu, AgPd, and RuPd), and mixed
tri-metallic (AgRuPd) NPs. The substrate was rotated at 2 rpm to obtain a more uniform
coverage. NPs were characterized in terms of crystalline structure and size using a FEI
Titan G2 Environmental TEM (operation voltage 300 kV):

• The monometallic Ru-NPs exhibit a monocrystalline hcp structure, and some degree
of surface faceting is observed—see Figure 2a. The size distribution, as determined
from 540 NPs, is in the range from 1 to 5 nm, with an average size of 2.5 nm—as shown
in Figure 3d;

• The monometallic Ag-NPs exhibit an icosahedral-like multiple twin fcc structure, and
some surface faceting is observed—see Figure 2b. The size distribution, as determined
from 384 NPs, is in the range from 1 to 6 nm, with an average size of 3 nm, as shown
in Figure 3e;

Figure 2. High-resolution TEM investigation of (a) Ru NP, (b) Ag NP, and (c) Pd NP.

Figure 3. TEM investigation of (a) Ru NP, (b) Ag NP, and (c) Pd NP and the size distribution of (d) Ru
NP, (e) Ag NP, and (f) Pd NP.
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• The monometallic Pd-NPs exhibit a monocrystalline fcc structure, and some surface
faceting is observed—see Figure 2c. The size distribution, as determined from 473 NPs,
is in the range from 1 to 4 nm, with an average size of 2 nm, as shown in Figure 3f;

• The size distribution for bimetallic PdRu-NPs, as determined from 613 NPs, is in the
range from 1 to 5 nm, with an average size of 2 nm, as shown in Figure 4d;

• The size distribution of bimetallic AgPd-NPs, as determined from 390 NPs, is in the
range from 1 to 5 nm, with an average size of 3.5 nm, as shown in Figure 4e;

• The size distribution of bimetallic AgRu-NPs, as determined from 423 NPs, is in the
range from 1 to 6 nm, with an average size of 2.5 nm, as shown in Figure 4f;

Figure 4. TEM investigation of (a) PdRu NP, (b) AgPd NP, and (c) AgRu NP and the size distribution
of (d) PdRu NP, (e) AgPd NP, and (f) AgRu NP.

• The size distribution of trimetallic AgRuPd-NPs, as determined from 423 NPs, is in
the range from 1 to 6 nm, with an average size of 2.5 nm, as shown in Figure 5b.

Figure 5. TEM investigation of (a) AgPdRu NP and the size distribution of (b) AgPdRu NP.

2.2. Characterization of the CMOS-Based Sensors

The performance of the CMOS-based sensors employing bare SnO2 films and SnO2

films functionalized with mono-, bi-, and trimetallic NPs was analyzed in an automated gas
measurement setup. The sensing layers were not annealed at elevated temperatures (e.g.,
400 ◦C) before the gas measurements to prevent potential migration and agglomeration or
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even melting of the NPs on the surface of the SnO2 films [33]. Usually, we test our sensors
also at higher temperatures up to 400 ◦C, because their response is usually maximum
around 350 ◦C. However, many previous experiments have shown that the NPs can
significantly change at temperatures above 150 ◦C in terms of morphology, agglomeration,
and diffusion into the substrate, which has a negative impact on sensor response. Therefore,
to ensure reproducibility and comparability between the different types of NPs, we strictly
limited the operation temperature to a maximum of 200 ◦C. The gas chamber was a stainless-
steel box with a volume of 80 cm3 for gas flow and additional integrated electronics for
operating the sensors. The operation temperature of the gas sensors was controlled by
thermocouples, which are integrated into the CMOS stack of each μhp. The total gas flow
was controlled by mass flow controllers and set to 1 l/min, and the humidity level was
achieved by a water bubbler and feedback loop controlled by a commercial humidity sensor
(AFK-E, KOBOLD Messing GmbH, Hofheim am Taunus, Germany). A python program
was implemented to enable the automatic control of the gas measurement setup.

In this study, we focused on the toxic gas CO and the HCmix. The HCmix, consisting of
four different gas components (acetylene, ethane, ethene, and propene), is a representative
mixture of VOCs. Both test gases are indicators of air pollution. The main focus here is
the influence of metallic nanoparticles on the sensitivity and selectivity toward CO and
HCmix. Synthetic air (80% nitrogen and 20% oxygen mixture) was used as background
gas, whereas the CO and HCmix test gases are mixtures in N2. All gases are ready-to-use
mixtures from Linde Gas Austria. Test gas concentrations were 5 ppm, 25 ppm, and 50 ppm.
The sensor response was calculated as follows:

S =
Rair − Rgas

Rair
(1)

where Rgas represents the resistance measured at the saturation point of the gas pulse, and
Rair denotes the resistance in pure synthetic air. Consequently, the resistance trend in the
background gas could be determined, and Rair was established based on this trend.

3. Results and Discussion

The different functionalized sensors are tested toward CO and HCmix (mixture of
acetylene, ethane, ethene, and propene, each of them 500 ppm). Our focus was on assessing
the sensors’ sensitivity toward the two test gases and exploring the potential for sup-
pressing the cross-sensitivity to humidity through NP functionalization. The gas-sensing
measurements were performed at a 200 ◦C operation temperature. Figure 6 shows a typical
resistance measurement of a SnO2 sensor at a 200 ◦C operation temperature and different
humidity levels (25%, 50%, and 75%) for three different concentrations of CO (5 ppm,
25 ppm, and 50 ppm) gas pulses. The gas pulse duration was 5 min, and the recovery
time after the gas pulse was set to 15 min. As is obvious from Figure 6, the resistance of
the bare SnO2 sensors is strongly influenced by the humidity of the background gas. The
highest resistance is measured at the lowest (25%) humidity level. The resistance at 75% is
at the same magnitude as for 50% humidity. The response of the bare SnO2 sensors to CO
significantly depends on the humidity, too (Figure 7). The highest response is observed at a
25% humidity level. The response decreases for 50% humidity, and it increases slightly for
75% humidity.

3.1. CO Measurements

In the initial phase of our investigation, we focused on the functionalization of the
SnO2 sensor using monometallic nanoparticles (Ag, Pd, and Ru). The responses of these
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sensors to varying concentrations of CO were examined under different humidity condi-
tions, with the bare SnO2 sensor serving as the reference. As illustrated in Figure 8, the
response to CO increases with increasing CO concentration; however, the response does
not show linear behavior. The sensitivity of sensors functionalized with monometallic NPs
demonstrates a behavior closer to linearity compared to the bare sensor. Notably, both
Pd and Ru monometallic NPs enhance the individual response to each CO concentration.
The difference in the response between the functionalized and bare sensors becomes more
pronounced with higher CO concentrations.

Figure 6. Resistance measurement of a bare SnO2 sensor operated at 200 ◦C. The background gas
has three different humidity levels: 50%, 25%, and 75%. At each humidity level, three CO gas pulses
(duration 5 min) with 5 ppm, 25 ppm, and 50 ppm concentrations are introduced.

Figure 7. Response of a bare SnO2 sensor at 200 ◦C operation temperature to three CO test gas pulses
with 5 ppm (black), 25 ppm (red), and 50 ppm concentration (blue) at humidity levels of 25%, 50%,
and 75%.
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Figure 8. Response of a bare SnO2 sensor (black) and SnO2 functionalized with monometallic Ag
(red), Pd (blue), and Ru (green) NPs to different CO concentrations (5 ppm, 25 ppm, and 50 ppm) at
different humidity levels ((a) 25%, (b) 50%, and (c) 75%).

The response of the sensor functionalized with Ag NPs at 25% rh is lower than the
response of the bare SnO2 sensor but shows a linear increase with the CO concentration. Ad-
ditionally, we observed that with increasing humidity, the response of the Ag-functionalized
sensor converges with the response of bare SnO2 sensors.

Figure 9 illustrates the responses to CO of sensors functionalized with bimetallic
AgPd-, RuPd-, and AgRu-NPs. Notably, the sensors functionalized with AgPd- and AgRu-
NPs show the same nonlinear behavior as the bare SnO2 sensor. For 25% relative humidity,
the RuPd-functionalized sensor shows a nearly linear behavior with increasing concen-
tration of CO. For RuPd-NPs, the sensor response decreases with increasing humidity
level. The AgPd-NP- and AgRu-NP-functionalized sensors exhibit a significantly reduced
dependence on the humidity level, and the sensor response is almost independent of
the humidity.

Figure 9. Response of a bare SnO2 sensor (black) and SnO2-functionalized bimetallic AgPd, RuPd,
and AgRu NPs to different CO concentrations (5 ppm, 25 ppm, and 50 ppm) at different humidity
levels ((a) 25%, (b) 50%, and (c) 75%).

Figure 10 compares the best sensors from the monometallic (Ru), bimetallic (AgRu),
and trimetallic (PdAgRu) NP-functionalized sensors. The sensitivity of the trimetallic
NP shows a pronounced increase in the response already at low concentrations. The
sensor functionalized with trimetallic NPs shows a nonlinear increase in the response
as the concentration increases, representing the most notable enhancement observed in
these sensors.
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Figure 10. Response of a bare SnO2 sensor (black) and SnO2 functionalized with Ru, AgRu, and
PdAgRu NPs to different CO concentrations (5 ppm, 25 ppm, and 50 ppm) at different humidity
levels ((a) 25%, (b) 50%, and (c) 75%).

In Figure 11, we focus on the cross-sensitivity to humidity of the bare SnO2 and the
functionalized sensors for 50 ppm CO exposure. The bare SnO2 sensor shows consistent
response at 25% and 75%, but a significantly lower response at 50% rh. In contrast, the
sensors functionalized with monometallic NPs show a distinct linear dependence on the
humidity. For Pd- and Ru-NPs, the responses decrease, and for Ag-NPs, the response
increases with increasing humidity. The response of AgRu- and AgPd-NP-functionalized
sensors is almost independent of the humidity; for RuPd-NPs, the response decreases with
increasing humidity, and this observation is more pronounced at high humidity levels.
The PdAgRu-NP-functionalized sensor exhibits the highest response of all sensors, as it
decreases with increasing humidity, a response more pronounced for low humidity levels,
and reaches saturation around 50%. The Ag-NP-functionalized sensor is unique, as its
response increases with rising humidity. Most promising are the AgPd- and AgRu-NP-
functionalized sensors, since the responses of these sensors appear nearly independent of
the humidity level.

Figure 11. Response of a bare SnO2 sensor (black) and SnO2 functionalized with (a) monometallic,
(b) bimetallic, and (c) trimetallic NP-functionalized sensors to 50 ppm CO concentrations at different
humidity levels (25%, 50%, and 75%).

3.2. HCmix Measurements

In the latter part of the work, our investigation focuses on the response of the same
sensors to HCmix.

As depicted in Figure 12, both the bare SnO2 and all monometallic-functionalized
sensors exhibited a clear increase in response correlating with the concentration of the
HCmix. Notably, sensors with Ag- and Pd-NPs demonstrated a stronger increase in the
response within the low concentration range up to 25 ppm, plateauing toward 50 ppm. This
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observation suggests saturation, which is seen across all three humidity levels. Conversely,
the behavior of the Ru-functionalized sensors is close to one of the bare sensors.

Figure 12. Response of a bare SnO2 sensor (black) and SnO2 functionalized with monometallic NP to
different HCmix concentrations (5 ppm, 25 ppm, and 50 ppm) at different humidity levels ((a) 25%,
(b) 50%, and (c) 75%).

In Figure 13, the performance of bimetallic NP-functionalized sensors against HCmix

concentration is shown. The responses of the bimetallic NP-functionalized sensors show
the same behavior as the monometallic ones. However, the response increase is more
pronounced with increasing concentration compared with that of the bare SnO2 sensor. In
contrast to the monometallic ones, the individual responses are lower than the response
of the bare sensor at low humidity levels. With increasing humidity levels, AgPd NP-
functionalized sensors show a higher response than the bare sensor. The responses of the
other bimetallic NPs increase, but they are still lower than for the bare SnO2 sensor.

Figure 13. Response of a bare SnO2 sensor (black) and SnO2 functionalized with bimetallic NPs to
different HCmix concentrations (5 ppm, 25 ppm, and 50 ppm) at different humidity levels ((a) 25%,
(b) 50%, and (c) 75%).

In Figure 14, we compare the best performing sensors from monometallic (Ag) and
bimetallic (AgPd) with trimetallic (PdAgRu) NP-functionalized sensors across all three
tested humidity levels. Both mono- and bimetallic sensors show a strong increase in
response with concentration compared to the bare sensor and higher responses than the bare
sensor. Conversely, the trimetallic NPs display a consistent dependence on concentration,
even though they show slightly higher individual responses compared to the bare sensor.
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Figure 14. Response of a bare SnO2 sensor (black) and SnO2 functionalized with Ru, AgRu, and
PdAgRu NPs to different HCmix concentrations (5 ppm, 25 ppm, and 50 ppm) at different humidity
levels ((a) 25%, (b) 50%, and (c) 75%).

Not only is the response to HCmix crucial for an optimized sensor, but also for ensuring
minimal cross-sensitivity to humidity. In Figure 15, we illustrate the responses of optimized
sensors for 50 ppm HCmix across three different humidity levels. The response of the bare
sensor decreases from 25% to 50% humidity before it reaches saturation. The sensors with
monometallic NPs display a decrease in response with increasing humidity, with slight
decreases observed for Ag and Pd, and a more pronounced one for Ru. Sensors with RuPd-
NPs show similar responses at 25% and 75% humidity levels, with a smaller response at
50%. Meanwhile, the response of the AgRu-NP-functionalized sensor increases with rising
humidity, while the sensor with AgPd-NPs appears unaffected by humidity. Trimetallic-
functionalized sensors have a response pattern similar to the bare sensor, indicating similar
dependence on humidity.

Figure 15. Response of a bare SnO2 sensor (black) and SnO2 functionalized with (a) monometallic,
(b) bimetallic, and (c) trimetallic NPs to 50 ppm HCmix concentrations at different humidity levels
(25%, 50%, and 75%).

3.3. Discussion

The functionalization of sensors aimed at not only enhancing sensitivity toward
specific test gases but also distinguishing between them. In Figure 16, we compare the
performance improvement of the most promising NP-functionalized sensors with respect
to the performance of the bare ones for both CO and HCmix at different humidity levels.
The Ag-functionalized sensor exhibits a significant enhancement for HCmix across all three
humidity levels (for 25% rh: increase about 20%; and for 50% rh and 75% rh: increase
about 30%). On the other hand, for CO detection, Ag NPs reduce the response at a lower
humidity level by about 20% but enhance it with higher humidity by about 20% (50%
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rh) and 10% (75% rh). Pd NPs amplify the response to both test gases, with Ru more
prominently increasing the response to CO.

Figure 16. Relative change in the responses of the functionalized sensors compared to the bare SnO2

for (a–c) 50 ppm CO and (d–f) 50 ppm HCmix concentrations at different humidity levels ((a,d) 25%,
(b,e) 50%, and (c,f) 75%).

Among the bimetallic NPs, those with Ag show the most substantial improvement for
CO and HCmix, respectively. The AgRu-functionalized sensors exhibit increased sensitivity
to CO but markedly reduced sensitivity to HCmix compared to the bare sensor. For the
AgPd-functionalized sensor, the improvement for CO and HCmix compared to the bare
sensor is very similar. Trimetallic NPs enhance the response to CO, while the response to
HCmix remains close to that of the bare sensor.

In our case, the Ag-NPs showed the most promising results regarding distinguishing
CO and HCmix. The Ag NP-functionalized sensors significantly increase the response to
the HCmix, but they have only a small impact on the CO response. A similar behavior
was observed for an acetylene (part of our HCmix) sensor, which is based on Ag-loaded
ZnO-reduced graphene; the sensor exhibited enhanced sensing toward C2H2 and decreased
sensing toward CO at a 200 ◦C operating temperature. This behavior has been attributed
to potential barriers formed by the chemisorbed oxygen ions on the ZnO surface, which
prevents the C2H2 molecules from reacting. Ag catalytically activates the dissociation of
molecular oxygen. Due to the spillover effect, more acetylene-sensing sites on the surface
are created, consequently enhancing the sensor’s response. A similar behavior was reported
for an acetylene sensor fabricated on a μhp chip using In2O3 as the sensing material with
Pd–Ag core–shell NPs on top as catalysts, where the Ag triggers an increased response
to acetylene. We assume that the Ag plays the same role in the case of our SnO2-based
sensors and increases the sensor response to at least one of the four HCmix components. It
is plausible that a similar mechanism also increases the response toward the other three
HCmix components.

4. Conclusions

By combining different NP-functionalized sensors with a humidity sensor into a
multisensor device, one can identify and detect concentrations ranging from 5 up to
50 ppm for both test gases, CO and HCmix. Regarding sensitivity to humidity, some
promising candidates, like Pd and AgPd, demonstrate low cross-sensitivity to humidity
while detecting both test gases. In contrast, the Ag- and AgRu-functionalized samples
exhibit different responses to humidity and the two test gases. Therefore, this behavior

115



Chemosensors 2025, 13, 59

can be used to identify the observed test gas by comparing the response of the different
sensor materials. Hence, in the next step, we will functionalize the 8 μhps of the CMOS
device with different NPs, which can be achieved by using a shadow mask. Comparing the
differently functionalized sensor arrays will allow for a clear discrimination of the target
gases with a single micro-chip. Furthermore, sensor tests toward different other polluting
target gases (e.g., NO, NO2, formaldehyde, acetone, toluene, CO2, and NH3) and a detailed
long-term stability study of the sensor behavior are planned for the future.
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Abstract: Pneumoconiosis, as the most widely distributed occupational disease globally,
poses serious health and social hazards. Its diagnostic techniques have evolved from con-
ventional imaging and computer-assisted analysis to emerging sensor strategies covering
biomarker analysis, routine breath sensing, integrated electronic nose (E-nose), etc. All
of them both have special advantages and face shortcomings or challenges in practical
application. In recent years, the emergence of advanced data analysis technologies, in-
cluding artificial intelligence (AI), has provided opportunities for large-scale screening of
pneumoconiosis. On the basis of a deep analysis of the characteristics of the technologies
for screening and diagnosis of pneumoconiosis, this paper comprehensively and systemat-
ically reviews the current development of these technologies, especially focusing on the
research progress of emerging sensor technologies, and provides a forecast for their future
development.

Keywords: occupational disease; pneumoconiosis; diagnostic technique; early screening;
imaging; breath analysis; E-nose

1. Introduction

As one of the most common occupational diseases worldwide, pneumoconiosis
has an extremely wide range of occupational exposures. In various types of dust-filled
workplaces, workers may suffer from more than 10 types of pneumoconiosis, including
coal workers’ pneumoconiosis and silicosis. It is a chronic preventable but currently
incurable interstitial occupational lung disease that can lead to serious and long-term
health and social problems [1–3]. The situation is particularly concerning because the
disease can continue to develop even after exposure to dust has stopped. Moreover, it can
trigger or worsen other comorbidities or complications, particularly chronic obstructive
pulmonary disease (COPD) and tuberculosis (TB) [4,5]. Regarding COPD, individuals
with pneumoconiosis are at higher risk of developing this condition compared to the
general population due to occupational exposure and subsequent recurrent respiratory
infections. The lung damage caused by pneumoconiosis further impairs the normal
structure and function of airways and alveoli, exacerbating the characteristic airflow
limitation in COPD. The coexistence of pneumoconiosis and COPD often leads to more
severe respiratory symptoms, accelerated decline in lung function, and increased risk
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of respiratory failure. TB represents another significant comorbidity because the im-
munological changes in the lungs induced by pneumoconiosis increase susceptibility to
Mycobacterium TB infection. The compromised lung tissue and reduced immunity create
a favorable environment for the growth and spread of TB bacilli. This coexistence creates
a vicious cycle: pneumoconiosis increases the risk of TB infection, while TB exacerbates
the existing lung damage caused by pneumoconiosis.

In addition, as the middle-aged and elderly male labor force is the main affected
group, and there is a trend of younger onset, the burden and harm to families and society
are even more severe. The currently widely accepted pathogenesis is mainly that after
the inhalable dust enters the lungs and is phagocytosed by macrophages, it cannot be
expelled and digested, leading to retention and causing lesions mainly characterized
by inflammation and diffuse fibrosis of lung tissue [6]. Due to the high morbidity and
disability rate, and the lack of effective treatment and cure methods, as well as the
diverse and complex manifestations of the lesions, early screening and diagnosis have
long been the focus and difficulty of occupational disease research and are also the key
to early detection and complete control of the patient’s condition. The World Health
Organization (WHO) and the International Labour Organization (ILO) jointly established
the Joint Commission on Occupational Health. In 1995, this commission launched the
“International Plan for the Global Elimination of Silicosis”. The aim of this plan was
to significantly reduce the incidence rate of pneumoconiosis by 2010 and completely
eliminate pneumoconiosis by 2030 [7]. However, the achievement of this ultimate goal
may now need to be postponed considerably, especially given the different stages of
development in different countries.

As an occupational disease, pneumoconiosis is diagnosed based on both medical and
policy considerations, making it an attribution diagnosis. Over the past several decades,
considerable advancements have been achieved in this area, but many challenges persist.
Previously, there have been some reviews focusing on the progress of imaging technolo-
gies used in this field [8–10]. Unlike them, this paper offers a systematic evaluation of the
development situation of existing technologies from traditional imaging to pulmonary
function tests (PFTs), tissue invasion, etc., as well as of advanced sensing technologies
for pneumoconiosis markers (from biomarking to routine breath sensing and integrated
E-noses) (Figure 1). Lastly, this paper provides a forward-looking perspective, including
the optimization direction of existing technologies, the great value of artificial intelligence
(AI)-assisted analysis and diagnosis, etc.
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Figure 1. Screening and diagnostic techniques for pneumoconiosis include imaging techniques (high-
kV (HKV) X-ray imaging, computed radiography (CR), direct digital radiography (DR), computed
tomography (CT), computer-aided diagnosis (CAD)), PFT, tissue-invasive techniques (lung biopsy
(LB)), biomarker detection (miRNA, IL-18, etc.), and non-invasive sensing technologies (breath
sensors and E-noses).

2. Established Techniques for Screening and Diagnosis of
Pneumoconiosis

2.1. Imaging Techniques
2.1.1. HKV X-Ray Imaging

Chest X-ray films utilize the different absorption amounts of X-rays during the process
of penetrating the human body, forming grayscale images of lung tissues due to differ-
ences in density [11,12]. Then, indicators such as the profusion of small opacities and
the distribution in lung regions are used to indirectly display pathological differences.
Conventional low-kilovolt chest X-ray films adopt a tube voltage of 60 to 70 kilovolts
(kV). Although they can be used for diagnosis, they have relatively low sensitivity to the
early manifestations of pneumoconiosis. There are deficiencies, such as the overlap of
anterior and posterior chest images, low image density resolution, and unclear display of
the internal structures of small and large opacities, which easily lead to misdiagnosis and
missed diagnosis [13]. However, HKV chest X-ray films adopt a tube voltage of ≥120 kV
with an exposure of 5 mAs to 7 mAs. The load on the X-ray tube is low. As the absorption
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coefficient of substances for X-rays decreases with the increase in tube voltage, the exposure
time is significantly shortened [14]. This results in advantages, such as a reduced radiation
dose for the examinees, rich image layers, high image quality, and higher resolution for
small opacities and fine tissues. Currently, the chest X-ray of HKV is an authoritative
diagnostic method in the national diagnostic standards for pneumoconiosis in China (such
as GBZ 70-2015). While HKV chest X-rays optimize lung visualization by reducing bone
artifacts and enhancing penetration through thick tissues, the image contrast can be in-
fluenced by several factors. These include technical parameters (such as tube current and
exposure time), patient-specific conditions (e.g., body habitus), equipment performance,
and post-processing techniques [15,16]. These variables may alter the final image quality
and contrast, potentially affecting diagnostic accuracy. However, in the differentiation of
inflammatory masses, pulmonary tuberculosis, lung abscesses, lung cancer, and so on, it
still has an advantage over chest CT [8,17,18].

2.1.2. CR and DR

Compared with HKV, both CR and DR are digital imaging techniques, which combine
computer digital image processing technology with traditional X-ray imaging technology
and have many similarities and differences in image quality and post-processing [19–22].
CR is an indirect digital imaging method. It requires an imaging plate as an information
intermediary and goes through steps such as recording, reading, processing, and displaying
image information before an image can be formed. On the other hand, DR is a direct
digital imaging method [23–25]. It relies on amorphous selenium flat-panel detectors
and analog-to-digital converters to directly convert X-ray information into digital images.
Compared with CR, DR has a faster imaging speed, higher image contrast and clarity,
richer image layers, and higher density resolution, thus ensuring image quality. Moreover,
it exposes the examinees to less radiation, has a faster photography speed, is convenient
for quality control, can display images instantly, and is more efficient. Therefore, the
DR technique is used for the screening and staging diagnosis of pneumoconiosis [9,26].
However, it is required that image post-processing techniques, such as noise reduction and
edge enhancement, are not used because they will lead to problems such as insufficiently
clear display of small opacities on chest X-ray films and the loss of some detailed image
information. In addition, DR equipment has a high cost and requires a high level of
technical expertise. It needs to be operated and maintained by professional technicians to
ensure image quality and the normal operation of the equipment [27].

Both CR and DR digital imaging possess powerful post-processing functions. They can
change the grayscale by adjusting the window width and window level, which increases the
tolerance of the instrument’s technical parameter settings, reduces the noise caused by inac-
curate selection of exposure conditions, enables the acquisition of more information about
different tissues, and allows for direct annotation on the computer. Moreover, they can be
remotely transmitted to realize remote expert consultations. However, digital radiography
requires different program controls in all aspects, such as photographic imaging, image
display, processing, and printing. And the technical differences between the equipment of
different manufacturers must also be taken into account [28,29]. Therefore, at present, their
application in the diagnosis of pneumoconiosis is still greatly restricted. There is still no
unified diagnostic standard formulated, and there is a lack of standard films for imaging
classification. Nevertheless, with the continuous improvement of relevant technologies
and the continuous reduction in the cost of equipment and its use, it is believed that they
will completely replace analog imaging techniques in the future and become the main tools
for clinical diagnosis and remote consultations.
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2.1.3. CT

CT is a widely used imaging technique that converts X-rays passing through the
body into digital signals, which are then processed to generate detailed chest images for
lung examination. Compared to traditional X-ray imaging, CT offers higher accuracy and
resolution, enabling the detection of subtle pathological changes in the lungs, such as
characteristic small opacities, which are critical for early pneumoconiosis diagnosis [30,31].
However, CT has limitations, including exposure to ionizing radiation, the potential toxicity
of iodinated contrast agents, increased diagnostic costs, and the lack of standardized
evaluation protocols.

High-resolution CT (HRCT) further enhances diagnostic capabilities by providing
sub-millimeter slice reconstruction and finer morphological details of lung parenchyma.
Despite its improved sensitivity and specificity, HRCT remains an auxiliary tool for early
screening and staging due to the non-specificity of imaging changes and clinical symp-
toms in pneumoconiosis [32,33]. When combined with advanced image post-processing
techniques, such as 3D reconstruction and multiplanar reconstruction (MPR), HRCT can
improve diagnostic accuracy and aid in the identification of complications. HRCT scanning
risks inducing other diseases from radiation exposure. Thus, low-dose CT (LDCT) scan-
ning for pneumoconiosis CT examinations has drawn special attention and is widely used,
aiming to balance radiation dose and diagnostic image quality [33]. However, LDCT image
quality is lower than routine CT and HRCT, with higher noise and unclear fine structures,
potentially affecting lesion detail observation and analysis [34,35]. Dual-energy spectrum
CT, another advanced technique, quantifies dust content in lung tissues, improving staging
accuracy, though its high technical requirements limit widespread adoption [36]. Thin-
section CT with multiplanar reconstruction can clearly show bronchial conditions, local
masses, and tissue invasion, helping distinguish stage III pneumoconiosis large opacities
from lung cancer masses [37]. But its thin slice thickness and limited range mean more
slices, longer scan time, and higher radiation dose when scanning a larger area. Multislice
spiral CT (MSCT) scans and acquires data fast, has high temporal and spatial resolution,
better image quality, and obvious 3D effects. It is advantageous in observing lung small
opacities, overcoming respiratory interference, and detecting other diseases [38]. However,
its radiation dose is relatively high, especially in large-range or multiple scans. As CT
technology becomes more accessible and affordable, it is expected to play an increasingly
routine role in pneumoconiosis diagnosis. Table 1 shows the advantages and limitations
of diagnostic techniques such as HKV X-ray imaging, CR, DR, HRCT, LDCT, dual-energy
spectrum CT, thin-section CT, and MSCT.

Table 1. Advantages and limitations of different diagnostic techniques.

Diagnostic Techniques Advantages Limitations

HKV X-ray Imaging Short exposure time;
less radiation dose

Multifactorial

CR Indirect digital imaging;
reduces the exposure dose

Low image resolution and clarity,
slow imaging process vs. DR

DR Direct digital imaging;
high image resolution and clarity,
fast imaging process vs. CR

High cost; complex lesions inferior to CT;
specialized technical staff required

HRCT High spatial resolution Risk of radiation exposure
LDCT Low radiation dose;

universal adoption
Increased image noise vs. HRCT

Dual Energy Spectrum CT High accuracy Complicated operation
Thin-Section CT High clarity Limited scanning range
MSCT Fast scanning and data acquisition speed;

high temporal and spatial resolution;
higher image quality;
obvious 3D effects

High radiation dose
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2.1.4. CAD

CAD, a technology that assists physicians in interpreting medical data, plays a crucial
role in processing and analyzing diverse medical data, particularly in the diagnosis of
pneumoconiosis [39]. In recent years, AI, especially deep learning (DL)—a subset of AI that
enables autonomous feature learning through computer algorithms—has seen significant
advancements in medical imaging research. Since 2012, DL has been increasingly applied
to analyze complex medical data, offering improved accuracy over traditional machine
learning models that rely on manual feature extraction [40]. Chest X-ray examination is
a common preliminary screening method for pneumoconiosis. DL models, trained on
large datasets of chest X-ray images (including normal lungs and pneumoconiosis cases
at various stages), can automatically identify disease-related features, such as changes
in lung texture and the appearance and distribution of nodules. By integrating their
expertise with CAD-generated reports, physicians can make more accurate diagnostic
decisions. This collaborative approach enhances diagnostic accuracy and efficiency and
alleviates the workload on physicians while lowering healthcare costs [41]. In addition to
DL, models constructed using algorithms such as decision trees, support vector machines
(SVM), and artificial neural networks (ANN) have achieved relatively satisfactory results
in the diagnosis of lung diseases [42,43]. For instance, SVM models incorporating multiple
biomarkers (e.g., TGF-β1, CTGF, and PDGF) have shown clinical value in pneumoconiosis
screening [44,45]. However, these models face challenges, including limited specificity and
small sample sizes.

Despite these advancements, the application of AI in pneumoconiosis diagnosis faces
several challenges. The need for large-scale, high-quality datasets and lengthy training
cycles limits the widespread adoption of AI technologies [46]. Additionally, the lack of
standardized evaluation criteria for CT diagnosis of pneumoconiosis hinders the applica-
tion of AI in CT image analysis. While AI cannot yet replace manual diagnosis entirely, the
“AI + physician” dual-reading mechanism reduces diagnostic errors, alleviates physician
workload, and bridges gaps in expertise, particularly benefiting primary hospitals and
less experienced physicians [47,48]. However, this approach requires careful validation to
avoid over-reliance on AI-generated results.

Recently, the integration of large language models (LLMs) with visual encoders, as
demonstrated by PneumoLLM, has enabled feature extraction and accurate classification
of pneumoconiosis from chest X-ray images [49]. Unlike traditional DL methods, LLMs
combined with visual encoders can leverage natural language processing capabilities to
enhance feature extraction and classification. This approach not only improves diagnostic
accuracy but also reduces reliance on extensive training data, offering new perspectives
and methods for medical imaging analysis (Figure 2).

2.2. PFT

Since imaging and biomarker techniques cannot assess the functional status of patients,
PFT methods, such as lung volume and lung ventilation, have been used as important
supplementary approaches to evaluate the disease severity of patients with pneumoconio-
sis [50,51]. PFT is a universal method for diagnosing airflow limitation, as it can assess
a patient’s respiratory function and help physicians understand the lung’s ventilation
capacity and the elasticity of lung tissue. Patients with pneumoconiosis may experience
symptoms such as dyspnea, shortness of breath, and chest tightness. Therefore, PFTs are
used as important supplementary methods for evaluating the severity of pneumoconiosis.
They are also important bases for identifying the labor capacity, judging the prognosis,
and thus confirming the disability grade [52]. The study by Huang et al. indicates that
pulmonary function abnormalities in patients with pneumoconiosis are closely related
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to occupational dust exposure, and obstructive and mixed ventilatory dysfunction have
been observed in patients [53]. PFT has been used in occupational health examinations
for decades and is an important auxiliary diagnostic technique for pneumoconiosis. For
dust-exposed workers, a significant decline in pulmonary function test results within the
normal range should raise concerns. A limitation of this technique is the lack of a direct
and specific correlation between the decline in pulmonary function and the pathological
changes of pneumoconiosis, as changes in pulmonary function can be influenced by various
factors, such as age, lifestyle habits (e.g., smoking), other pulmonary diseases, and the
individual’s overall health status.

 

Figure 2. Schematic diagram of the proposed PneumoLLM for pneumoconiosis diagnosis [49].

2.3. Tissue-Invasive Techniques

LB is a technique to obtain lung tissue samples for pathological examination. When
the imaging manifestations are atypical or in the early stage of the development of pneu-
moconiosis, LB techniques can detect and provide evidence of early pathological changes
caused by dust in lung tissue specimens, improving diagnostic accuracy and reducing the
rates of misdiagnosis and missed diagnosis [54,55]. Currently, the main LB techniques
include surgical lung biopsy (SLB), transbronchial lung biopsy (TBLB), percutaneous lung
biopsy (PCLB), transbronchial cryobiopsy (TBCB), etc. Among them, TBCB is the safest
and most effective, and it can obtain high-quality large-area tissue specimens, which is
suitable for diagnosing diffuse lung diseases [56,57]. LB can provide direct evidence of dust
exposure and pathological changes in the lung tissue, thereby assisting in the diagnostic
process of pneumoconiosis [58]. However, as lung tissue biopsy is an invasive procedure,
it can cause certain degrees of physical trauma [59,60]. Additionally, due to the stringent
technical requirements and medical conditions necessary for its performance, it is currently
less frequently used in the diagnosis of pneumoconiosis and is not suitable as a routine or
population-based screening method for detecting pathological changes.

3. Advanced Sensing Technologies for Screening and Diagnosis of
Pneumoconiosis

3.1. Biomarker Detection

Biomarkers, encompassing proteins, genes, metabolites, and other molecular indica-
tors, are critical for identifying structural or functional changes in systems, organs, tissues,
cells, and subcellular components [61–63]. In pneumoconiosis, various biomarkers are
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associated with its pathogenesis, including inflammatory responses, pulmonary fibrosis,
oxidative stress, and immune dysfunction. For instance, neopterin (NPT), an oxidative
stress marker released by activated mononuclear macrophages, has been extensively stud-
ied. Research shows that serum NPT levels are significantly elevated in silicosis patients
compared to healthy controls, highlighting its diagnostic potential [64]. However, biomark-
ers in serum proteins, cytokines, and apoptosis-related factors may suffer from limited
sensitivity and specificity.

Epigenetic mechanisms, such as DNA methylation, histone modification, and miRNA
regulation, have also gained attention for their role in maintaining genetic stability while
responding to environmental stimuli [65]. Serum-specific miRNAs, which are stable,
detectable, and resistant to freeze-thaw cycles, are particularly promising for clinical ap-
plications. Studies have linked the expression levels of certain miRNAs (e.g., miR-155
and miR-4516) to the severity of pneumoconiosis, suggesting their utility in early diagno-
sis [66–68]. However, these studies are often limited by small sample sizes and a lack of
exploration into metabolic pathways, necessitating further validation [69]. Additionally,
the complexity, cost, and time-intensive nature of current detection technologies hinder
their widespread clinical adoption. miRNAs, which serve as early biomarkers for pneu-
moconiosis, are traditionally detected using methods that suffer from high temperature
requirements, contamination risks, fluorescence bleaching, and primer design challenges.
To overcome these limitations, surface-enhanced Raman spectroscopy (SERS) has emerged
as a groundbreaking alternative. SERS offers advantages such as room-temperature de-
tection, non-contact operation, label-free analysis, and no need for RNA primers, making
it an ideal tool for rapid and ultrasensitive miRNA detection. Cui et al. [70] utilized the
label-free SERS technique to conduct detection and analysis on miRNA biomarkers related
to pneumoconiosis based on 3D gold-coated zinc oxide nanorod arrays (Au-ZnO NRA)
(Figure 3a). The miRNA biomarkers (miR-19a, miR-149, miR-146a, and miR-155) used in
the study are associated with the occurrence of pneumoconiosis. The presence of these
miRNAs in blood and bronchoalveolar lavage fluid has been screened as biomarkers for
early pneumoconiosis. Detecting these miRNAs through the label-free SERS method can
provide a rapid, reliable, and ultrasensitive alternative approach for the early diagnosis of
pneumoconiosis.

Figure 3. (a) Label-free SERS detection of miRNA [70]. (b) Technical route for Neu5Ac determina-
tion [71].

In addition to miRNAs, free N-acetylneuraminic acid (Neu5Ac) in serum can also
serve as a biomarker for the early diagnosis of pneumoconiosis (Figure 3b). Lin et al. [71]
took metal-organic frameworks (MOFs) as carriers and synthesized a type of molecularly
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imprinted polymer (MIPs), which was used for the specific adsorption of free Neu5Ac
in human serum. And they adopted liquid chromatography-tandem mass spectrometry
(LC-MS/MS) to determine the free Neu5Ac in serum samples. The linear range of this
detection system is 50–10,000 ng mL−1. The limit of detection (LOD) and the limit of quan-
tification (LOQ) are 3 and 10 ng mL−1, respectively. Under these conditions, the recovery
rates of serum samples are between 83.54% and 92.21%. This method has been successfully
applied to the analysis of free Neu5Ac in the serum of pneumoconiosis patients without
protein precipitation. Furthermore, Wang et al. [72] applied non-targeted metabolomics
and lipidomics techniques to conduct characterization and analysis on the serum of pa-
tients with pneumoconiosis and silicosis. Four metabolites were discovered, namely
1,2-dioctanoyl-sn-glycero-3-phosphocholine, phosphatidylcholine (O-18:1/20:1), indole-
3-acetamide, and L-homoarginine. In addition, kynurenine, N-tetracosanoylsphingosine
1-phosphate, 5-methoxyethanol, and phosphatidylethanolamine (22:6/18:1) can be used to
predict the staging of pneumoconiosis.

Beyond epigenetic markers, other biomarkers, such as pulmonary surfactants, cy-
tokines (e.g., IL-18, TGF-β1), and long non-coding RNAs (e.g., lncRNA-ATB) have been
explored. The upregulation of plasma LncRNA-ATB is closely related to the genetic tar-
gets in pneumoconiosis. LncRNA-ATB can be activated by TGF-β and is significantly
upregulated in patients with pneumoconiosis, closely correlating with the expression lev-
els of TGF-β1 [73]. TGF-β1 plays a key role in the fibrosis process of pneumoconiosis,
and its genetic polymorphisms (such as +869T/C) are associated with susceptibility to
pneumoconiosis and the degree of fibrosis [74]. As pneumoconiosis progresses, the degree
of fibrosis in lung tissues increases, and the expression levels of TGF-β1 usually rise ac-
cordingly. Therefore, the upregulation of LncRNA-ATB may be a result of the activation
of the TGF-β1 signaling pathway, further promoting the fibrosis process in pneumoco-
niosis and increasing the disease risk for patients [75]. Similarly, dysregulation of the
respiratory microbiome, characterized by altered abundances of specific bacterial genera
(e.g., Prevotella, Actinobacillus, Leptotrichia), has been linked to inflammatory and fi-
brotic indicators in pneumoconiosis. These microbial shifts, alongside elevated levels of
inflammatory markers such as TNF-α and hydroxyproline (HYP), provide insights into the
dynamic progression of pulmonary lesions and offer potential avenues for microbial-based
diagnostic approaches [76,77].

B cell-derived immunoglobulins are routinely used in clinical practice for the diagnosis
of coal workers’ pneumoconiosis, as they provide crucial information on the humoral
immune status. Previous studies have shown that the concentrations of IgA and IgG
increase in patients with coal workers’ pneumoconiosis, but little is known about the role
of serum IgG subclasses in the diagnosis of coal workers’ pneumoconiosis [6]. Li et al. [6]
found that compared with dust-exposed workers without pneumoconiosis and healthy
controls (HCs), the levels of serum IgG1, IgG2, IgM, and IgA were elevated in patients
with coal workers’ pneumoconiosis. In particular, the IgG2/IgG3 ratio provides a feasible
alternative approach for the diagnosis of coal workers’ pneumoconiosis. The study involved
the biomarkers IgG1, IgG2, IgG3, IgG4, IgA, and IgM (Figure 4a). It analyzed the ROC
curves of immunoglobulins in coal workers’ pneumoconiosis and dust-exposed workers
(Figure 4b), as well as the ratios of IgG1/IgG3 and IgG2/IgG3 (Figure 4c). Additionally,
ROC analysis was performed on pulmonary function parameters and the IgG2/IgG3 ratio
to distinguish coal workers’ pneumoconiosis from workers exposed to dust (Figure 4d).
In coal workers’ pneumoconiosis patients, the serum concentrations of IgG1, IgG2, IgA,
and IgM are increased, while the concentration of IgG3 is decreased. The IgG2/IgG3 ratio
shows a certain value in distinguishing between coal workers’ pneumoconiosis and dust-
exposed workers, with a relatively large area under the curve. Its diagnostic performance

126



Chemosensors 2025, 13, 102

is better than that of IgG1 or IgG2 alone, and there is no significant difference compared
with the lung function index FEV1/FVC, suggesting that it can be regarded as a potential
biomarker for the diagnosis of coal workers’ pneumoconiosis.

 

Figure 4. (a) Comparison of serum concentrations of IgG1, IgG2, IgG3, IgG4, IgA, and IgM among
the study groups, * p < 0.05, ** p < 0.01. (b) The ROC curve analysis of immunoglobulin test
results between coal workers’ pneumoconiosis and dust-exposed workers. (c) Comparison of the
IgG1/IgG3 ratio and IgG2/IgG3 ratio among the study groups. (d) ROC analysis of the spirometry
parameters and the IgG2/IgG3 ratio for distinguishing coal workers’ pneumoconiosis and dust-
exposed workers [6].

In summary, the exploration of biomarkers for pneumoconiosis diagnosis has yielded
promising yet incomplete results. While oxidative stress markers (e.g., NPT), epigenetic
regulators (e.g., miRNAs, DNA methylation), B cell-derived immunoglobulins, and in-
flammatory cytokines (e.g., TNF-α, IL-1β) provide valuable insights, challenges related
to sensitivity, specificity, and technological limitations persist. Future research should
focus on multi-omics approaches, combining multiple biomarkers and advanced detection
technologies to enhance diagnostic accuracy and facilitate early intervention in pneumoco-
niosis.

3.2. Breath Analysis
3.2.1. Monitoring of Exhaled Components

For early pneumoconiosis screening, both sensitivity and accuracy are indispensable.
However, the convenience and non-invasiveness of the tests are also of great importance.
Existing technologies based on large-scale instruments and equipment, such as X-ray, CT,
MRI, and so on, are all costly, invasive, or may have side effects related to radiation exposure
that can affect health, be time-consuming, or require well-trained personnel. All these
factors are not conducive to the popularization of the equipment and the implementation
of extensive population screening.

Thousands of volatile organic compounds (VOCs) have been found in exhaled breath,
and they are related to the internal biochemical processes of the human body, either di-
rectly or indirectly [78–80]. For example, lipid peroxidation plays an important role in
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the pathogenesis of pneumoconiosis. Pentane and methylated alkanes such as C5–C7, as
metabolites of lipid peroxides, constitute the main VOCs in the breath of patients with
pneumoconiosis [81]. Compared with the technologies based on high-end instruments and
professional operators mentioned above, breath sensors and their arrays (electronic noses)
are cutting-edge and hot sensing technologies that have attracted extensive attention in
recent years. They also represent a kind of diagnostic technology that is rapid, simple,
non-contact, safe, non-invasive, capable of continuous sampling, and easy to repeat [81–87].
Some patients may not have obvious organic lesions in the early stage, but their exhaled
breath already contains specific VOCs with disease characteristics [88]. Breath analysis
technology, leveraging VOCs as disease biomarkers, demonstrates significant potential
for non-invasive diagnostics. While current applications in pulmonary disorders (e.g.,
lung cancer, tuberculosis), infectious diseases, and urological conditions have advanced,
their clinical adoption remains limited due to unresolved pathophysiological mechanisms
governing VOC metabolic alterations. Research limitations include small sample sizes,
confounding variables from environmental exposures (e.g., smoking) and host metabolic
processes, and nascent exploration in pneumoconiosis detection. As an adjunctive tool,
breath analysis could prioritize high-risk individuals for confirmatory imaging studies,
thereby optimizing resource allocation and transforming disease management paradigms.
Its non-invasive nature and capacity for continuous monitoring position it as a revolu-
tionary approach in early disease detection and personalized healthcare, particularly for
occupational lung diseases like pneumoconiosis.

Respiratory sampling may not require advanced and specialized techniques and
knowledge, but it still needs to utilize high-end technologies such as spectroscopy to detect
and analyze the VOCs exhaled in diseases [89]. Commonly used techniques include gas
chromatography, gas chromatography-mass spectrometry, proton transfer reaction mass
spectrometry, selected ion flow tube-mass spectrometry, ion mobility spectrometry, and
laser spectroscopy [90,91]. These devices are powerful, yet they have relatively high require-
ments in terms of instrument cost and size, operational professionalism and proficiency,
data analysis level, sample pretreatment, etc., and they are also relatively time-consuming.
Therefore, it is quite necessary to develop miniaturized and direct respiratory sensor anal-
ysis platforms. However, the real market-oriented application of this technology still
depends on the improvement of material technology, sensor technology, machine learning
methods, and disease-specific reference libraries and databases, especially the search and
identification of potential biomarkers for specific respiratory diseases.

3.2.2. Respiratory Physiological Parameters

Pneumoconiosis poses life-threatening risks through respiratory failure and other
severe complications, necessitating comprehensive respiratory physiological parameter
monitoring throughout diagnosis and treatment. Real-time continuous breath sensor-based
surveillance plays a critical role in the early detection of pathophysiological deteriora-
tions, including respiratory arrhythmias and hypoxemic exacerbations, particularly given
the compromised pulmonary parenchyma and fragile respiratory function in affected pa-
tients. Such monitoring enables dynamic risk stratification for complication prevention.
Furthermore, the heterogeneous nature of pneumoconiosis (variable disease severity, co-
morbidities, and treatment responses) mandates precision medicine approaches, where
sensor-derived physiologic data support evidence-based adjustments to individualized
therapeutic regimens. The detailed information provided by breath sensors gives doctors
a basis for accurately evaluating patients’ responses to existing treatment measures [82].
For example, by analyzing the data recorded by breath sensors, doctors can determine
whether drug treatment has achieved the expected results and whether oxygen therapy
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meets the actual needs of patients. Based on these accurate evaluation results, doctors can
make targeted fine adjustments to drug dosages and reasonably adjust key treatment pa-
rameters such as the duration and intensity of oxygen therapy. This not only improves the
precision and effectiveness of treatment but also significantly enhances patients’ treatment
experience, making them more comfortable during the treatment process. Meanwhile, it
helps to improve the prognosis and brings greater hope for patients’ recovery.

In the field of early diagnosis of the disease, breath sensors also have a unique value.
They can continuously monitor key parameters such as patients’ breathing patterns, respi-
ratory frequencies, and depths of breathing. In the early stage of pneumoconiosis, patients’
bodies often undergo some subtle changes, and these slight alterations in these parame-
ters may be important signals in the early stage of the disease [92]. Thanks to their high
sensitivity, breath sensors can detect these early changes in a timely manner, providing
doctors with valuable diagnostic clues and thus enabling the early diagnosis of pneumoco-
niosis. Early diagnosis is crucial for the treatment of pneumoconiosis, as it can buy more
treatment time for patients and increase the success rate of treatment. Although imaging
examinations, such as X-rays and CT scans, are important means for the diagnosis of pneu-
moconiosis, breath sensors can provide additional physiological information and serve
as a powerful supplement to imaging examinations. For example, by monitoring the gas
exchange efficiency during breathing, doctors can indirectly infer the degree of pulmonary
fibrosis. Pulmonary fibrosis is an important pathological feature of pneumoconiosis, and
understanding its degree is of great significance for accurately assessing patients’ lung
conditions and formulating reasonable treatment plans [93]. The combination of breath
sensors and imaging examinations is like providing doctors with a pair of “X-ray eyes”
that can comprehensively and accurately understand patients’ conditions, enabling them
to provide higher-quality medical services for patients.

3.2.3. Key Factors and Strategies for Enhancing Breath Analysis Performance

High-quality breath analysis samples also rely on the control of individual breathing
patterns, breathing depths, sampling time methods, working temperatures, etc., as well
as the progress of gas sample storage technologies. In addition, the lack of selectivity and
the reliability of working in high-humidity environments (the exhaled breath of a normal
human body has a high relative humidity of 90%) remain the key factors limiting the use of
most sensors. Moreover, when the concentration of a single VOC component is relatively
high, problems such as sensor drift and the inability to accurately calibrate the sensors may
also occur [90]. It is also necessary to establish standardized methods to utilize different
datasets and consider the reproducibility of instruments and classification models among
different sensors, that is, repeatability. The responses of sensors to VOCs can be analyzed
by pattern recognition algorithms to classify different situations separately. Among them,
principal component reduction and subsequent discriminant analysis pattern recognition
are the most commonly used types of raw data analysis in their responses. Other AI
technologies can also be used for data analysis, such as machine learning algorithms and
ANN [94], but the diversity of analysis techniques may hinder the standardization of sensor
array technologies.

Therefore, by selecting materials with high specific surface area, unique crystal struc-
tures, and favorable electronic properties—such as metal oxide semiconductors, graphene
and its derivatives, and metal-organic frameworks (MOFs)—high-performance breath
sensors can be developed [95–98]. By employing chemical methods to introduce specific
functional groups or active sites on the surface of the sensing material, it can interact
specifically with target volatile organic compound (VOC) molecules, thereby significantly
enhancing the sensor’s selectivity [99]. Furthermore, constructing an array of sensors
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with different sensitivities and combining it with pattern recognition algorithms (such
as principal component analysis and artificial neural networks) to process and analyze
the response signals enables accurate identification and concentration measurement of
various VOCs, thus greatly improving the sensor’s selectivity and anti-interference capa-
bility [100]. Choosing appropriate packaging materials is also crucial. Materials such as
polydimethylsiloxane (PDMS) and cellulose nanocrystals (CNC), which have good gas
permeability and chemical stability, can effectively isolate the sensor’s sensitive elements
from the external environment, preventing interference from moisture, dust, and other
impurities while ensuring that target VOCs gases can reach the sensing surface [101,102].
Integrating environmental compensation components within the sensor package allows
for real-time monitoring of changes in environmental parameters, such as temperature
and humidity, and compensating the sensor’s response through circuitry or algorithms,
thereby enhancing the measurement accuracy of the sensor under different environmental
conditions [103].

3.3. E-Noses Technology

Compared with breath sensors that have a single structure and lack practicality, E-
noses utilize gas sensor arrays to achieve sensing and data analysis directly after sampling
and realize pattern recognition of diseases, food, pharmaceuticals, explosives, drugs, etc.
on site. The E-nose is an advanced device that simulates the human olfactory system. Its
working principle is based on the precise detection of gas chemical components by an array
of sensors. These sensors can sensitively identify and respond to various VOCs, efficiently
converting the captured chemical signals into electrical signals that are easy to analyze. The
VOCs in the exhaled breath of patients with pneumoconiosis are significantly different from
those of healthy individuals. The electronic nose leverages this characteristic by analyzing
the unique patterns of VOCs in exhaled breath to identify biomarkers associated with
pneumoconiosis, thereby providing a strong basis for its diagnosis [104,105]. The detection
using the electronic nose has many advantages. First, the detection process only requires
the collection of exhaled breath, eliminating the need for invasive procedures. This greatly
enhances the patient experience, making it more comfortable and convenient. This feature
also makes the electronic nose suitable for large-scale screening. Second, the detection is
rapid and capable of being completed in a short time, meeting the need for efficient testing.
Moreover, the electronic nose has excellent detection capabilities for low-concentration
VOCs, which is beneficial for the early diagnosis of pneumoconiosis, providing patients
with valuable treatment time [106].

However, the application of the electronic nose in the detection of pneumoconiosis
still faces some challenges. On the one hand, research on VOC biomarkers related to
pneumoconiosis is still ongoing and not yet fully clarified, which, to some extent, limits
the accuracy and reliability of electronic nose detection. On the other hand, VOCs in
exhaled breath are easily influenced by factors such as diet and environment. Effective
measures need to be taken during the detection process to exclude these interferences
and ensure the validity of the detection results. The application of the electronic nose in
pneumoconiosis detection is still in the developmental stage. More research is needed
to fully validate its clinical value and promote its widespread use in the diagnosis of
pneumoconiosis [107]. The research on E-noses involves many interdisciplinary fields and
generally includes three structural units, namely the sensor unit array, the signal processing
unit, and the pattern recognition unit. The sensor and its array technology, as well as the
pattern recognition system (mathematical and statistical algorithms such as discriminant
factor analysis and partial least squares method) and AI technologies, such as ANNs, are
the two construction bases of electronic noses. Electronic and computer technologies are the
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preparation bases, while neurophysiology and mathematics are the theoretical bases and
point out the direction for their development [108]. It not only means real-time monitoring
to help doctors achieve the detection and treatment of patients but also can be combined
with in-vehicle analysis, wearable analysis, and so on.

The sensing array units of the E-noses also rely on the development of sensing materi-
als and technologies. Currently, the gas-sensitive sensing units are still mainly based on sev-
eral relatively mature types, such as metal oxide semiconductors [109], field-effect transis-
tors [110], quartz oscillators [111], optical methods [112], and surface acoustic waves [113].
They involve materials like metal oxides, conductive polymers, carbon-based materials
such as carbon nanotubes (CNTs), and two-dimensional (2D) materials [114–116]. Each
of these materials has its own advantages and disadvantages, and the selectivity of a
single material is limited. For example, the E-nose based on the CNT-TiO2 composite
structure developed by Shooshtari et al. can distinguish acetone, ethanol, butanol, and
propanol vapors with an accuracy rate of 97.5%, which can be used for rapid and efficient
monitoring of VOCs [117]. With the development of sensing technologies, microfabrica-
tion technologies, nanotechnologies, advanced signal processing algorithms, etc., and the
development of sensor arrays with strong selectivity and high sensitivity, together with
the significant optimization of data processing algorithms, it is believed that the E-nose
technology will eventually play a significant role in the screening, diagnosis, and treatment
of pneumoconiosis [85,115,118].

As an endeavor, Xuan et al. [87] developed an E-nose based on an array of 16 organic
nanofiber sensors (Figure 5a). It combines machine learning, pattern recognition algorithms,
big data analysis techniques, etc. They constructed an exhaled breath screening and
diagnosis model for pneumoconiosis and an early warning model for pulmonary fibrosis
lesions, with an accuracy rate of over 85%. The organic nanofiber sensors in the E-nose
system can respond to VOCs present in exhaled breath. When people suffer from diseases
such as silicosis, the concentrations of these VOCs may change. Metabolites generated
by lesions in the alveolar-capillary membrane are directly released into the alveolar space
and can be detected in the breath. The sensor array is directly exposed to the breath
mixture, and the composite profile (breath fingerprint) generated by the responses of all
16 nanofibers can distinguish between diseased and healthy control groups, reflecting
metabolic changes in the breath components. This method is similar to the olfactory system
of mammals, where a large number of olfactory receptors (sensors) work as a cooperative
array to generate specific patterns for different odors or mixtures without the need to know
the detailed information of individual components. In this way, the E-nose can quickly
and non-invasively detect diseases, providing an ideal technology for large-scale disease
screening (Figure 5b).

In addition to detecting pneumoconiosis, E-noses can also detect lung cancer. For
example, Tirzı̄te et al. [119] applied the E-nose combined with logistic regression analysis
(LRA) in the detection of lung cancer. The study involved 252 lung cancer patients and
223 non-lung cancer patients. Exhaled breath samples were collected and analyzed through
the Cyranose 320 sensor device, and LRA was used for data analysis to distinguish between
lung cancer patients, patients with other lung diseases, and healthy individuals. The
sensitivities for cancer detection among smokers and non-smokers were 95.8% and 96.2%,
respectively, and the specificities were 92.3% and 90.6%, respectively. This indicates that the
combination of E-nose and LRA can effectively identify lung cancer patients, thus assisting
doctors in diagnosing lung cancer at an early stage and providing more timely treatment
for patients. Of course, in the medical field, a single detection method often has limitations,
while multimodal detection can improve the diagnostic accuracy of diseases by integrating
the advantages of multiple detection means. For example, combining breath analysis,
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imaging examinations, and blood tests can evaluate patients’ health conditions more
comprehensively, especially for complex diseases such as lung cancer, chronic obstructive
pulmonary disease (COPD), and pneumoconiosis [120].

Figure 5. (a) E-nose system. (b) Schematic diagram of the process of screening for pneumoconiosis
with an E-nose system [87].

4. Conclusions and Outlook

In summary, this paper provides a comprehensive overview of various screening and
diagnostic technologies for pneumoconiosis, ranging from the dominant and most widely
used clinical imaging analysis, PFT, tissue-invasive techniques, and biomarker detection to
E-nose technology. When these technologies are used in combination, their strengths are
fully realized. Imaging analysis offers macroscopic structural information about the lungs.
PFT provides quantitative assessment information on lung function, while tissue-invasive
techniques provide precise pathological diagnoses and biomarker technologies offer di-
agnostic evidence at the biomolecular level. The E-nose, on the other hand, provides an
ideal non-invasive chemical sensing technology by analyzing the chemical composition of
exhaled breath. Together, these technologies complement and validate each other, allowing
for a comprehensive assessment of the patient’s condition from multiple dimensions. This
significantly improves the accuracy and reliability of pneumoconiosis diagnosis.

However, currently, the situation of preventing and controlling pneumoconiosis re-
mains extremely severe. Early prevention and control are still crucial tasks in this work,
which still demand the coordinated cooperation and long-term efforts of the government,
enterprises, workers, and researchers. They should not only consider the sensitivity, speci-
ficity, and the employed technology itself but also take into account factors like convenience,
cost-effectiveness, and safety. There is still a long way to go to optimize mainstream imag-
ing technologies, especially considering their reliance on the doctors’ experience and the
non-negligible misdiagnosis rate. Thus, the development of other technologies, such as
biomarkers and respiratory sensing, are given great expectations, combined with the rapid
progress in technologies like mobile devices, remote consultations, and digital imaging.
The continuous reduction in the costs of equipment and usage will further offer more
opportunities for their widespread implementation, especially in developing countries and
specific industries with high pneumoconiosis incidence. However, the development of
biomarker technology is still restricted by issues such as high technical barriers, a relatively
small sample size in clinical studies, and the complexity of excluding interfering factors, so
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its future promotion will be greatly limited. Currently, although some potential biomarkers
(such as inflammatory factors) may be of significant importance for the early diagnosis
and assessment of disease progression in pneumoconiosis, their clinical application value
has not yet been verified through large-scale clinical trials. In the future, with a deeper
understanding of the pathogenesis of pneumoconiosis and continuous advancements in
detection technologies, new biomarkers are expected to play an important role in clinical
diagnosis and treatment. However, before large-scale clinical application, their sensitivity,
specificity, and clinical utility must be rigorously validated through clinical trials.

In contrast, as a type of chemosensor for gaseous analytes detection, non-invasive
diagnosis of pneumoconiosis through expiratory VOC sensing is quite ideal and suitable
for large-scale, low-cost, and easily accepted screening. It can safely and frequently collect
a wide range of samples and is expected to become the best option for screening the whole
population and for daily monitoring. However, developing high-performance breath sen-
sors or even E-nose devices remains a complex challenge that awaits persistent endeavors
and in-depth research. For example, the production of VOCs is associated with a variety of
pathophysiological processes, including inflammation, oxidative stress, and microbial infec-
tions. Due to the complex pathological mechanisms of pneumoconiosis, changes in VOCs
may overlap with other pulmonary diseases, thus greatly limiting their specificity and
sensitivity. The strong interference of the moisture co-existing with VOCs in the expiratory
air with their detection also needs to be taken seriously, compared with other detection sce-
narios. To address these challenges, existing experience with general VOC sensors should
be actively used: (a) enhancing selectivity through material innovation and sensor array
design, etc.; (b) realizing humidity interference through constructing hydrophobic surfaces,
using humidity-resistant materials (e.g., porous silicon), employing AI-based humidity
compensation algorithms, etc.; (c) enhancing sensitivity through material innovation and
functional design, etc.; (d) AI-driven data processing and pattern recognition, etc. These
will help address the challenges and drive breakthroughs in the field of pneumoconiosis
detection using breath analysis and E-noses. In addition, significant progress may be made
to produce wearable devices, which could lay a solid foundation for the application of
pneumoconiosis-related pathogenic environmental monitoring simultaneously. Combining
sensors with the Internet of Things (IoT) and communication technologies can also mini-
mize the possibility of workplace accidents to the greatest extent. This will help to reduce
the incidence or severity of pneumoconiosis at the source.

Moreover, animal models and related methods, as powerful scientific research tools,
deserve more attention. Their establishment and application can not only provide a basis
for clinical treatment but also lay a solid foundation for research on the occurrence, devel-
opment, and mechanism of pneumoconiosis. But there are ethical and other limitations
to real animals; in contrast, in vitro biomimetic architectures like that using microfluidic
chips have shown great application prospects as a model for the study of pneumoconiosis
pathophysiology.

No matter which strategy is used, the explosive development of big data, AI, and
other technical principles has greatly promoted the progress of this field [41]. In particular,
the explosive development of AI-generated content (AIGC) technology is making the “AI
doctor” a reality. It not only fills the technical gap caused by the difference in medical
conditions and doctor experience but also makes remote diagnosis and larger population
screening possible and will greatly improve the efficiency and accuracy of diagnosis. It
also may partially eliminate the diagnostic errors caused by a single technology and
enable collaboration across territories, disciplines, and industries so as to better benefit
pneumoconiosis patients or potential populations in the future. Most importantly, it could
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make up for the imbalance between different countries and regions, ultimately, for the
benefit of all mankind.
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Abstract: In the current scenario, it is considered that environmental pollution is one of the
significant challenges for the global world. Various toxic and hazardous substances such as
hydrazine, phenolic compounds, and pharmaceutical waste significantly contribute to en-
vironmental pollution. Exposure to such substances and compounds increases the chances
of negative effects on human health as well as the environment. Therefore, it is considered
that monitoring toxic gases and hazardous substances/compounds is of great significance.
In the past few years, layered double hydroxide (LDH)-based materials have received
significant interest for gas sensing and electrochemical sensing studies. The presence of
layered structured, larger surface area, decent conductivity, and electrochemical properties
makes them a suitable material for sensing applications. This motivates us to summarize
the recent progress in the development of LDH material-based gas and electrochemical
sensors for the detection of toxic and hazardous gases/compounds. It was observed in
previous reports that LDH-based materials are promising candidates for gas sensing as
well as electrochemical sensing applications. It was found that LDH and its composites
may exhibit larger surface areas and high electrical conductivity when combined with other
materials such as metal oxides, MXenes, polymers, and metal sulfides. Thus, researchers
prepared hybrid composites of LDH-based materials for gas and electrochemical sensing
applications. It is worth mentioning that many solvents which have negative impacts on
the environment could not be detected by electrochemical methods, while some toxic com-
pounds/substances could not be determine by gas sensing methods. This may create a gap
between the determinations of different kinds of pollutants that exist in the environment.
Thus, it is required to find a bi-functional material which can be used for kind of sensing
technology. In addition, it may also overcome the limitations or gap between the two
sensing techniques. LDH-based materials have demonstrated excellent performance in gas
and electrochemical sensing technologies. Thus, it would be of great significance to employ
the single LDH-based materials for gas as well as electrochemical sensing applications. In
this review article, we have tried our best to compile the progress in the various LDH-based
materials for gas sensing and electrochemical sensing applications towards the detection of
hazardous compounds.

Keywords: gas sensors; layered double hydroxides (LDHs); hazardous compounds; sen-
sors

1. Introduction

In the past few years, it was observed that environmental pollution has been increasing
significantly due to urbanization and industrialization [1]. The increase in industrial activi-
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ties may led to a substantial increase in the burning of fossil fuels, which releases harmful
pollutants such as carbon dioxide (CO2), sulfur dioxide (SO2), and particulate matters into
the atmosphere, which may contribute to air pollution and climate change [2,3]. Industrial
processes may also produce a large amount of waste water-containing chemicals such as
hydrazine, hydrogen peroxide (H2O2), phenolic compounds, heavy metals, etc., which
are often discharged into water bodies, and cause negative impacts on the environment,
aquatic life, and human health [4–7]. In addition, exposure to toxic gases and hazardous
compounds may cause several health issues such as chronic diseases and respiratory dis-
eases [8]. Thus, it is clear that monitoring toxic gases and hazardous compounds would
be of great significance in order to reduce their negative impacts on human health and
the environment.

Sensor technology is one of the promising approaches to monitor toxic gases and
compounds [9]. Gas sensing is an efficient technique for the monitoring of various toxic
gases and has been widely used for the detection of various gases [10,11]. According
to the reported studies, gas sensors have promising features for the detection of various
organic volatile gases (VOCs) [12], whereas the electrochemical method is the most promis-
ing technique for the sensing of various toxic/hazardous compounds [13]. In previous
reports, various materials such as reduced graphene oxide [14], carbon nitride [15], metal–
organic-frameworks [16], MXenes [17], polymer [18], metal oxides [19], and layered double
hydroxides (LDHs) [20] were used in sensing applications.

Recently, LDH-based materials have received enormous attention because of their
excellent optoelectronic properties [20]. LDH materials, which are also known as metal
alloy hydroxides or hydrotalcite, are inorganic materials with a two-dimensional structure
(2D) [21]. Generally, LDH materials consists of a mixture of metal hydroxides with the
presence of different anions (anionic layer) and oxidation states (cationic layer), which
are present next to each other [22], and LDH materials possess excellent structural and
chemical properties. The high specific surface area, acceptable stability, and layered struc-
ture of LDH materials makes them suitable for various optical and electrical applications.
In previous reports, copper (Cu)-, nickel (Ni)-, aluminum (Al)-, cobalt (Co)-, magnesium
(Mg)-, iron (Fe)-, and manganese (Mn)-based LDH materials were prepared by various
synthetic procedures [23–30]. The LDH materials were also combined with various metal
oxides and polymers to further improve their properties for various optoelectronic appli-
cations [29]. The LDH-based hybrid composites attracted the scientific community due
to their unique functional, structural properties, and synergistic interactions. LDH-based
composites also exhibited high electrical conductivity, larger surface areas, and various
active sites for adsorption/catalytic reactions [31]. For gas sensing studies, LDH and its
composites facilitated electron transfer and enabled the sensors to detect the toxic gases
rapidly. Similarly for electrochemical sensing studies, LDH-based hybrid materials may
enhance sensitivity, selectivity, signal response, and stability for the determination of heavy
metals and environmental pollutants.

Herein, we report on the use of LDH-based materials for gas and electrochemical
sensing of environmental pollutants. We believe that recent articles may be valuable to
material scientists who are sincerely engaged in the development of cost-effective LDH-
based materials for these sensing applications.

2. LDH-Based Materials in Gas Sensors

With the rapid industrial development and growing living standards, air population
has become a serious global problem and poses serious risks to human and animal health,
ecosystems, and the environment [32]. According to a World Health Organization (WHO)
report, more than seven million people die worldwide every year due to air pollution [31].
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Major contributors to air pollution are mobile vehicles, oil refineries, power plants, and
chemical industries. Therefore, monitoring and controlling combustion-related emissions
are of prime importance to protect public health, assure food safety, support medical
growth, enhance air quality, and improve environmental sustainability. A gas sensor is a
chemical sensing device which detects gas molecules in the environment by converting
chemical information into an electronic signal such as current, frequency, or voltage change
and reduces risks to human health at an early stage [33–36]. Hence, there is an urgent
need to develop advanced, high quality, efficient energy gas sensors for environmental
monitoring and society protection for the real time detection and monitoring of toxic and
flammable gases, as well as volatile organic compounds (VOCs) [37]. With the develop-
ment of the internet and wireless technology, gas-sensing intelligent systems have been
securely integrated with smart living, becoming a critical part of our daily life and modern
industries [35]. Gas sensors are widely applied in biochemical, chemical, and food indus-
tries for applications in diagnostics, air quality monitoring, food testing, and the detection
of toxic, flammable, and explosive gases [38]. For example, ethanol sensors are widely
explored for various applications including alcohol detection on human breath for drunk
driving, to assess the quality of wine, to monitor industrial leakages, and to ensure food
and biomedical safety [39]. The advancement in science and technology has motivated
the way for the development of gas sensors with high sensitivity, good selectivity, and
long-term stability [40]. As a result, great efforts have been carried out to design novel
sensing materials since the first chemresisitive metal oxide-based gas sensor was intro-
duced. So far, in addition to conventional semiconductor oxide, a variety of gas-sensing
materials such as conductive polymer, organic compounds, and carbon nanotubes have
been utilized for gas detection using techniques like catalytic, optical, electrochemical, and
acoustic gas sensors [41,42]. However, the performance of the sensors is mainly dependent
on some basic properties such as sensitivity, selectivity, detection limit, response, and re-
covery time. In addition, factors such as low power consumption, shape, size, and wireless
functionality play a critical role in boosting gas-sensing performance and making sensors
more appealing [43]. Figure 1 exhibits the classification of gas-sensing materials into two
categories based on electrochemical and other principles, associated with fundamentals of
the gas-sensing and gas-sensitive materials [44]. Nanomaterials have attracted significant
attention due to their outstanding properties, such as large surface area, and superior
mechanical, chemical, physical, as well as electrical, characteristics. The large surface area
is critical for improving sensing performance by providing a greater number of active
sites. Moreover, nanomaterials can be further functionalized. To enhance the sensitivity,
selectivity, and stability of sensors, scientists have devoted substantial effort into modifying
electrodes with various nanomaterials, such as multiwalled carbon nanotubes (MWCNTs),
gold nanostars, metal–organic frameworks (MOFs), covalent organic frameworks (COFs),
and layered double hydroxides (LDHs) [42].

Figure 1. Classification of gas-sensing materials [9,10,34–36,44].
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Among the various electrode modification nanomaterials, LDHs have attracted signifi-
cant attention and have become a rapidly increasing area of research in recent years. LDHs
are exciting materials characterized as two-dimensional (2D) anionic lamellar clay materi-
als [40]. LDHs demonstrate various chemical and physical properties due to their unique
molecular structures [45]. These include a high surface area, catalytic activity, chemical and
thermal stability, anion exchange capability, tunable and flexible interlayer spacing, and
cost-effectiveness [46]. LDHs, also referred to as hydrotalcites or metal hydroxide alloys,
are inorganic materials made up of layers of brucite-like sheets stacked together [46]. These
2D layered structures are aligned parallel and are held together by electrostatic interac-
tions such as hydrogen bonds or Vander Walls forces, along the vertical axis as shown
in Figure 2 [47]. LDHs are made up of a combination of metal hydroxides with different
oxidation states (forming cationic layer) and anions (forming anionic layers) ordered next
to each other (Figure 2) [47]. The natural inorganic hydrotalcite was first discovered in
Sweden around 1842, and approximately a century later, Feitknecht successfully synthe-
sized it in the laboratory in 1942 [48,49]. It was then registered as the first patent under
the name of Brocker in 1970 [47]. However, research on using LDHs as gas sensors began
back in 2006. The general formula of an LDH is [M(1−x)

2+ Mx
3+ (OH)2]x+(An−)x/n·mH2O,

where M2+ represents a divalent cation (Mg2+, Zn2+, Ni2+, Co2+, Ca2+. . .), M3+ is a trivalent
cation (Al3+, Ga3+, Cr3+, Fe3+. . .), An− denotes the interlayer anion of valance n (CO3

2−,
SO4

2−, polyoxometalates, porphyrins, etc.), and X is the molar ration of M3+/(M2+ + M3+),
typically ranging from 0.2 and 0.4 due to structural stability factors (Figure 2) [47,50–52].

 
Figure 2. Schematic illustration of typical LDH structure and its chemical components [52].

Gas sensors composed of organic–inorganic hybrids offer several advantages, such as
molecular-scale thickness control, low cost, and high reproducibility. However, their design
is challenging due to difference in vapor pressure and decomposition temperatures between
the organic and inorganic components using standard physical techniques. Taking LDH
nanosheets into account, they can serve as 2D building blocks for producing ultrathin films
(UTFs) with superior functionalities. Therefore, (calcein-ZnS)30 UTF was fabricated using
two-step layer by layer (LBL) assembly process using calcein and exfoliation Zn2Al layered
LDH nanosheets, followed by an in situ gas/solid reaction with H2S [50]. The synthesized
(calcein-ZnS)30 UTF composite, made up of organic molecules and inorganic semiconduc-
tors, facilitates the development of an innovative ethanol sensor with high sensitivity, fast
response, as well as quick recovery time, operating at a relatively low working temperature
(90 ◦C). Xiao et al. [53] reported the synthesis of a {pyrenetetrasulfonate(PyTS)/ZnS}n UTF
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sensor using an LBL electronic deposition technique. This process consists of an alternating
assembly of 1,3,6,8-PyTS and exfoliated Zn2Al LDH nanosheets, followed by an effective in
situ gas/solid sulfurization reaction of H2S. The UV/Vis spectroscopy was used to observe
the assembly process, which indicates the regular stepwise growth of (PyTS/LDH)n UTFs
with each deposition cycle. The performance of both synthesized (PyTS/LDH)n UTFs
and sulfurized (PyTS/LDH)n UTFs was investigated in the presence of various gases
such as ammonia, hydrogen, carbon monoxide, methane, acetylene, and ethanol. While
both sensors exhibited sensitivity to all tested gases, the sulfurized (PyTS/LDH)n UTFs
showed a much better response to ethanol, even at a relatively low operating temperature.
They reported that the enhanced performance of the sensor towards ethanol could be
attributed to the synergistic interactions between the inorganic ZnS and organic pyrene
components. Morandi et al. reported the synthesis of Pt/Zn/Al layered double hydroxides
as gas-sensing materials [54]. They employed two simple synthesis routes, classical co-
precipitation and the sol–gel method, for the synthesis of a Pt/Zn/Al LDH gas sensor. The
Pt/Zn/Al LDH sensor synthesized with the help of the sol–gel method was found to be
pure, and the results are consistent with previously reported X-ray diffraction (XRD) results
(Figure 3a). However, the same Pt/Zn/Al LDH sensor synthesized via the co-prepetition
method exhibited trace amounts of the ZnO phase in its XRD pattern (Figure 3b). The
sensor’s performance was then investigated using different VOCs such as CO (100 ppm),
CH4 (500 ppm), and benzene (C6H6, 10 ppm) with and without the addition of Pt. These
measurements were performed at 450 ◦C using a conductance measurement method. As
shown in Figure 3c, the addition of Pt improves the electrical response, with the highest
sensitivity found for CH4 in dry air. However, it is difficult to distinguish the response
of different gases in dry air. Therefore, the sensing performance of all three VOCs was
also investigated in the presence of wet air. As illustrated in Figure 3d, carbon monoxide
exhibits the highest response under these conditions.

Figure 3. (a) XRD pattern of co-precipitated LDH (a) with 0.7% of Pt and (b) cp-2 mixed oxide.
(c) Responses to CO, C6H6, and CH4 of two Pt-containing samples (cp-(0.7), sg-(0.2)) and two
correspondent samples without Pt (cp, sg) at 450 ◦C in dry air. (d) Responses to CO, CH4, and C6H6

in dry and wet air at 400 ◦C of cp-(2) thick films [54].

In another study, Guan et al. reported the synthesis of a ZnO/ZnAl2O4 sensor via
the calcination method [55]. In a typical synthesis approach, all starting reagents were
dissolved in deionized water using the co-precipitation method. The resulting slurry was
then transferred to a Teflon-lined autoclave and aged at 100 ◦C for 12 h. Finally, the products
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were centrifuged and washed several times with water and ethanol followed by calcination
at different temperatures in air. The sensing performances of the sensors calcined at various
temperatures were investigated against ethanol. They reported that the sensor calcined
at 1000 ◦C exhibited a better response to ethanol compared to other samples calcined at
600 and 800 ◦C. Additionally, the sample calcined at 1000 ◦C presents fine repeatability
and good selectivity for ethanol. They reported that the improved performance of the
sample calcined at 1000 ◦C could be attributed to better crystallinity of ZnAl2O4 than
that calcined at 800 or 600 ◦C, respectively. Liu et al. [55] reported the preparation of a
ZnO/ZnFe2O4 composite sensor with a hexagonal nanostructure via a calcination method.
For this firstly, Zn2Fe-LDH with sodium dodecyl sulfate (SDS) was synthesized using
a combination of co-precipitation and hydrothermal methods at 100 ◦C for 10 h. The
resulting powder was filtered and washed several times with water and dried at 60 ◦C for
12 h in electric oven. Finally, the ZnO/ZnFe2O4 composite sensor was calcined at various
temperatures to obtain the desired hexagonal structure as shown in Figure 4a. They focused
on the typical problem tackled by metal oxide sensors, which usually need high operating
temperatures around 200 ◦C. They found that by applying light irradiation, the operating
temperature could be significantly lowered (Figure 4a). They observed that under light
illumination, the gas-sensing performance of the ZnO/ZnFe2O4 composite, calcined at
600 ◦C, was significantly enhanced for detecting triethylamine (TEA) at a reduced operating
temperature of 80 ◦C. The gas-sensing performance of the ZnO/ZnFe2O4 sensor towards
TEA was investigated through independent resistance change measurements conducted at
an operating temperature of 80 ◦C. In a typical gas-sensing experiment, liquid TEA was
first injected followed by gas evaporation. The chamber was then irradiated with a light
wavelength of λ > 320 nm and a power of 150 mW/cm2. It can be seen from Figure 4b
that the ZnO/ZnFe2O4 sensor exhibited a gradual increase in Ro/Rt upon light irradiation
for varying TEA concentrations ranging from 5 to 1000 ppm. Initially, the resistance (Rt)
for TEA decreased means Ro/Rt continues to increase upon introducing TEA gas into the
chamber. This might be the chemical reaction of TEA with surface absorbed oxide ions
(O2

−) resulting in electron transfer back to the sensor, leading to a decrease in resistance
(Rt). However, the sensor’s response (Ro/Rt) decreases to the initial value after switching
off the light and being exposed to air (Figure 4b). As shown in Figure 4c, a comparative
evaluation of the ZnO/ZnFe2O4 sensor calcined at 600 ◦C was investigated to assess its
performance in the presence and absence of light illumination, while maintaining all other
experimental conditions the same. The results indicate that a noticeable difference in
response across all TEA concentrations clearly show that light illumination significantly
enhances the gas-sensing performance of the sensor. Hong et al. reported the synthesis of
hierarchical flower-like Ni-Al-LDH and Ni-Fe-Al-LDH intercalation sensors using a facile
one-step hydrothermal approach for NOx sensing at room temperature (RT) [56]. In another
study, Sun et al. reported the preparation of three-dimensional hierarchical flower-like a
Mg-Al-LDH sensor using a simple hydrothermal method for sensing NOx at RT [57]. They
reported that the hierarchical porous nanostructure provides natural channels for efficient
and fast carrier transportation, resulting in fast response and recovery times to 100 ppm
NOx at RT. Qu et al. [58] designed a porous double-shelled nanocage ZnO/Ni0.9Zn0.1O
sensor using a unique metal–organic framework route. They reported that the designed
ZnO/Ni0.9Zn0.1O sensor demonstrates high sensitivity and selectivity towards xylene
compared to pristine ZnO nanocages. The outstanding gas-sensing performance of the
ZnO/Ni0.9Zn0.1O sensor is ascribed to the large surface area, high porosity, and synergistic
effect of ZnO and Ni0.9Zn0.1O.
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Figure 4. (a) Pictorial presentation for synthesis of gas sensor based on ZnO/ZnFe2O4 composite.
(b) Sensing response towards various TEA concentrations as function of time under light illumination
at working temperature of 80 ◦C. (c) Comparative sensing response for TEA in presence and absence
of light illumination at 80 ◦C [55].

Zhang et al. developed a highly sensitive, durable, and active sensor for sensing o
VOCs using a combination of p-n heterojunction [59]. The sensor was prepared using a
facile thermal conversion of hierarchical CoTi LDHs precursors at 300–400 ◦C [59]. The
prepared optimized mesoporous hierarchical Co3O4–TiO2 nanocomposite demonstrated
excellent sensing performance for toluene and xylene at an operating temperature of 115 ◦C.
In another study, Kang et al. designed a novel Ni-Al–LDH sensor using a hydrothermal
method for detecting different gases including ozone, H2, NO2, and ethanol [60]. Their
investigations indicate that the synthesized Ni-Al–LDH sensor exhibited exceptional and
selective detection of ozone, even in the presence of other interfering gases such as H2, NO2,
and C2H5OH. Moreover, the developed sensor exhibited an outstanding response and
recovery times, along with excellent selectivity and stability towards ozone. A phenomeno-
logical sensing performance of the chlorine intercalated LDH sensor was investigated
by Polese et al. [48] for five different VOCs (CO, CO2, NO, NO2, and CH4). Their study
highlighted that LDHs are a class of nanomaterials that exhibit outstanding properties
such as large surface area, high porosity, and excellent chemical interaction capabilities
with a wide range of analytes. Additionally, these materials are easy to synthesize and
tailor for sensing performance. In another study, Qu et al. [61] used a MOF-based synthesis
approach to develop a Co3O4/NiCo2O4 double-shelled nanocage for acetone sensing. To
design a MOF-derived Co3O4/NiCo2O4, zeolite imidazolate framework-67 (ZIF-67) was
first synthesized. Afterwards, the synthesized ZIF-67 was then dispersed into an ethanol
solution containing Ni(NO3)2·6H2O during continuous stirring. Finally, the mixture was
annealed at 350 ◦C for 2 h, as shown in Figure 5a. To confirm the morphology, crystallinity,
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and elemental composition of the synthesized Co3O4/NiCo2O4 double-shelled nanocages
sensor, SEM, TEM, XRD, and elemental analyses were carried out. It could be seen from
the XRD analysis (Figure 5b,e) that the synthesized sensor is pure and crystalline in nature,
which is consistent with the reported literature. The scanning electron microscopic (SEM)
image of ZIF-67 and Co3O4 are displayed in Figure 5c and 5d, respectively. Surface analysis
exhibits the formation of rhombo-dodecahedron-shaped structures with an average size
of 500 nm. The SEM results for ZIF-67/Ni-Co LDH and Co3O4/NiCo2O4 are depicted in
Figure 5f and 5h, respectively. On the other hand, transmission electron microscopic (TEM)
images of the ZIF-67/Ni-Co LDH and Co3O4/NiCo2O4 are presented in Figure 5g and 5i,
respectively. The SEM results exhibited the formation of a rougher surface texture of
Co3O4/NiCo2O4 compared to the ZIF-67/Ni-Co LDH.

Figure 5. (a) Schematic illustration for synthesis of Co3O4/NiCo2O4 double-shelled nanocages.
(b) XRD pattern of synthesized ZIF-67 and simulated sample. SEM image of (c) ZIF-67 and (d)
Co3O4. XRD patterns of (e) Co3O4 and Co3O4/NiCo2O4. SEM (f,g) TEM images of ZIF-67/Ni-Co
LDH. SEM (h,i) TEM images of Co3O4/NiCo2O4. EDX spectrum (j) of Co3O4/NiCo2O4. (k) Sensing
performance of Co3O4 and Co3O4/NiCo2O4 sensor for 100 ppm acetone as function of operating
temperature, and (l) response of Co3O4 and Co3O4/NiCo2O4 sensor for 100 ppm acetone at 238.9 ◦C.
Reproduced with permission [61].

TEM analysis further confirmed the formation of a double-shelled nanocage structure.
In order to confirm the elemental composition of the Co3O4/NiCo2O4 double-shelled
nanocage sensor, Energy Dispersive X-ray Spectroscopic (EDX) analysis was carried out,
which indicated the presence of Co, Ni, and O elements, as shown in Figure 5j. The sensing
performance of the synthesized sensors was examined for acetone at different temperatures
to study the impact of operating temperature, a key parameter influencing the performance
of semiconducting sensors. Therefore, the sensing performance of the Co3O4/NiCo2O4

sensor was tested for 10 ppm acetone as a function of temperature to obtain the optimum
temperature, as shown in Figure 5k. The optimum temperature for Co3O4/NiCo2O4 was
found to be 238.9 ◦C. Therefore, the rest of the sensing experiments were performed at
the optimum temperature, which indicated that the Co3O4/NiCo2O4 sensor revealed fast
response and recovery times for 100 ppm acetone (Figure 5l).

Li et al. [62] demonstrated the development of core–shell of polystyrene spheres
combined with cobalt-based LDHs for the detection of ethanol. In another study, Qu
et al. [63] fabricated the porous hollow Co3O4/ZnCo2O4 nanostructure composite using
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a self-sacrificing template method for acetone sensing. Zhang et al. [64] established an
ultra-sensitive and selective NOx gas sensor with an ultra-low detection limit by prepared
expanded graphite/NiAl LDH nanowires using a hydrothermal method. It was reported
in the literature that nanocomposites made up of combinations of organic and inorganic
materials have attracted significant interest in the field of sensors due to the synergistic
effects between respective components. In this contest, LDHs have emerged as promis-
ing host-matrices, providing a confined and stable environment for uniform composite
formation. In this contest, Qin et al. proposed that LDH-based sensing devices could
be a possible solution due to their exclusive structural properties [65]. To explore this
possibility, a 3D nanocomposite of polyaniline (PANI) and ZnTi-LDHs was developed
using a hydrothermal method, where PANI was uniformly joined into the ZnTi-LDH
matrices. The optimized ZnTi-LDH sensor exhibited outstanding sensing performance,
confirmed by its high response and notable long-term stability at RT. In order to detect
the nitrogen dioxide (NO2) gas, which plays a key role for the formation of photochemical
smog, PM2.5, acid rain, and ozone formation in the atmosphere, an LDH-based sensor was
developed by Liu et al. [66]. They used a simple one-step hydrothermal method for the
preparation of a 3D flower-like CoAl-LDH nanocomposite sensor. To improve gas sensitiv-
ity of a 3D flower-like CoAl-LDH sensor, fluoride ion was used as a functional template
agent. The functionalized optimized sensor demonstrated excellent sensing performance
towards NO2 detection, as confirmed by ultrafast response and recovery times. Zhang
et al. [67] reported the synthesis of 3D flower-like NiZnAL ternary sensor with multi-metal
oxide and ultra-thin porous nanosheets for the detection of NOx. In another study, a 3D
flower-like Zn and Al sodium dodecyl sulfate-LDH sensor intercalated by anions was
synthesized using a hydrothermal method. In this system, urea was used a precipitant
and sodium dodecyl sulfate as a functional templating agent for the detection of NO2 [68].
Lang et al. [69] highlighted that an ideal gas sensor must exhibit fast response and recovery
times, along with excellent repeatability and long-term stability, to contribute effectively to
environmental protection. To fulfill this purpose, they developed the 3D flower-like layered
Ni-Co-LDH composite sensor using a simple hydrothermal method. In a typical procedure,
Ni(NO3)2.6H2O and Co(NO3)2.6H2O in ratios of 3:1, 1:1, and 1:3 were dissolved in distilled
water along with hexamethylenetetramine (HMT) under continuous stirring for 4 h. The
resulting suspension then transferred to Teflon-lined autoclave and was heated at 95 ◦C for
12 h. the obtained powder was washed several times with water and ethanol and dried at
60 ◦C in oven. The samples were denoted as Ni3Co1, Ni1Co1, and Ni1Co3 (Figure 6a).

In order to confirm the flower-like structure of the sensors, SEM analysis was con-
ducted. The authors found that synthesized materials are composed of uniform 2D sheets
making a 3D flower-like structure. Moreover, the nanosheets were interconnected and
intertwined similar to petals and almost perpendicular to the outer surface, providing
a diameter of 3–4 μm. This may be attributed to the fact that during hydrothermal syn-
thesis, the nanosheets gradually deposited on each other, producing a shape similar to
a flower-like structure. The performance of the synthesized 3D flower-like NiCo-LDH
sensor was investigated to detect NO2 gas at RT. Figure 6b exhibits the sensing response
of the optimized Ni1Co1 sensor against different concentrations (0.01–100 ppm) of NO2

at RT. As shown in Figure 6b, as the concentration of NO2 increases, the reaction of the
Ni1Co1 sensor also increases. The lowest concentration detected by Ni1Co1 and Ni3Co1
was found to be 0.1 ppm, whereas the lowest concentration detected by Ni1Co3 was found
to be 0.05 ppm. Figure 6c exhibits the response and recovery times of the Ni3Co1, Ni1Co1,
and Ni1Co3 sensors towards NO2 sensing. Among all the sensors, Ni1Co1 indicates the
highest sensing response and recovery times for NO2 sensing, as shown in Figure 6c. The
calibration curve for Ni1Co1 was obtained from the logarithm of sensor response (log S)
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and the logarithm of gas concentration (log NO2). It can be seen from Figure 6d that the
calibration curve shows a linear relationship. They also measure the stability and selec-
tivity, which are very important parameters for sensors to be used at an industrial level.
The stability of the Ni1Co1 sensor was performed by repeatability using the sensor for
14 consecutive cycles, as shown in Figure 6e. The selectivity of the sensor was investigated
in the presence of other interfering gases such as CH4, CO, NH3, H2S, H2, and NO2 at the
same experimental conditions at RT. As shown in Figure 6f, the optimized Ni1Co1 sensor
is more selective towards NO2 gas. Moreover, the long-term stability of the Ni1Co1 sensor
was subjected to 100 ppm NO2 every 5 days at RT. As shown in Figure 6f, after 60 days of
stability measurement, the sensor response is excellent. The performance of the gas sensors
based on LDH materials are shown in Table 1.

Figure 6. (a) Schematic illustration of preparation of 3D flower-like NiCo-LDH gas sensor. (b) Re-
sponse and recovery times of optimized Ni1Co1 sensor towards varying concentrations of NO2 gas,
(c) gas response and recovery times of NiCo-LDH sensor at different molar concertation for NO2 at
RT, (d) NO2 calibration curve of Ni1Co1 composite, (e) dynamic response of Ni1Co1 sensor 100 ppm
NO2 for 14 cycles, (f) selectivity of Ni1Co1 sensor in presence of different interfering gases, and
(g) stability of Ni1Co1 sensor for 100 ppm NO2 for 60 days. Reproduced with permission [69].
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Table 1. Sensing activity and comparison of gas sensors based on LDH [70–85].

Sensors Analytes
Detection Range

(ppm)

Response
Time
(min)

Recovery
Time
(min)

Response (S) References

Ni-Cr-AL-LDH Acetone, ethanol 500–5000 6, 1 3, 1 Rg−Ra/Ra × 100 [70]

NiO/NiGa2O4-LDH Toluene 0.1–5 4.7 6.3 Rg/Ra [71]

ZnAl−Cl, ZnFe−Cl,
ZnAl−NO3, and

MgAl−NO3-LDH
Acetone, ethanol,

ammonia, chlorine

Fixed
concentrations

of 10% of
saturated vapors

3.1, 3.1,
3.9, 2.3

2.3, 4.05,
3.7, 3.2 Rg−Ra/Ra × 100 [72]

CuCr-, ZnCr-, and
ZnTi-LDH

Methanol, ethanol,
acetone 1–40 --- 0.61, 0.71,

1.48 Rg−Ra/Ra [73]

ZnTi-LDHs/rGO NO2 0.05–20 0.033 0.86 Rg−Ra/Ra × 100 [74]

CoNi- LDH on GO
(GO@LDH)

2,4-Dimethyl
benzaldehyde 10–300 μg/L ---- ----- ----- [75]

zinc–chromium-LDH SO2 0.1–100 0.33 5.12 Rg−Ra/Ra × 100 [76]

zinc–chromium-LDH SO2 0.1–100 0.33 2.8 Rg−Ra/Ra × 100 [77]

NiCo-LDH Methylene Blue,
Methylene orange 0.005–10 4.5, 2.2 --- Rg−Ra/Ra [78]

Zn–Al-LDH SO2 - - - Rgas/Rair [79]

Cu/Fe -LDH Imidacloprid - - - Rg−Ra/Ra [80]

(CeO2)x/Ni-Al LDH Methanol, ethanol,
and acetone 25–300 1.01, 0.666,

0.42
3.45, 0.91,

2.13 Rair/Rgas [81]

CeO2/Ni–Al-LDH Ethanol 25–300 0.666 1.27 Rair/Rgas [82]

Ni-Al LDH Methanol, ethanol,
and acetone 20- 300 0.2, 0.83,

0.33
2.25, 1.95,

1.9 Rair/Rgas [83]

(CeO2)x/Ni-Al–LDH Methanol, ethanol,
and acetone 25–300 1.01, 0.666,

0.41
3.45, 0.92,

2.13 Rair/Rgas [84]

ZnCo-LDHs Ethanol 50–250 --- ---- Rg/Ra [85]

3. LDH-Based Electrochemical Sensors

Electrochemical sensors are promising voltammetric sensing technology for the detec-
tion of biomolecules, hazardous compounds, drugs, etc. In this report, we have summarized
the progress in LDH-based materials for the sensing of toxic and hazardous substances. It
is known that endocrine-disrupting substances or compounds such as bisphenol A (BPA;
2,2-bis(4-hydroxyphenyl)propane) are one of the environmental pollutants that may have
negative impacts on aquatic life and environment. BPA is widely used in various products
and can be easily leached to water, food, or soil, and it can further migrate to aquatic
organisms and human bodies [86]. BPA may be responsible for various diseases such
as sexual dysfunction, neurotoxicity problems, cardiovascular, lower sperm quality, and
various cancers such as breast cancer. Thus, determination and monitoring of BPA is nec-
essary; Zhan et al. [86] reported the preparation of 1-aminopropyl-3-methylimidzaolium
tetrafluoroborate-modified zinc-aluminum (Zn-Al) LDH (ILs-LDH) by co-precipitation
method. The authors found that ILs-LDH has a disk-like surface morphology by SEM-based
analysis. The glassy carbon electrode, i.e., GCE, was coated with ILs-LDH towards the
sensing of BPA. The authors used cyclic voltammetry (CV), differential pulse voltammetry
(DPV), and electrochemical impedance spectroscopy (EIS) techniques for the sensing of
BPA. The ILs-LDH-coated GCE exhibits improved electrochemical performance for the
sensing of BPA and an acceptable linear range of 0.02 to 3 μM with a limit of detection
(LOD) of 4.6 nM and excellent selectivity, stability, and reproducibility. The ILs-LDH-
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coated GCE shows that the proposed BPA sensor can be employed for real sample studies
with a recovery range of 94.9% to 102%. Hydrogen peroxide (H2O2) has been known as
a ubiquitous compound in the processes and as an intermediate product for biological
reactions and aerobic organisms. H2O2 is also used in various industrial applications
such as textile, medical, packaging, and waste water treatment. Despite various appli-
cations, H2O2 has negative influences on human and aquatic life. Thus, the sensing of
H2O2 is of great significance. Heli et al. [87] synthesized cobalt-aluminum (CoAl) LDH
nanoshells integrated multiwalled carbon nanotube (MWCNT) composites via a reflux
assisted method. The synthesized CoAl-LDH/MWCNT composite was characterized by
XRD, which revealed the presence of a rhombohedral structure of LDH. The formation
of the composite was also confirmed by XRD and suggested that LDH material was suc-
cessfully deposited on MWCNTs. The SEM and TEM analyses indicated the formation
of nanoshel-integrated MWCNTs. The carbon paste electrode (CPE) was modified with
a CoAl-LDH/MWCNTs composite (denoted as MCPE) and adopted as a non-enzymatic
H2O2 sensor. Chronoamperometry (CA) and CV analyses show excellent electrochemical
behavior of the MCPE and stability with good selectivity in the presence of various inter-
fering substances. Heavy metals are major threats for human beings and the environment
due to their highly toxic nature. Mercury (Hg) is one of the heavy metals and possesses
hazardous properties and it may be responsible for various health problems such as kid-
ney failure, lung diseases, and nervous system disorders. Thus, a novel Hg sensor was
developed using mercaptocarboxylic acid (thioglycolic acid; TGA) intercalated magnesium
(Mg)-Al LDH as the electrode modifier. An anion exchange method was adopted for the
preparation of Mg–Al–TGA LDH, which was further coated on GCE and explored as a
Hg sensor. The authors achieved an LOD of 0.8 nM by employing square wave anodic
stripping voltammetry (SWASV) as a sensing technology and Mg–Al–TGA LDH/GCE as
the working electrode [88]. In another report [89], co-precipitation and hydrothermal routs
methods were used for the fabrication of copper oxide (CuO)@manganese (Mn)Al LDH.
The fabrication mechanism for the formation of CuO@MnAl isdepicted in Figure 7a. The
GCE was modified with the prepared CuO@MnAl and this electrode (CuO@MnAl/GCE)
was used for H2O2 sensing applicatiosn by employing amperometry analysis. Figure 7b
shows the ameprometric responses of CuO@MnAl/GCE for various concentrations of
H2O2. The potential for the sensing of H2O2 was fixed as −0.85 V. It was observed that
current responses increase with increasing concentrations of H2O2 and a calibration plot
between the current values and concentrations of H2O2 is depicted in Figure 7c. The current
response was linearly increased, and authors achieved a decent LOD of 0.126 μM and a
linear range of 6 μM to 22 mM was obtained. Selectivity is one of the challenging tasks;
therefore, the authors studied the selectivity of CuO@MnAl/GCE for H2O2 via amperom-
etry analysis. It is clear from Figure 7d that CuO@MnAl/GCE has excellent selectivity
for H2O2 in the presence of various interfering substances. The long-term stability and
reproducibility of CuO@MnAl/GCE were also checked by measuring the current response
with 5 mM H2O2, as shown in Figure 7e. The authors observed that CuO@MnAl/GCE has
acceptable stability for 30 days and decent reproducibility (inset of Figure 7e).

Li et al. [90] proposed the fabrication of ternary LDH electrode material for heavy
metal ion sensing applications. An iron(Fe)/magnesium(Mg)/nickel(Ni) ternary LDH
was synthesized via a co-precipitation method. The fabricated ternary Fe/Mg/Ni LDH
was deposited on GCE and the SWASV technique was utilized for the determination
of lead (Pb(II)). A remarkably good LOD of 0.032 μM was obtained for Pb(II) sensing.
Excellent selectivity and stability was also obtained for Fe/Mg/Ni LDH-modified GCE
towards Pb(II) sensing. Polycyclic aromatic hydrocarbons, i.e., PAHs, are globally known as
environmental contaminants and receive significant concern because of their higher toxicity
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and bioaccumulative properties [91]. Cadmium (Cd)/Al LDH was obtained using a green
electrochemical synthetic method. The XRD results revealed that prepared Cd/Al LDH has
a poor crystalline nature while SEM analysis suggested the presence of a regular and small
sheet structure. Cd/Al LDH further coated GCE and its sensing activity for anthracene
was studied by employing EIS, CV, and DPV methods. The constructed Cd/Al/GCE
electrode shows an LOD of 0.5 fM with decent selectivity. The NiFe LDH was fabricated on
a nickel foam electrode using a hydrothermal method [92]. Their phase purity, formation,
and crystalline nature were evaluated by XRD while SEM analysis was adopted for the
study of morphological characteristics. It can be seen that NiFe LDH has decent crystalline
properties with good phase purity and XRD results confirmed the growth of NiFe LDH on
the Ni foam electrode (Figure 8a). The SEM-based results clearly show that NiFe LDH has
hierarchical spheres (Figure 8b). The fabricated NiFe LDH-based nickel foam electrode was
employed for H2O2 sensing. The NiFe LDH-based nickel foam electrode shows that an
LOD of 0.5 μM was achieved using an amperometric method. This proposed electrode also
shows good selectivity in the presence of potassium chloride, sodium chloride, dopamine,
glucose, and uric acid (Figure 8c).

In a previous study, MgFe LDH was also reported by employing a one-step hydrother-
mal method [93]. MgFe LDH was immobilized on graphene sheets and the resulting
composite (MgFe LDH/graphene/GCE) demonstrated higher electrochemical activity,
which may be ascribed to the presence of synergism in the fabricated MgFe LDH/graphene
composite. The authors investigated simultaneously the determination of Cd (II) and Pb
(II). The LOD of 5.9 nM and 2.7 nM were reported for the detection of Cd (II) and Pb (II),
respectively. The MgFe LDH/graphene composite-modified GCE also displayed good
recovery for real sample studies in lake water. Zhan et al. [94] fabricated a novel BPA sensor
by utilizing exfoliated Ni2P/Al LDH as an electrode modifier. Ni2P/Al was prepared by
using l-asparagine as a pre-intercalator and synthesized Ni2P/Al LDH was exfoliated, as
demonstrated in Figure 9. The exfoliated Ni2P/Al LDH-modified GCE was explored as
a BPA sensor and the DPV technique was utilized as voltametric approach towards the
determination of BPA. The mechanism of BPA sensing is illustrated in the DPV graph
displayed in Figure 9. This proposed sensor shows a linear range of 0.02 to 1.51 μM, an
LOD of 6.8 nM, and good selectivity, reproducibility, and stability.

Nitrite is widely used in various industries including the food industry, agriculture
(as a fertilizer), and corrosion science (as an inhibitor). Unfortunately, nitrite has toxic
properties and can interact with amines to transform to carcinogenic N-nitrosamines.
Additionally, it can have negative effects if it is present in drinking water with higher
concentrations. Mg/Al LDH was prepared on carbon paper (CP) using a hydrothermal
method. Surface morphological investigations revealed that Mg/Al LDH has a flower-like
structure and grew on CP. This electrode demonstrated decent electrochemical performance
for the sensing of nitrite with decent selectivity and stability [95]. Metronidazole (MNZ; 2-
(2-methyl-5-nitroimidazole-1-yl) ethanol) is the derivative of nitroimidazole which is used
for the treatment of protozoal diseases such as giardiasis and trichomoniasis [96]. MNZ may
cause some health-related issues such as genotypic, mutagenic, genotoxic, and carcinogenic
side effects. Thus, Vilian et al. [96] fabricated a novel MNZ sensor by using NiCo LDH as
the electrode material and the authors prepared NiCo LDH on carbon nanofibers (CNFs)
via a hydrothermal method (Figure 10a). SEM analysis revealed that CNF–NiCo-LDH
with a dense hierarchical nanowire structure was successfully anchored on the surface of
CNFs (Figure 10b). The synthesized CNF–NiCo-LDH-based electrode was used as a MNZ
sensor by using a DPV--based sensing method. The authors observed that the current
value increases with increasing concentrations of MNZ (Figure 10c) and a calibration plot
between the current value and concentration of MNZ (Figure 10d) indicated that current
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values linearly increase and a decent linear range of 3 to 57 nM was obtained with an LOD
of 0.13 nM. The authors also stated in this article that the proposed CNF–NiCo-LDH-GCE
for the sensing of MNZ has excellent anti-interfering properties and can be used for the
selective detection studies of MNZ in pharmaceutical industries.

Figure 7. (a) Schematic picture for synthesis mechanism of CuO@MnAl NSs. (b) Amperometric
response of CuO@MnAl/GCE with different concentrations of H2O2 at −0.85 V and (c) calibration
curve between current versus concentrations. (d) Selectivity test and (e) variation in current responses
for 5 mM H2O2 with time (s). Inset shows current values for seven electrodes for 5 mM H2O2.
Reproduced with permission [89].

Wang et al. [97] fabricated zeolitic imidazole framework (ZIF-67)/LDH nanosheets
(NSs) for the sensing of α-naphthol and β-naphthol. Synthetic protocols for the preparation
of ZIF-67/LDH composites can be seen in Figure 11a. XRD results shos the presence of
good phase purity and a decent crystalline nature of the obtained samples (Figure 11b).
ZIF-67/LDHNS (Co/Al LDH nanosheets) was coated on GCE and electrochemical studies
revealed the excellent electrochemical behavior of the ZIF-67/LDHNS-modified GCE. DPV
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results demonstrated decent LOD of 62 and 94 nM for the sensing of α-naphthol and
β-naphthol, respectively. The decent linear range of 0.3 to 150 μM with high stability,
reproducibility, and selectivity were also highlighted by the authors. It was observed that
LDHNS@ZIF-67/GCE may be used as an efficient sensor for the simultaneous determina-
tion of α-naphthol and β-naphthol (Figure 11c) with good selectivity.

Figure 8. (a) XRD and (b) SEM results for Cd/Al LDH. (c) Selectivity test of Cd/Al LDH/GCE for
H2O2. Reproduced with permission [92].

 
Figure 9. Schematic illustration of fabrication of BPA sensor. Reproduced with permission [94].
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Figure 10. (a) Schematic graph shows formation of CNF-NiCo LDH and SEM image (b) of CNF-
NiCo LDH. (c) DPVs of CNF-NiCo LDH/GCE for MNZ sensing under various concentrations and
(d) calibration curve of current versus concentrations of MNZ. Reproduced with permission [96].

Figure 11. (a) Schematic illustration of formation of LDHNS@ZIF-67. (b) XRD patterns of LDH,
ZIF-67, LDH@ZIF-67, and LDHNS@ZIF-67. (c) Selectivity test using DPV method. Reproduced with
permission [97].

In a different report [98], a unique reaction–diffusion framework (RDF) was adopted for
the formation of CoAl-LDHNS (CoAl-LDHNS@ZIF-67). The proposed CoAl-LDHNS@ZIF-
67/GCE shows LOD of 54 and 82 nM for the sensing of α-naphthol and β-naphthol, respec-
tively, with linear range of 0.3 to 150 μM. It was believed that the presence of hierarchically
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structured functional LDH materials may exhibit better electrochemical activity and can be
explored for sensing applications. Joseph et al. [99] reported the formation of a novel FeMn
LDH entrapped tungsten carbide (WC) composite for the determination of diphenylamine
(DPA) via a hydrothermal method. An FeMn LDH/WC-based electrode showed a wide
linear range of 0.01 to 183.34 μM with an LOD of 1.1 nM and good selectivity via the DPV
method. In other work [100], a NiCo LDH/WC composite (WC@NiCo-LDH) was also
formed by employing the simple and efficient hydrothermal method. The WC@NiCo-LDH-
modified electrode was able to maintain excellent electrochemical activity for the sensing of
norfloxacin (NRF) using CV, DPV, and amperometric methods. The authors reported LOD
of 0.005 μM and 0.002 μM using DPV and amperometry methods, respectively. The linear
range of 0.02–83.4 μM and 0.002–346 μM were reported for the DPV- and amperometry-
based methods, respectively. This improved performance was attributed to the high surface
area, electrical conductivity, and synergism between the WC and LDH materials. Karup-
piah et al. [101] reported the preparation of two-dimensional (2D) hydrogen ammonium
ZnMo LDH (AZnMo LDH) via a co-precipitation method and integrated it with 1D vapor
grown carbon fiber (VGCF) using an ultrasonication method. AZnMo-LDHs@VGCF was
explored as the sensing material for the determination of dimetridazole (DMZ) and an
LOD of 0.021 μM, sensitivity of 1μAμM−1 cm−2, and linear range of 0.25 to 520.75μM
were obtained using the DPV method.

Oxygen vacancy-based Co-Al LDH (OV-LDH) was integrated with hydroxylated
MWCNTs (H-MWCNTs) by a simple self-assembly approach, as demonstrated in
Figure 12 [102]. It is believed that O-vacancies may enhance the electrochemical perfor-
mance of Co-A LDH and the presence of H-functional groups in H-MWCNTs can enable
the composite to form H-bonds with O-vacancies and improve the stability. The resulting
OV-LDHs/H-MWCNT composite-based electrode showed excellent LOD of 0.074 and
0.076 μM for hydroquinone, i.e., HQ, and catechol, i.e., CC, respectively. The proposed
sensor also has excellent recovery in industrial waste water and suggested its potential for
practical applications.

 
Figure 12. Schematic picture for formation of OV LDH/H-MWCNTs and their application for CC
and HQ sensing. Reproduced with permission [102].

The NiCo LDH/functionalized halloysite nanotubes (NiCo-LDH/F-HNTs) were pro-
posed as efficient electrode modifiers by Kokulnathan et al. [103] and showed an LOD of
0.002 μM, linear range of 0.01 to 33.4 μM, and sensitivity of 13.0μAμM−1 cm−2 towards
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the determination of parathion (PT). It was stated that the presence of synergism, higher
conductivity, various active sites, rapid electron transport, and high surface area are the
reasons for the enhanced sensing activity of the NiCo-LDH/F-HNT-based electrode for the
sensing of PT. Lv et al. [104] also reported the fabrication of CoAl LDH decorated hematite
(CoAl-LDH/α-Fe2O3) for the sensing of H2O2, which demonstrated an LOD of 0.04 μM
and linear range of 1 to 2000 μM including a sensitivity of 132.0 μA/mM·cm2. A Co-based
LDH integrated with gold nanoparticles (Au NPs) was fabricated as an electrode modifier
for the sensing of H2O2 [105]. The AuNPs/Co-LDH-based electrode demonstrated an LOD
of 0.19 μM and a sensitivity of 406.61 μA mM−1 cm−2 for the determination of H2O2 using
an amperometry method. Diethofencarb (DFC) is used to fight fungal attacks in the agricul-
ture industries to improve crop production [106]. However, the negative influences of DFC
motivated the electrochemists to fabricate a sensor for monitoring DFC. A Zn-chromium
(Cr) LDH/vanadium carbide (VC) was prepared by using a hydrothermal method, as
shown in Figure 13. It was observed that ZnCr LDH has a nanoflower-shaped structure,
which is attached on the VC surface. ZnCr-LDH/VC was coated on a screen-printed car-
bon electrode, i.e., SPCE, for electrochemical sensing applications. ZnCr-LDH/VC/SPCE
exhibited an LOD of 2 nM for the monitoring of DFC via the DPV method. This sensor was
also efficient in detecting the DFC in a real sample analysis in water and tomato samples.

 
Figure 13. Schematic picture illustrating ZnCr LDH/VC composite for sensing of DFC. Reproduced
with permission [106].

Carmoisine is an azo dye which has negative environmental impacts and its monitor-
ing is of great significance [107]. Ni-Co LDH was obtained under facile conditions and was
coated on a screen-printed graphite electrode (SPGE) for the sensing of carmoisine in the
presence of tartrazine via the DPV method. The LOD of 0.09 μM was achieved for the de-
tection of carmoisine with a linear range of 0.3 to 125 μM. Kokulnathan et al. [108] reported
the construction of carbendazim (CDM) in the residues of the environment. For the sensing
of CDM, the authors prepared a NiCo LDH and coated it on GCE and EIS, CV, and DPV
techniques were used to determine CDM. The authors achieved an LOD of 0.001 μM and a
linear range of 0.006 to 14.1 μM, with a sensitivity of 3.38 μA μM−1 cm−2. Singh et al. [109]
reported the fabrication oxidized graphitic carbon nitride (O-g-CN)/copper (Cu)-Al LDH
composite for the construction of a diclofenac sodium (DS) sensor. It was found that Cu-Al
LDH was homogenously deposited on the O-g-CN surface. The obtained O-g-CN/Cu-Al
LDH was deposited on the surface of GCE, which demonstrated an acceptable LOD of
0.38 μM with a linear range of 0.5 to 60 μM via the DPV method. It is understood that phe-
nolic compounds, for example, benzenediol (BD), have poor biodegradability and toxicity
and pose threats to the environment and human life [110]. In this regard, AZnMo LDH was
prepared with carbon black (CB) and proposed as a working electrode for the sensing of BD.
AZnMo LDH/CB showed low electrical resistance and higher electrochemical reactivity
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with improved electron transport. The presence of synergistic interactions between AZnMo
LDH and CB enhanced the sensing mechanism of HQ, CC, and resorcinol (RC) via DPV.
The authors reported LOD of 0.0054 μM, 0.0018 μM, and 0.075 μM towards HQ, CC, and
RC, respectively. The proposed electrode was also validated towards real sample inves-
tigations in water, soil, and environmental samples. In 2023, a simple and cost-effective
strategy was applied for the formation of ternary MnFeZn LDH and deposited on the GCE
surface towards the sensing of flutamide (FLA) [111]. The formation of MnFeZn LDH
is illustrated in Figure 14. A linear range of 0.019 to 2735.79 μM and LOD of 12.9 nM
were obtained by using the DPV method. The proposed sensor also showed stability of
50 cycles with real sample sensing in river water. Thus, this type of sensor can be applied
for practical applications.

 

Figure 14. Schematic graph shows formation of MnFeZn LDH for FLA sensing. Reproduced with
permission [111].

He et al. [112] reported the sensing of glucose and H2O2 using the CoZn-LDH@CuO-
modified electrode via an amperometry method. An interesting LOD of 0.17 μM and
high sensitivity of 4585 μA mM−1 cm were obtained via CoZn-LDH@CuO NSA/CF.
Tajik et al. [113] fabricated a Ni-Co LDH/MWCNT composite and modified it with
CPE to develop the 4-aminophenol (4-AP) sensor. The authors adopted CV, DPV, and
chronoamperometry techniques for the electrochemical characterization of the Ni-Co-
LDH/MWCNTs/CPE towards the sensing of 4-AP. The electrochemical studies exhibited a
wide linear range of 0.02 to 700 μM, a sensitivity of 0.076 μA/μM, and an LOD of 0.01 μM.
Ni-Co-LDH/MWCNTs/CPE also worked well for selectivity studies and real sample in-
vestigations in water samples. In 2024, a hydrazine (N2H4) sensor was developed by
Zhou et al. [114] by employing an LDH-modified electrode. The authors obtained NiCo-
LDH elf-assembled hollow nanocages (HNCs) by employing an in situ etching approach
via a Cu2O nanocube template (Figure 15a). Furthermore, the authors found that this
unique structure is beneficial for electrochemical sensing applications and constructed a
NiCo-LDH HNCs/CP electrode for the determination of N2H4. The pH was optimized by
recording CVs of NiCo-LDH HNCs/CP in different pH conditions for the sensing of N2H2

(Figure 15b). The higher activity of NiCo-LDH HNCs/CP was observed for N2H4 under a
pH of 14. However, oxygen evolution at pH 14 may interfere with the sensing of N2H4;

158



Chemosensors 2025, 13, 115

therefore, the authors used pH 13 for further electrochemical studies. Furthermore, the au-
thors observed that chronoamperometry is highly sensitive compared to the CV and further
studies were carried out using chronoamperometry. The potential for the determination
of N2H4 was also optimized and 0.6 V was found to be suitable and efficient (Figure 15c).
The amperometric response of the NiCo-LDH HNCs/CP electrode shows that current
response increases with the addition of N2H4 via chronoamperometry at 0.6 V (Figure 15d).
This rapid increase in the current response was found to be linear by calibrating current
responses versus the concentration of N2H4, as shown in Figure 15e. An interesting LOD
of 0.135 μM and a linear range of 3 × 10−3 mM to 2 mM and 3 μM to 6 mM were observed
with good selectivity and stability.

Figure 15. (a) Schematic illustration of formation of NiCo-LDH HNCs. (b) CV graphs of NiCo-LDH
HNCs/CP for 1 mM N2H4 (under different pH conditions). (c) Amperometric responses of NiCo-
LDH HNCs/CP with successive spike of 1 mM N2H4 (at different potentials). (d) Amperometric
graph of NiCo-LDH HNCs/CP for N2H4 at 0.6 V. Inset enlarged graph. (e) Calibration curve between
current versus concentration of N2H4. Reproduced with permission [114].
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Khan et al. [115] obtained a decent LOD of 0.004 μM and a linear range of 0.05 to 50 μM
towards the detection of pentachlorophenol (PCP) by fabricating a Ni-Al LDH-modified
GCE. EIS investigations revealed that Ni-Al LDH-modified GCE has good electrical con-
ductivity and electrochemical ability for the detection of PCP. Ashry et al. [116] obtained an
LOD of 0.3 μM for the sensing of paroxetine by using a β-Cyclodextrin/Zn–Fe LDH/g-
CN composite-based electrode whereas Ragumoorthy et al. [117] developed a Mesalazine
(MLZ) sensor by utilizing Co-Al LDH/GCE, which exhibits an LOD of 0.029 μM and
a linear range of 0.049 to 665.1 μM. In a recent report by Stanley et al. [118], a propyl
gallate (PG) sensor was developed by fabricating a NiFeCo-LDH and graphene aerogel
(NiFeCo-LDH/GA)-based electrode and an LOD of 0.87 nM with excellent sensitivity of
41.22 μA μM−1 cm−2 was achieved. The authors stated that the presence of high surface
area and active sites enhanced the sensing of the proposed electrode for the determination
of PG. In another report [119], NiFeCu-LDH/GA/SPCE was also explored as a PG sensor,
which demonstrated an LOD of 0.004 μM and a linear range of 0.02 to 279.1 μM with
excellent recovery in real samples. In another study [120], a Ni/Co LDH hollow cake
(HC) was prepared by using a Co-based ZIF precursor via a benign ion etching process.
The Ni/Co LDH HC-based electrode showed an LOD of 0.22 μM and a sensitivity of
7050 μA mM−1 cm−2 for the monitoring of H2O2. Guo et al. [121] reported the synthe-
sis of NiMoO4 nanorods@NiCo-LDH nanosheets for the sensing of H2O2. The NiMoO4

NRs@NiCo-LDH NSs/CC was explored as an electrode and an LOD of 112 nM with a wide
linear range of 1 μmol to 9.0 mmol was observed concerning the monitoring of H2O2 using
amperometry. The performance of the various reported sensors are displayed in Table 2.

Table 2. Sensing performance of reported sensors using LDH-based electrodes.

Electrode Material Analyte
Detection

Limit (μM)
Linear Range (μM)

Sensitivity

(μA/μM·cm2)
Sensing
Method

References

ILs-LDH modified GCE BPA 0.0046 0.01–3.0 - DPV [86]

CoAl-LDH/MWCNTs H2O2
5 μmol
dm−3 100–4000 μmol dm−3 118 mA dm3

mol−1 cm−2 CA [87]

Mg–Al–TGA LDH/GCE Hg 0.8 nM 2–800 nM - SWASV [88]

CuO@MnAl/GCE H2O2 0.126 6 μM to 22 mM - Amperometry [89]

Fe/Mg/Ni LDH/GCE Pb 0.032 0.03–1 68.1 μA μM−1 SWASV [90]

Cd/Al/GCE Anthracene 0.5 fM 0.1–100.0 pM - DPV [91]

NiFe LDH/nickel foam H2O2 0.5 5 × 10−4–0.84 mM - Amperometry [92]

MgFe LDH/GCE Cd (II) 5.9 nM 0.1–1.0 - SWASV [93]

MgFe LDH/GCE Pb (II) 2.7 nM 0.1–1.0 - SWASV [93]

Exfoliated Ni2P/Al
LDH/GCE BPA 6.8 nM 0.02 to 1.51 μM - DPV [94]

MgAl LDH/CP Nitrite 0.03 14.8–222 μM - Amperometry [95]

CNF–NiCo-LDH-GCE MNZ 0.13 nM 3 to 57 nM 1.294 μA
nM−1cm−2. DPV [96]

WC@NiCo-LDH NRF 0.005 0.02–83.4 6.53 μA μM−1cm2 DPV [97]

WC@NiCo-LDH NRF 0.002 0.002–346 40.81 μA
μM−1cm2 Amperometry [98]

WC@FeMn-LDH DPA 0.0011 0.01–183.34 - DPV [99]

WC@NiCo–LDH NRF 0.005 0.02–83.4 - DPV [100]

AZnMo-LDHs@VGCF DMZ 0.021 0.25–570 1 DPV [101]

OV-LDHs/H-
MWCNTs/GCE CT 0.074 0.5–150 - DPV [102]
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Table 2. Cont.

Electrode Material Analyte
Detection

Limit (μM) Linear Range (μM)
Sensitivity

(μA/μM·cm2)
Sensing
Method References

OV-LDHs/H-
MWCNTs/GCE HQ 0.076 0.5–150 - DPV [102]

NiCo-LDH/F-HNTs PT 0.003 0.012–24.5 - DPV [103]

CoAl-LDH/α-Fe2O3 H2O2 0.04 0.001–2 - PEC [104]

AuNPs/Co-LDH H2O2 0.19 4 μM–16 mM 406.61 μA
mM−1cm−2 Amperometry [105]

ZnCr-LDH/VC DFC 0.002 0.01–228 - DPV [106]

Ni–Co LDH NSs/SPGE Carmoisine 0.09 0.3–125 - DPV [107]

NiCo-LDH CDM 0.001 0.006–14.1 3.38 DPV [108]

o-g-C3N4/CuAl-
LDH/GCE DS 0.64 0.5–60 - DPV [109]

AZnMo-LDHs/CB HQ 0.0054 0.05–971 - DPV [110]

AZnMo-LDHs/CB CC 0.0018 0.1–1036 - DPV [110]

AZnMo-LDHs/CB RC 0.075 0.5–1408.5 - DPV [110]

MnFeZn-LDH FLA 0.012 0.0199–2735.7 5.04 DPV [111]

CoZn-LDH@CuO
NSA/CF H2O2 0.17 0.8 μM–3.5 mM 4585 μA mM−1cm Amperometry [112]

Ni-Co-
LDH/MWCNTs/CPE 4-AP 0.01 0.02–700 0.076 μA/μM DPV [113]

NiCo-LDH Hydrazine 0.135 3–2 × 103 3260 μA
mM−1cm−2 Amperometry [114]

Ni-Al-LDH PCP 0.004 0.05–50 - DPV [115]

CoAl-LDH/GCE MLZ 0.029 0.049–665.1 - DPV [117]

NiFeCo-LDH/GA PG 0.00087 0.001–297.43 - DPV [118]

NiFeCu-LDH/GA PG 0.004 0.02–279.1 - DPV [119]

NiCo-LDH HC H2O2 0.22 - 7050 μA
mM−1cm−2 Amperometry [120]

NiMoO4
NRs@NiCo-LDH

NSs/CC
H2O2 0.112 1–9000 - Amperometry [121]

4. Conclusions and Future Perspectives

This article reviewed the progress in the development of 2D LDH and its composite-
based materials for gas sensing and electrochemical sensing applications. The progress
in LDH materials based on Mn, Cu, Fe, Mg, Co, Ni Gd, and Al metals were compiled for
sensing studies. The reported literature exhibits that LDH-based materials have promising
features such as decent surface area and conductivity and physiochemical properties for the
detection of various gases and hazardous compounds. The presence of synergy effects in
the fabricated LDH-based composites provide active sites for catalytic reactions/adsorption
of toxic gases and facilitate charge transport, which resulted in improved sensing perfor-
mance. We believed that tuning the composition of the LDH-based materials may improve
the selectivity and sensitivity of the gas sensors. In addition, LDH-based materials may
offer various advantages such as the development of gas sensors at low temperatures,
which makes them promising candidates for practical applications at a large scale. On
the other side, LDH-based materials coated on different electrodes such as CPE, GCE, or
SPCE showed excellent electrochemical activity for various electrochemical reactions. The
LDH-based materials are found to be promising electrode modifiers for the construction of
electrochemical sensors for the detection of environment pollutants. Unfortunately, despite
the excellent sensing performance of the 2D LDH-based materials, some challenges still
exist, which include structural instability and low electronic conductivity. The limited
conductivity of LDHs may also restrict their applications as electrode modifiers in electro-
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chemical sensors and sensing material for gas sensors. It can be noted that MXenes are
highly conductive material and are widely used as conductive support for the preparation
of hybrid composites for various optoelectronic applications. The presence of synergistic
interactions in the MXene-based composites may further improve their physicochemical
properties. To further enhance the performance of LDH-based materials, it is crucial to
combine LDHs with appropriate conductive materials to boost their overall conductivity.
Thus, we also believe that future investigations may focus on the design and fabrication of
simple and benign synthetic methods, with a combination of LDH with MXenes, conduc-
tive materials, or other layered metal sulfides to further improve the electrical conductivity
and charge transport properties of the LDH materials. The combination of MXene and
LDH materials may be a great idea to develop a highly efficient hybrid material for gas
sensing and electrochemical applications. LDH/MXene-based hybrid composites may be
adopted as sensing materials which can be further used for commercial purposes such as
monitoring hazardous compounds or toxic gases for environment-related fields.
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Abstract: The detection of hydrogen gas is crucial for both industrial fields, as a green
energy carrier, and biomedical applications, where it is a biomarker for diagnosis. TiO2

nanomaterials are stable and sensitive to hydrogen gas, but their gas response can be
negatively affected by external factors such as humidity. Therefore, a strategy is required to
mitigate these influences. The utilization of organic–inorganic hybrid gas sensors, specifi-
cally metal oxide gas sensors coated with ultra-thin copolymer films, is a relatively novel
approach in this field. In this study, we examined the performance and long-term stability
of novel TiO2-based sensors that were coated with poly(trivinyltrimethylcyclotrisiloxane-
co-tetrafluoroethylene) (P(V3D3-co-TFE)) co-polymers. The P(V3D3-co-TFE)/TiO2 hybrid
sensors exhibit high reliability even for more than 427 days. They exhibit excellent hydro-
gen selectivity, particularly in environments with high humidity. An optimum operating
temperature of 300 ◦C to 350 ◦C was determined. The highest recorded response to H2

was approximately 153% during the initial set of measurements at a relative humidity of
10%. The developed organic–inorganic hybrid structures open wide opportunities for gas
sensor tuning and customization, paving the way for innovative applications in industry
and biomedical fields, such as exhaled breath analysis, etc.

Keywords: sensors; organic–inorganic structures; hybrid gas sensor; tuning; hydrogen;
copolymer; PTFE; PV3D3; P(V3D3-co-TFE)

1. Introduction

Gas sensors are of great interest in many applications. They enable monitoring and
control in industrial applications, but also in areas such as medicine, food, automotives,
agriculture, or domestic use [1–3]. In recent years, hydrogen monitoring has become
very important. Hydrogen is a clean and versatile energy carrier [4], enabling affordable
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and sustainable modern energy [5,6]. As reported in the literature, there are a multitude
of methods of hydrogen production [4] and storage [7], which typically involve high
pressure and/or low temperature. These factors, in combination with inadequate long-
term monitoring and non-rapid leak detection, pose a significant danger to humans and
nature alike, limiting the safe usage of hydrogen for industrial applications. Beyond its
industrial applications, hydrogen has been used in the pharmaceutical industry [5] for
the manufacture of specific drugs [8] and for producing hydrogen peroxide, which is a
key chemical and oxidant [9]. Furthermore, hydrogen use is surging as a therapeutic gas,
e.g., as a treatment for reperfusion or re-oxygenation injury [10]. Hydrogen therapy is
additionally recognized as a treatment for neurodegenerative diseases, rheumatoid arthritis,
diabetes mellitus, brain stem infarction, cancer, as well as exercise- or sports-induced
oxidative stress [11,12]. Several different modes of administration are known for these
treatments [13,14], some of which lead to detectable changes in exhaled air [15]. In addition,
hydrogen is a potential biomarker for irritable bowel syndrome starting from 12 ppm [16,17]
and lactose intolerance if there is an increase of 20 ppm above the baseline [15,18,19], which
extends the use of hydrogen gas sensors to the field of diagnostics. Thus, hydrogen is used
in a wide variety of fields, especially in industry and in the medical field.

However, for monitoring and control in these application areas, long-term, stable,
fast responding, and highly sensitive hydrogen gas sensors are required. In addition, the
sensors should be essentially unaffected by external factors such as the presence of other
gases or humidity. The latter property in particular poses a challenge for state-of-the-art
sensor materials such as TiO2, resulting in the introduction of polymer-coated hybrid
sensors [15,20–25].

In this study, TiO2 was selected as a sensor material due to its recognized stability over
extended time periods [26–29], which has led to its utilization in hydrogen gas sensors that
exhibit a time-independent gas response [26,30–32].

However, further investigation is essential to increase the stability and reduce the
interference of relative humidity (RH) to improve reliable long-term operation, since RH
significantly affects sensor performances and capabilities. For example, it is important to
note that relative humidity is the main cause of the lack in performance of metal oxide
sensors [33–35].

Although TiO2 is sensitive to hydrogen [36], its gas sensing performance can be
negatively affected by external factors too, like humidity, etc. [26]. The effects of humidity
on the magnetic properties and electrical conductivity of semiconductors are well known
and have been a major challenge for the last decades [37,38]. Hybrid structures open
new opportunities for gas sensor tuning and customization, as well as immunization
vs. humidity [39], paving the way for innovative applications in industry and biomedical
fields, such as exhaled breath analysis.

Combining different nanomaterials with excellent mechanical and electronic properties
creates composite materials of great technological interest, as adding a second phase can
significantly enhance their capabilities, including electronic [40] and sensing performance,
especially in humid ambients [33,40] and by mixing with ternary phases [41].

Researchers use different approaches to obtain practical promising compounds as
electronic materials such as different mixes of metals and oxides [42]. While this research
path takes into account the addition of a second phase [40] and considers the deviation
of the original cations of the metals used [43] or even puts an emphasis on the effect
of crystallite size and distribution [44], it is also possible to obtain promising composite
materials by using different polymer and copolymer coatings [15,20,21,45,46].
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The coating of semiconducting metal oxide gas sensing structures with polytetrafluo-
roethylene (PTFE) and poly(trivinyltrimethylcyclotrisiloxane) (PV3D3) thin films leading to
organic–inorganic hybrid gas sensors appears to be of great interest for hydrogen detection.
The former is a fluorine-based polymer that exhibits high hydrophobicity, which can have
a positive effect on the long-term stability of sensor performance, especially in humid envi-
ronments like in exhaled air, etc. In addition, PTFE coatings have shown an effect on sensor
selectivity [46]. However, their operation temperature is limited due to the fact that PTFE
shows phase transitions in its semicrystalline regions and its onset of degradation starts
gradually at around 260 ◦C, followed by rapid degradation at 400 ◦C and higher [47–49].
Hybrid gas sensors with PV3D3 retain their hydrophobicity even after annealing at 400
◦C [39]. While individual PTFE/TiO2 and PV3D3/TiO2 hybrid gas sensors have been
investigated previously by us, a copolymer coating combining the promising properties
of both polymers has not been analyzed for gas sensor applications. Furthermore, no
information on their long-term stability with regard to gas sensing has been reported so far.

Consequently, this gap is addressed in the current work. Aiming for enhanced long-
term stability, overall performance, and specifically tailored sensitivity [20,39,45] in a humid
environment, we fabricated a sensor based on a TiO2 nano-layer entirely coated with an
ultra-thin P(V3D3-co-TFE) copolymer film via solvent-free initiated chemical vapor deposi-
tion (iCVD) [50], referred to as a P(V3D3-co-TFE)/TiO2 hybrid gas sensor. Its gas sensing
performance was studied and monitored over a total time span of 427 days to investigate
its long-term performance. The hydrophobic nature of the hybrid sensors prevents the
recorded data from being influenced by moisture and the environment, providing the next
step towards the detection of hydrogen as a biomarker in exhaled air.

2. Materials and Methods

2.1. Sample Production

The hybrid gas sensor principle in this study is similar to the one described in our
previous works [20,45]. A quartz or glass substrate (Thermo scientific, 2.6 × 7.6 cm, Menzel-
Gläser, Braunschweig, Germany) was precleaned by dipping it into a HCl solution (10%),
followed by rinsing it with deionized water in an ultrasonic bath. It was then placed on a
heating plate at 445 ◦C for 15 min. TiO2 was deposited on this substrate by spray pyrolysis
as described by Pauporté et al. [51]. Subsequently, the samples were thermally treated
at 450 ◦C for another 30 min and cooled down naturally. The resulting 20 nm thick TiO2

sprayed layer was post treated thermally for 60 min at 610 ◦C in air to decompose all residue
materials from the surface and stabilize the crystalline phase [52]. Lastly, Au-interdigital
electrodes were sputtered on top through a meander shaped shadow mask with a gap of
1.0 mm [53]. To avoid confusion, all production details for the sensor are indicated directly
in the figure captions as well as in the related discussion parts.

The gas sensors, consisting of a TiO2 nanolayer with Au contacts, were subsequently
coated with a copolymer thin film to protect them from the environment, moisture, and
humidity, and to tailor their gas sensing selectivity and performances. The deposition
of 25 nm thick P(V3D3-co-TFE) copolymer thin films was performed using a custom-
built iCVD reactor. The technical details are described elsewhere [39]. V3D3 and HFPO
monomers were combined with the initiator perfluorobutanesulfonyl fluoride (PFBSF) to
produce the polymer thin films. This combination has already been demonstrated in the
literature [54]. The flow rates for V3D3, HFPO, and PFSBF during the deposition process
were 0.2 sccm, 0.2 sccm, and 0.1 sccm, respectively. The substrate temperature was 30 ◦C
and the process pressure 40 Pa. The filament array inside the reactor was resistively heated
by applying 3.1 A and 16.7 V to the filament. The deposition rate was 1.8 nm/min. We refer
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to as P(V3D3-co-TFE)/TiO2/quartz hybrid gas sensors for the fabricated organic–inorganic
structures in the following text.

After fabrication and between measurements, the samples were stored in opaque
containers that had been lined with paraffine paper under ambient conditions. The heating
of the sensors before usage after long-term storage can be beneficial for several reasons.
During storage, the sensor surface (especially metal oxides or porous materials) can adsorb
moisture, hydrocarbons, or other environmental contaminants. Long storage periods may
cause the sensor’s baseline signal to drift. Thermal treatment at 300 ◦C can help to stabilize
the baseline before measurements begin, reducing initial response fluctuations.

2.2. Computational

A section of the molecular structure of the P(V3D3-co-TFE) copolymer structure was
modelled in Avogadro version 1.99.0. Geometry optimization of the obtained structure was
performed via universal force field (UFF) [55]. Molden version 6.4 was used to visualize
the output.

2.3. Sample Characterization

The sensing performances to test gas were performed using a heterostructured de-
tector connected to interdigital gold electrodes, as can be observed in Figure 1, where (a)
represents a schematic of the studied sensor. Figure 1b shows a magnified image of the
meander architecture and (c) the proposed schematic sensing structure. The measuring
apparatus was linked to a set-up with gas flow as described in our previous works [56–59].

 

Figure 1. Schematic representation of the developed hybrid sensor with a gap of 1 mm between
gold electrodes: (a) top view of the studied sample showing Au contacts/electrodes with meander
shape on hybrid surface of sensor nanomaterial; (b) a magnified image of the meander architecture in
cross-sectional view of the gas sensor and (c) top view of the proposed schematic sensing structure,
namely of polymer/oxide coated gas sensing structure.

The gas response S for each dataset was calculated according to Equation (1), which
was also mentioned in previous research [45], where a percentage-based ratio was obtained
from electrical conductance, namely Ggas and Gair. This equation is based on the conduc-
tance G and calculated from Equation (2). Rair represents the resistance of the sample in air
for Gair and in the same way Rgas for Ggas (influenced by applied gas).
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S =
Ggas − Gair

Gair
100% (1)

Gair =
1

Rair
(2)

The gas response of the sample was measured using a custom setup and protocol
based on a computer-controlled Keithley 2400 source-meter described in our previous
works [20,26,33]. While varying the operating temperature (OPT), volatile organic com-
pounds (VOCs) and hydrogen were used as test gases or vapors with a flow of 500 sccm
(mL/min) of ambient gas (synthetic air) to obtain optimum sensor response. Furthermore,
the described setup was utilized to assess dynamic responses, while maintaining a constant
operation temperature. This enabled the determination of reaction times τr and recovery
times τd, extracted from the first applied vapor pulse. Considering the lack of regulation,
a feeding gas flow was supplied from a cylinder with a specific concentration and then
adjusted using pre-calibrated mass flow controllers [58–60]. The required concentrations
were obtained using Equations (3) and (4) to evaluate the sensor performances for the
specimen [61–64]:

C (ppm) =
C1·Fgas

Ftot
(3)

where C is the required concentration of gas, C1 is the initial concentration of the test gas,
and Fgas is the gas flow. Ftot is the total flow of the gas–air mixture [33].

Vx = (Vol·C·M)/(22.4·d·p)·[(273 + Tr)/(273 + Tc)]·10−9 (4)

where Vx is the volume of VOC injected into the test chamber volume Vol. C is the required
VOC concentration (ppm), M is the molar mass, d is the density (g/cm3), p is the purity, Tr

is the room temperature, and Tc is the test chamber temperature (operating temperature).
In addition, the limit of detection (LoD) of the sensors for different temperatures and

relative humidity was determined using Equation (5) [65]:

LoD = 3
σB
b

(5)

The symbol σB is the population standard deviation of the blank signals, b is the slope
of the signal/concentration functional relationship, and ‘3’ is the chosen expansion factor.
Origin software’s linear fit function, in OriginLab 2024, was used to determine both the
standard deviation and the slope.

Different levels of relative humidity (RH) were generated using a bubble humidifica-
tion setup. This process entailed the passage of air through deionized water, followed by
its continuous injection into the measurement chamber to generate the necessary RH value.
The humidity was continuously monitored by a standard hygrometer. More details can be
found in previous works [26,33,58,66]. In addition, relative humidity was measured contin-
uously throughout the experiment using a specialized, calibrated sensor (SHT43; Digital
Humidity Sensor with ISO17025 certification) placed next to the sample [33,58,66,67].

Fourier-transform infrared (FTIR) spectra of two P(V3D3-co-TFE) co-polymer thin
films deposited onto Si substrates were measured using a FTIR spectrometer (Bruker
Invenio R, Billerica, MA, USA). The first sample set was an as-deposited 260 nm thick film
for reference, while the second sample set was heated to 350 ◦C for 15 min, simulating
the sensor’s measurement conditions. The spectra were recorded from 7500 to 368 cm−1

with 32 scans at 4 cm−1 resolution. A range from 4000 to 500 cm−1 was selected for further
investigation. Baseline correction (spline), atmospheric compensation (CO2), normalization,
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and smoothing (Savitzky–Golay) were performed on the recorded data using the Origin
software (OriginLab 2024).

3. Results and Discussion

The fabricated P(V3D3-co-TFE) hybrid sensors were investigated with regard to their
chemical and the gas sensing properties. All applied gases had a concentration of 100 ppm.

3.1. Chemical Characterization of the Fabricated Hybrid Sensors

During the iCVD process, V3D3 adsorbs at the substrate stage and HFPO and the
initiator PFBSF are thermally decomposed to yield, e.g., difluorocarbene and fluorobutane
radicals, respectively. Consequently, the difluorocarbene as well as the initiator radicals
can initiate the polymerization via the vinyl groups of V3D3. Thus, using V3D3 and HFPO
as co-monomers, we expected a molecular structure in which the CF2 chains are connected
by V3D3 crosslinks between the chains, resulting in sieve-like structures as schematically
illustrated in Figure 2a.

Figure 2. (a) Visualization of the molecular structure inside the deposited P(V3D3-co-TFE) thin films.
(b) FTIR spectra of an as-deposited P(V3D3-co-TFE) thin film (black curve) and a P(V3D3-co-TFE)
annealed at 350 ◦C in air for 15 min (blue curve). Red arrows indicate a change in position of the
cyclotrisiloxane ring-associated band in the FTIR measurement.

iCVD as a solvent-free process allows the combination of co-monomers, which lack
a common solvent needed in wet-chemical preparations. To confirm the functionality of
both co-monomers inside our polymer films, we performed FTIR measurements shown in
Figure 2b. The as-deposited 260 nm P(V3D3-co-TFE) (black curve) copolymer layer revealed
C-H stretching bands between 3000 cm−1 and 2800 cm−1 for the formation of sp3 hybridized
carbon links and thus the successful incorporation of V3D3 units inside the polymer film.
The cyclotrisiloxane rings of V3D3 were preserved during the polymerization, indicated by
the band at 1011 cm−1 for the as-deposited film. Additional bands corresponding to Si-CH3

symmetric as well as asymmetric bending and rocking vibrations can be observed at 1263,
1412 and 800 cm−1, respectively [54]. The 1412 cm−1 band can also be associated with
Si-CH2 groups [68], which indicates the expected crosslinking via reacted vinyl groups.

Fluoropolymer functionalities are shown by the bands at 1215, 1159, and 633 cm−1 [54,69].
This reveals a successful formation of a P(V3D3-co-TFE) polymer film. The 1:1 ratio of V3D3

and HFPO flows should ideally result in an equal number of V3D3 and the TFE units in the
copolymer. However, the strong bands related to V3D3 indicate a higher density of V3D3

units inside the film.
In order to simulate the conditions that are present during the gas sensing measure-

ment, the sample was heated to 350 ◦C for a period of 15 min in ambient air. The purpose
of this experiment was to investigate whether a chemical modification of the film occurs
during the gas sensing measurement. After heat treatment at 350 ◦C, the deposited film is
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reduced in thickness, resulting in a reduced signal-to-noise ratio. Furthermore, a change in
position of the cyclotrisiloxane ring-associated band can be noted in the FTIR measurement
(blue curve in Figure 2b). A shoulder is formed, while the band shifts towards larger
wavenumbers, indicated by the small red arrow in Figure 2b. Additionally, the Si-CH3

rocking associated band shifts towards smaller wavenumbers. These phenomena can be
attributed to structural changes within the thin film, such as an increase in Si-O-Si bond
angle, indicating a change from a ring towards a cage structure of the crosslinking unit [70]
or opening of the ring structure, which is beneficial for sensor applications. The PTFE-
associated bands do not appear to undergo substantial alterations, suggesting that there is
no significant decomposition of this component.

3.2. Gas Sensing Measurements and Evaluation

The first set of gas sensing measurement results of the P(V3D3-co-TFE)/TiO2 hybrid
gas sensor is shown in Figure 3, which shows an entire set (a) at 10% RH and the dynamic
responses at the best response operating temperatures (b,c). The measurement conditions
were set to 10% RH due to the potential relevance of gas detection in low RH environments
to various application fields, particularly in biomedicine and food storage [71–74]. For
instance, cleanrooms are frequently operated within the range of 10–20% RH to mitigate
the risk of electrostatic discharge (ESD) [75,76] and/or to enhance virus attenuation [77,78].
Figure 3a shows the measured sensor response of our hybrid structure at different operating
temperatures at 10% RH. This sensor structure shows the best results for hydrogen gas
with a response value of ~153% at an operating temperature of 300 ◦C.

 

Figure 3. (a) Experimental measurements of the gas response of the P(V3D3-co-TFE)/TiO2 hybrid
structure to different gases and VOCs (hydrogen, methane, carbon dioxide, ethanol, acetone, acetone,
2-propanol, n-butanol, ammonia) at different operating temperatures. (b) Dynamic response of the
same structure to hydrogen gas (100 ppm concentration) at 10% RH and operating temperatures of
300 ◦C and (c) 350 ◦C.
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A similar selectivity is maintained at operating temperatures of 250 ◦C and 350 ◦C
with reduced gas responses of ~30 and ~123%, respectively. At elevated temperatures,
ethanol, n-butanol, 2-propanol, and acetone vapor were detected, with relatively low gas
response values. Consequently, an operating temperature of 300 ◦C was selected for the
analysis of the dynamic respons to hydrogen (Figure 3b). Our hybrid sensor exhibits a
~153% response in combination with a relatively promising reaction time of τr = 2.0 s and
recovery time of τd = 2.1 s. For comparison, Figure 3c depicts the dynamic response at
an elevated operating temperature of 350 ◦C. At this temperature, a slightly reduced gas
response of ~123% is observed, yet faster reaction and recovery times of τr = 0.5 s and
τd = 1.6 s are noted.

To investigate the long-term stability, we reevaluated the same sample 309 days
after the first measurements for the same gases. We chose the same environment (10%
RH) as well as an environment with higher relative humidity (45% RH) (Figure 4) in
a similar way as in previous studies [33,58]. Before measurement, the hybrid sensors
were heated/thermally treated to remove moisture, hydrocarbons, or other environmental
contaminants from their surfaces, as described in Section 2.1. The hybrid sensors are
fabricated to work in real-world environments. Thus, it is not necessary to store them in
inert gas or a vacuum.

Figure 4. The gas response of the P(V3D3-co-TFE)/TiO2 hybrid structure after 309 days from first
measurements for different gases and VOCs (hydrogen, methane, carbon dioxide, ethanol, acetone,
acetone, 2-propanol, n-butanol, ammonia) at different operating temperatures. (a) shows the results
obtained in a relative low humidity of ~10% RH and (b) shows those obtained at ~45% ambient
relative humidity.

Figure 4a shows that even after 309 days, a clear detection of ethanol, n-butanol,
2-propanol, acetone, and especially hydrogen gas is observed at elevated temperatures.
Thereby, in comparison to Figure 3a, the optimal gas response for hydrogen gas shifted
towards higher operating temperatures, with slightly reduced response values of 34%
and 96% at 300 ◦C and 350 ◦C, respectively. A rise in relative humidity keeping all
other measurement conditions constant results in a general decrease in gas response
(Figure 4b), which could occur due to a specific gas sensing mechanism at higher operating
temperature [34,79], which has to be investigated in more detail in the future. A hydrogen
gas response of ~23% at 300 ◦C and ~73% at 350 ◦C is observed, indicating a decrease of
about ~11% and ~23%, respectively, due to relative humidity increase. The gas response
decrease for other test gases and VOCs is significantly higher, resulting in an improved
hydrogen gas selectivity of the presented hybrid sensors in high humidity environments.

Again, an operating temperature of 300 ◦C as well as 350 ◦C was selected for the
analysis of the dynamic response to hydrogen at 10% and 45% RH (Figure 5). A 34%
hydrogen gas response at 10% RH and 300 ◦C was measured. In addition, reaction and
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recovery times of τr = 3.0 and τd = 4.9 s were determined (Figure 5a). An increase of
relative humidity to ~45% RH, again, leads to a decreased hydrogen gas response value of
~23% and response and recovery times of τr = 4.2 s and τd = 4.4 s, respectively (Figure 5b).
Furthermore, it can be noted that the signal became slightly unstable, which is assumed
to be due to the abundance of water molecules on the top surface of the sensor structure.
Figure 5c shows the dynamic response data for 10% RH and 350 ◦C operating temperature.
The higher operation temperature had a positive influence on the hydrogen gas response
value (approximately 96%). The response and recovery times are τr = 1.3 s and τd = 2.1 s,
respectively. An increase in humidity (45% RH) leads again to a reduced hydrogen response
value (approximately 73%) and response and recovery times of τr = 2.3 s and τd = 3.3 s
(Figure 5d).

Figure 5. Dynamic response to hydrogen gas of a P(V3D3-co-TFE)/TiO2 hybrid structure investigated
309 days after its first measurements. The individual subplots show the measurements at different
operating temperatures and different relative humidity values: (a) 300 ◦C, ~10% RH; (b) 300 ◦C, ~45%
RH; (c) 350 ◦C, ~10% RH, and (d) 350 ◦C, ~45% RH.

Unlike the overall gas responses, the reaction and recovery times seem to exhibit no
significant changes with humidity or temperature. At higher relative humidity levels, the
recorded signal shows slight perturbations manifested as different “noise hills” between
the pulses. Nevertheless, the overall signal maintains a consistent shape. As noted in a
recent review [80], low-frequency noise can stem from various sources and be impacted by
numerous parameters, including, e.g., the sputtering power used during the fabrication
process [81], etc. In our situation, the noise could originate from the fabrication process as
well, specifically from the interface formed between the copolymer film and the gas sensing
structure. This interface could cause vapor molecules to move chaotically, occasionally
resulting in low-frequency noise. Due to the intricate nature of the noise phenomenon and
the numerous potential causes, a definitive conclusion cannot be provided at this stage.
Further research is necessary to understand the underlying mechanisms and identify the
specific factors contributing to the noise phenomenon.

After an additional 118 days after the second measurement (after 427 days in total),
we tested the hybrid structure again using the same gases, VOCs, and environments (10%
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RH and 45% RH). The corresponding gas responses and dynamic hydrogen responses at
300 ◦C and 350 ◦C are shown in Figures S1 and S2. These data support the trend observed
during the second measurement (Figure 5), highlighting the high hydrogen gas selectivity
in high humidity environments. As time progresses, the overall hydrogen gas response
of the analyzed hybrid sensor exhibits a decline, as shown in (Figure 6). After a period of
427 days, the hydrogen gas response is reduced to approximately 28% at 300 ◦C and 75% at
350 ◦C operating temperature.

Figure 6. Gas response of the P(V3D3-co-TFE)/TiO2 hybrid structure to hydrogen gas at 300 ◦C (gray
symbols) and 350 ◦C (red symbols) and 10% RH measured over a time span of 427 days.

This behavior must be taken into account when integrating the sensor into devices
for applications such as human breath testing. It creates opportunities for further research,
particularly in the development of mathematical control logics. Apart from the hydrogen
gas response values, the optimum operation temperature also experiences changes. The
initial measurement (Figure 3) indicates an optimum operation temperature of 300 ◦C, while
the second and third measurements show the highest response values and consequently
better operation conditions at 350 ◦C. A similar trend can be observed for the determination
of the LoD (Figure S3).

In this context, it should be noted that elevated temperatures for sensor operation
could have an annealing effect on the presented hybrid sensors. As mentioned previously,
PTFE usually cannot withstand operating temperatures higher than 320 ◦C, whereas
PV3D3 usually retains its properties even at 400 ◦C. As indicated in Figure 2, the used
copolymer does not show significant signs of decomposition, but rather slight changes of
the internal ring structure. These structural changes occur during the first measurements
at elevated temperatures, which could result in the observed shift of optimum operation
temperature from 300 to 350 ◦C in all subsequent measurements. This phenomenon
of enhanced performance at higher operation temperature can also be attributed to the
underlying metal oxide sensing structure. However, conflicting observations have been
made regarding the optimum temperature. While some studies suggest a peak performance
around 300–350 ◦C [15,45], others indicate continuous performance enhancement with
increasing temperature [20]. The parameters determined in this work, such as operating
temperature and response value, enable a comparison of the TiO2 sensor with additional
P(V3D3-co-TFE) coating with different polymer-containing sensors used in the gas sensing
industry. As seen in Table 1, scientists have experimented with different hybrid structures
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for the detection of a variety of different gases. The number of publications in this area is
relatively limited and focusses particularly on the use of conductive copolymers, while
non-conductive polymers have yet to be further explored.

Table 1. Copolymer coatings studied in the gas sensor industry.

No. Sensing Material Polymer Target
OPT,
◦C

Concentration Response Ref.

1. ZIF-8/PDMS PDMS CH4 - 50% 16% [82]
2. PANI-co-PIN /Cu–Al2O3 PANI-co-PIN Ammonia RT - 8 μΩ * [83]
3. (PANA-Co-PIN): Fe3O4- (PANA-Co-PIN) Ammonia - - 7 μΩ * [84]

4. TiO2-g-P(SPEA-co-GMA) P(SPEA-co-GMA) Light
Responsiveness - - - [85]

5. PANI-co-PPy/Cu-Al2O3 (PANI-co-PPy) Ammonia RT 100 ppm 5 μΩ * [86]

6. PLANC-GOD PLANC Glucose - 1; 3; 5; 7;
10−6 mol L - [87]

7. (EMAA)/(MWCNT) EMAA Strain sensing 220 - 41.1
S m −1 [88]

D1 P(V3D3-co-TFE)/TiO2 P(V3D3-co-TFE) H2 300 100 ppm 153% T.w.
D1 P(V3D3-co-TFE)/TiO2 P(V3D3-co-TFE) H2 350 100 ppm 123% T.w.

*—estimated from graphs; T.w. = this work; D1 = dataset from Figure 1; PDMS = poly (dimethylsiloxane);
PANI = polyaniline; PIN = polyindole; PANA = poly(anthranilic acid); SPEA = poly(spiropyran ethylacry-
late); PGMA = poly(glycidyl methacrylate); PPy = polypyrrole; PLANC = poly(luminol–aniline) nanowires
composite; PEMAA = poly(ethylene-co-methacrylic acid); PV3D3 = poly(trivinyltrimethylcyclotrisiloxane);
PTFE = polytetrafluoroethylene.

Table 2 compares the hybrid sensors reported in this study with selected hydrogen
detectors coated with conventional polymers. Notably, the reaction and recovery times
achieved are relatively fast in comparison with sensors from the literature. In addition,
despite the very low concentrations of 100 ppm used in our experiment, high hydrogen
response values were obtained, exceeding even those of sensors tested in higher initial
concentrations. The relative humidity varies for the measurement in most test setups.

Table 2. Polymer-coated H2 detectors studied in sensor industry and publications.

No.
Sensing
Material

Polymer H2
Concentration

RH,
~%

OPT,
◦C

Response
Time, s

Ref.
Response Recovery

1. TiO2 PV4D4 100 ppm - 300 100% 3 44 [15]

2. TiO2 PV4D4 100 ppm - 350 709.07% 3.02 23.23 [20]

3. PEDOT:PSS@Pd PEDOT: PSS 4 % - RT 31.6% 19 (±4) 73 (±11) [89]

4. PANI/SnO2 PANI 6000 ppm - RT 42% 11 7 [90]

5. PANI/Al-SnO2 PANI 1000 ppm - 48 - 2 2 [91]

6. PANI/Al-SnO2 PANI 100 ppm - 340 - 3 2 [91]

7. PANI/SnO2 + Pd PANI 50 ppm - RT 19.2% 39 53 [92]

8. PANI/SnO2 + Pd PANI 350 ppm - RT 353.7% 141 76 [92]

9. PMMA/SnO2:In2O3 PMMA 600 ppm 14 RT 1.05 × 103 Ω 196 282 [93]

10. PMMA/SnO2:In2O3 PMMA 600 ppm 65 RT 1.34 × 102 Ω 842 387 [93]

11. Cytop/SnO2:In2O3 Cytop 600 ppm 14 RT 1.49 × 101 Ω 1550 35 [93]

12. Cytop/SnO2:In2O3 Cytop 600 ppm 65 RT 7.52 × 101 Ω 322 44 [93]

13. Fluoropel/SnO2:In2O3 fluoropolymer 600 ppm 14 RT 1.55 × 102 Ω 134 30 [93]

14. Fluoropel/SnO2:In2O3 fluoropolymer 600 ppm 65 RT 9.79 × 101 Ω 356 56 [93]
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Table 2. Cont.

No.
Sensing
Material

Polymer H2
Concentration

RH,
~%

OPT,
◦C

Response
Time, s

Ref.
Response Recovery

D2 P(V3D3-co-TFE)/TiO2 P(V3D3-co-TFE) 100 ppm 10 300 34% 3 4.9 T.w.

D2 P(V3D3-co-TFE)/TiO2 P(V3D3-co-TFE) 100 ppm 10 350 96% 1.3 2.1 T.w.

D2 P(V3D3-co-TFE)/TiO2 P(V3D3-co-TFE) 100 ppm 45 300 23% 4.2 4.4 T.w.

D2 P(V3D3-co-TFE)/TiO2 P(V3D3-co-TFE) 100 ppm 45 350 73% 2.3 3.3 T.w.

D3 P(V3D3-co-TFE)/TiO2 P(V3D3-co-TFE) 100 ppm 10 300 28% 1.5 3.1 T.w.

D3 P(V3D3-co-TFE)/TiO2 P(V3D3-co-TFE) 100 ppm 10 350 75% 2.5 3.2 T.w.

D3 P(V3D3-co-TFE)/TiO2 P(V3D3-co-TFE) 100 ppm 45 300 23% 1.7 2.1 T.w.

D3 P(V3D3-co-TFE)/TiO2 P(V3D3-co-TFE) 100 ppm 45 350 48% 1.7 3.5 T.w.

T.w. = this work; D2 = dataset from Figure 2; D3 = dataset from Figure S1; PV4D4 = poly(1,3,5,7-tetramethyl-
tetravinylcyclotetrasiloxane); PEDOT = poly(3,4-ethylenedioxythiophene); PSS = poly(styrene sulfonate);
PANI = polyaniline; PMMA = polymethyl methacrylate; Cytop = poly-perfluorobutenyl vinyl ether; PV3D3 = poly
(trivinyltrimethyltrimethylcyclotrisiloxane); PTFE = polytetrafluoroethylene.

On the other hand, in Table 3 one can see our previous research on the materials used
in this work, which have been adapted through various improvement processes.

Table 3. Comparison of all our previous works results with different sensing structures and coatings
for gas detection.

Sensing Structure Polymer Coating Enhancement OPT, ◦C Detected Gas Gas Response, % Ref.

TiO2 Uncoated TA 450 ◦C 250 Hydrogen 600 [22]

TiO2 PTFE - 350 2-propanol 64 [46]

TiO2 PV4D4 - 400 2-propanol 225 [45]

TiO2 PV4D4 TA 610 ◦C for
TiO2

300/RT Hydrogen/
Ammonia 100/52 [15]

TiO2 PV4D4 TA 450 ◦C for
PV4D4 350 Hydrogen 709 [20]

CuO/Cu2O/ZnO:Fe PV3D3 RTA 650 ◦C 350 Hydrogen 191 [39]

TiO2 PV3D3 - - - - To be
published

TiO2 P(V3D3 + TFE) Copolymer
structure 300 Hydrogen 153 This work

TA—thermal annealing; RTA—rapid thermal annealing.

4. Conclusions

This study demonstrates that the proposed P(V3D3-co-TFE)/TiO2 hybrid sensor is
relatively reliable over an extended period of time. It exhibits hydrogen selectivity in
different environments demanded for different application fields such as in cleanrooms,
biomedical applications, or food storage. Tests at 10% RH are necessary to isolate the
hydrogen response [94], because the sensor materials can adsorb water molecules which
can influence the gas response. Even after a total of 427 days, similar trends were ob-
served in all experimental measurements. An optimum operating temperature of 300
and 350 ◦C and a constant selectivity for hydrogen gas were determined. The elevated
operating temperatures do not lead to a significant decomposition of the P(V3D3-co-TFE)
film according to our experiments. A change in the internal structure was rather observed
from FTIR studies. While the selectivity remains constant, the overall response values to
hydrogen gas decrease slightly over time; namely, they were reduced to approximately
75% at 350 ◦C operating temperature. Nevertheless, it is possible to integrate this type of
sensor structure with constant selectivity into smart devices where a response time curve is
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used to filter all the collected data. Hence, it can be applied not only as a simple detector,
but rather as a potential exhaled breath detector for diagnostics or a feedback system for
industrial applications. This provides new pathways to tune the gas sensor performance for
specific applications. The applied copolymer thin film can introduce novel, e.g., sieve-like
structures that enhance selectivity, sensitivity, and stability for preexisting sensor structures.
Future research could investigate the potential tailoring of the additional polymer films to
enhance the functionality in the context of molecular polymer–gas interactions. Different
co-monomer combinations could give rise to sensors which are specifically tailored for
certain gases and applications. Nevertheless, more research could be performed on this
type of hybrid sensors, taking into consideration even other aspects, from an electronic
device point of view, such as performing experiments at different magnetic fields [42],
finding factors on how to improve self-healing and improve relationships between polymer
breakdown strength and permittivity [40], adding ferromagnetic components [43], and
further stoichiometry as in similar research [44]. In this regard, this research will and must
continue to obtain reliable results and improve both the medical and industrial fields.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/chemosensors13040150/s1, Figure S1. The gas response of the TiO2

structure, coated with a thin layer of V3D3 copolymer and PTFE, namely P(V3D3-co-TFE)/TiO2

hybrid structures, after 427 days from 1st measurements, to different gases and VOCs (hydrogen,
methane, carbon dioxide, ethanol, acetone, acetone, 2-propanol, n-butanol, ammonia) at different
operating temperatures for relative humidity of (a) ~10% RH and (b) ~45% RH; Figure S2. Dynamic
response of TiO2 sensing structure coated with a thin layer of V3D3 copolymer and PTFE, namely
P(V3D3-co-TFE)/TiO2 hybrid structures, after 427 days from 1st measurements, to hydrogen vapor
at different operating temperatures and different relative humidity: (a) 300 ◦C, ~10% RH; (b) 300 ◦C,
~45% RH; (c) 350 ◦C, ~10% RH and (d) 350 ◦C, ~45% RH; Figure S3. Limit-of-detection graph for H2-
sensing hybrid sensor, namely P(V3D3-co-TFE)/TiO2 hybrid structures, at different concentrations,
for different relative humidity and operating temperatures: (1) 300 ◦C, ~10% RH; (2) 300 ◦C, ~45%
RH; (3) 350 ◦C, ~10% RH and (4) 350 ◦C, ~45% RH.
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Abstract: Monitoring trace toluene exposure is critical for early-stage lung cancer screening
via breath analysis, yet conventional chemiresistive sensors face fundamental limitations,
including compromised selectivity in complex VOC matrices and humidity-induced sig-
nal drift, with prevailing p–n heterojunction architectures suffering from inherent charge
recombination and environmental instability. Herein, we pioneer a 2D core–shell n–n
heterojunction strategy through rational design of TiO2@MoS2 heterostructures, where ver-
tically aligned MoS2 nanosheets are epitaxially grown on 2D TiO2 derived from graphene-
templated synthesis, creating built-in electric fields at the heterojunction interface that
dramatically enhance charge carrier separation efficiency. At 240 ◦C, the TiO2@MoS2 sen-
sor exhibits a superior response (Ra/Rg = 9.8 to 10 ppm toluene), outperforming MoS2

(Ra/Rg = 2.8). Additionally, the sensor demonstrates rapid response/recovery kinetics
(9 s/16 s), a low detection limit (50 ppb), and excellent selectivity against interfering gases
and moisture. The enhanced performance is attributed to unidirectional electron transfer
(TiO2 → MoS2) without hole recombination losses, methyl-specific adsorption through TiO2

oxygen vacancy alignment, and steric exclusion of non-target VOCs via size-selective MoS2

interlayers. This work establishes a transformative paradigm in gas sensor design by lever-
aging n–n heterojunction physics and 2D core–shell synergy, overcoming long-standing
limitations of conventional architectures.

Keywords: heterojunction; TiO2@MoS2; nanosheet; synergistic effects; toluene gas sensor

1. Introduction

Toluene is a common volatile organic compound (VOC) that can damage the central
nervous system, causing headaches, dizziness, and liver and kidney toxicity with long-
term exposure. High-concentration inhalation can lead to acute poisoning. Toluene also
serves as a potential biomarker for diagnosing diseases like lung cancer and diabetes [1].
Traditional detection methods, such as gas chromatography–mass spectrometry (GC-MS),
are accurate, but require expensive equipment and laboratory settings, preventing real-time
monitoring. Electrochemical sensors face cross-interference issues, and photoionization
detectors (PIDs) are costly to maintain. Therefore, developing high-sensitivity, low-cost,
portable semiconductor toluene gas sensors through material innovation and intelligent
design is crucial [2–4]. Such sensors could enable home health monitoring, industrial safety
warnings, and early disease screening, promoting advancements in precision medicine and
environmental governance [5].
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Two-dimensional transition metal dichalcogenides (TMDs) have emerged as promising
candidates for next-generation gas sensors, due to their atomic-scale thickness, tunable
electronic properties, and high surface-to-volume ratios [6]. Molybdenum disulfide (MoS2),
a graphene-like layered TMD, has garnered significant attention. In its thermodynamically
stable 2H phase, the crystal structure consists of S-Mo-S trilayers stacked via van der Waals
interactions, with each Mo atom in trigonal prismatic coordination [7–9]. The hydrothermal
synthesis of MoS2 enables precise control over layer number (typically one to five layers)
and defect density, yielding nanostructures with specific surface areas and direct bandgaps
suitable for charge transfer-based gas sensors [10,11]. Notably, 2D MoS2 nanosheets exhibit
superior gas adsorption kinetics compared to their 0D quantum dot or 1D nanobelt due to
their exposed basal planes (90% surface accessibility) and abundant edge sulfur vacancies,
which serve as preferential adsorption sites [12]. Additionally, in the case of ultrathin
MoS2 layers, the sulfide terminations at MoS2 edges can achieve maximal exposure. Thus,
constructing heterostructures to vertically grow such thin 2D MoS2 represents a viable
strategy [13].

Heterojunction engineering effectively enhances sensing performance by lowering
operating temperatures and improving sensitivity, selectivity, and humidity resistance in
nanomaterials [14,15]. Due to the band structure mismatch between two sensing materials,
energy bands bend to form electron- depletion layers (EDLs) or hole accumulation layers
(HALs) when the Fermi levels equilibrate [16,17]. Furthermore, a hierarchical composite
structure can provide additional active adsorption sites for target gases and exhibit superior
catalytic activity compared to single metal oxides. Thus, heterostructures are critical for
optimizing the gas-sensing properties of metal oxides [18,19]. Hermawan et al. [20] reported
a p–n CuO@SnO2 heterojunction that achieved a remarkable toluene response (Ra/Rg = 540
at 75 ppm) with exceptional selectivity. The enhanced performance was attributed to the
synergistic effects of the p–n heterojunction, high surface area, and porous architecture.
Notably, in situ formation of metallic Cu under high toluene concentrations disrupted
the p–n junction and established Ohmic contact with the n-type SnO2, further amplifying
the sensing response. Liu et al. [21] fabricated a porous Co3O4–Fe3O4 composite with
p–n heterojunctions by functionalizing Fe3O4 with ZIF-67-derived Co3O4. The Co3O4

derived from ZIF-67 exhibited a higher specific surface area than Fe3O4, leading to a 20-fold
improvement in toluene response at 225 ◦C. Additionally, the sensor demonstrated a low
detection limit (0.1 ppm, response = 1.68), excellent selectivity, and long-term stability.
This enhancement primarily stemmed from the p–n heterojunction, increased surface area,
and optimized oxygen vacancy (OV) concentration. Therefore, heterojunction construction
provides a viable pathway for developing highly sensitive and practical gas sensors based
on nanostructured metal oxides. The integration of vertically aligned ultrathin MoS2

nanosheets with a wide-bandgap metal oxide semiconductor (MOS) core constructs a 2D
core–shell n–n heterojunction, where the MOS core acts as an electron donor and the MoS2

shell serves as an electron acceptor [14]. A built-in electric field forms at the heterointerface
through type II band alignment, significantly enhancing carrier separation efficiency, while
the core–shell structure achieves specific gas recognition through the synergistic interface
coupling effect between MOS and MOS2 components [6].

Here, we report a unique 2D heterostructure TiO2@MoS2 nanosheet. Two-dimensional
TiO2 nanosheets were synthesized via a graphene sacrificial template method, followed
by the hydrothermal growth of fish scale-like MoS2 nanosheets on their surfaces. By
adjusting the hydrothermal reaction time, MoS2 layers with controlled thicknesses were
achieved, exhibiting an average lateral size of 193 ± 21 nm. Compared to pristine MoS2

nanosheets, the TiO2@MoS2 heterostructure demonstrated a superior toluene response
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(Ra/Rg = 9.8@10 ppm) at 240 ◦C, along with rapid response/recovery kinetics (9 s/16 s),
excellent stability, durability, and high humidity resistance. The enhanced gas-sensing
performance is attributed to the n–n heterojunction and high specific surface area. The
synergistic interaction between the two components and the unique core–shell hierarchical
architecture with self-assembled nanostructures collectively amplify the sensor’s capabili-
ties. This study provides a rational material design strategy, offering a promising candidate
for efficient detection of toluene gas.

2. Materials and Methods

2.1. Synthesis of Sensor Materials

Synthesis of TiO2 Nanosheets: TiO2 precursor was synthesized using a graphene oxide
(GO) sacrificial template method. Specifically, 100 mg of GO was dispersed in 200 mL of
ethanol and ultrasonicated for 1 h. Subsequently, 2.5 mmol of titanium butoxide (TBOT)
was added dropwise under continuous stirring, and the mixture was stirred overnight
(18 h) to obtain a gray suspension. The product was thoroughly washed three times with
deionized water and ethanol, followed by drying at 80 ◦C overnight. Finally, the dried
powder was calcined in a muffle furnace at 500 ◦C for 2 h with a heating rate of 2 ◦C/min,
yielding white TiO2 nanosheets.

Synthesis of TiO2@MoS2 Nanocomposites: 0.1 mmol of ammonium heptamolybdate
tetrahydrate (NH4)2MoO4·4H2O) was dissolved in 10 mL of deionized water under vig-
orous stirring. A predetermined amount of the as-prepared TiO2 nanosheets was added
to the solution, and the mixture was incubated at room temperature for 12 h and dried
at 80 ◦C for 12 h. Separately, 0.1 mmol of (NH4)2MoO4·4H2O and 3.05 mmol of thiourea
(CH4N2S) were dissolved in 40 mL of deionized water. The (NH4)2MoO4·4H2O-loaded
TiO2 nanosheets were then added to the solution, and the mixture was stirred at room
temperature for 1 h. The homogeneous suspension was transferred to a 50 mL Teflon-lined
stainless-steel autoclave and heated at 200 ◦C for 8 h. After cooling to room temperature,
the black precipitate was collected, washed three times with deionized water and ethanol,
and dried at 60 ◦C overnight to obtain TiO2@MoS2-8 nanosheets. By adjusting the reac-
tion time to 4 h and 12 h under identical conditions, samples labeled TiO2@MoS2-4 and
TiO2@MoS2-12 were prepared. For comparison, pure MoS2 nanosheets were synthesized
using the same procedure without the addition of TiO2 nanosheets.

2.2. Gas-Sensing Performance Measurement

The as-prepared TiO2 NSs, TiO2@MoS2 NSs, and MoS2 NSs were mixed with deionized
water to form a homogeneous paste. Each paste was uniformly coated onto a ceramic
substrate equipped with a pair of gold electrodes using a fine brush (Figure S1). The
operating temperature of the sensor was controlled by adjusting the heating current applied
to the embedded heating electrode. The gas-sensing performance was evaluated using a
static test system (Elite Technology Co., Ltd. Suzhou, China). Target gas concentrations
were generated via a static gas distribution method.

The gas-sensing performance was evaluated using a custom-built static testing system,
where sensor resistance was monitored continuously with a source meter under controlled
conditions. Target analytes were introduced into the 20 L test chamber by injecting liq-
uid toluene with a microsyringe and vaporizing it on a hotplate. The volume Q can be
determined by:

Q =
VCM

22.4Dρ
× 10−9 × 273 + TR

273 + TB
(1)
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Here, V, C, M, d, ρ, TR, and TB are the test chamber volume (L), vapor concentration
(ppm), molecular mass (g/mol), liquid density (kg/m3), liquid purity (%), environmental
temperature (◦C), and temperature (◦C) in the testing chamber, respectively.

Sensitivity (S), a critical performance metric of gas sensors, is quantified as the resis-
tance ratio under distinct gaseous environments. For n-type semiconductors, sensitivity is
defined as:

S = Ra/Rg (N − type) (oxidizing gases) (2)

S = Rg/Ra (N − type) (reducing gases) (3)

where Ra denotes the baseline resistance in dry air and Rg represents the steady-state
resistance upon exposure to the target analyte. Conversely, p-type semiconductors exhibit
inverse trends.

3. Results and Discussion

3.1. Morphology and Structure Characterization

As demonstrated in Figure 1, TiO2 nanosheets were synthesized via a graphene oxide
sacrificial template method followed by annealing at 500 ◦C. Subsequently, fish scale-like
MoS2 nanosheet arrays were uniformly grown on the TiO2 surfaces through a controlled
hydrothermal reaction (Figure 1). Optimizing precursor concentration and hydrothermal
reaction time was crucial for MoS2 growth. The thickness of MoS2 nanostructures could
be effectively tuned by adjusting the hydrothermal duration. The facile and reproducible
synthesis protocol offers significant advantages for scalable production.

Figure 1. Schematic illustration of the synthesis process for TiO2@MoS2 nanosheets via a graphene
oxide sacrificial template combined with hydrothermal reaction.

To characterize the morphology and structure of TiO2@MoS2 composites, SEM and
low-magnification TEM analyses were performed. As shown in Figure 2a, ultrathin TiO2

nanosheets (~2.1 ± 0.3 nm thickness) were successfully synthesized via the graphene oxide
sacrificial template method. In contrast, pristine MoS2 formed spherical aggregates with an
average diameter of 530 ± 12 nm (Figure 2b). Figure 2c–e reveal the hierarchical heterostruc-
ture, where vertically aligned MoS2 nanosheets (193 ± 21 nm lateral size) uniformly coat
TiO2 surfaces, forming an n–n heterojunction. The MoS2 coverage density exhibited a posi-
tive correlation with hydrothermal duration, enabling thickness-controlled growth. TEM
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characterization (Figure 2f) further confirmed the 2D–2D interfacial architecture. HR-TEM
analysis (Figure 2g) resolved distinct lattice spacings of 0.250 nm, corresponding to the
(102) plane of MoS2 [22–25]. The polycrystalline nature was verified by selective electron
diffraction (SAED) patterns showing concentric diffraction rings (Figure 2h). Energy dis-
persion spectrum (EDS) elemental mapping (Figure 2i) demonstrated homogeneous spatial
distribution of Ti, Mo, S, and O, conclusively confirming the formation of well-integrated
TiO2@MoS2 heterostructures.

 

Figure 2. Morphological and structural characterization of TiO2@MoS2 heterostructures: SEM images
of (a) TiO2, (b) MoS2, (c) TiO2@MoS2-4, (d) TiO2@MoS2-8, and (e) TiO2@MoS2-12; (f–i) TEM, HR-TEM,
SAED, and EDS elemental mapping images of TiO2@MoS2-8, respectively.

To determine the phase composition and interfacial interactions in the TiO2@MoS2

heterostructure, X-ray diffraction (XRD) and Raman analyses were performed. The XRD
pattern of TiO2@MoS2 (Figure 3a) revealed distinct diffraction peaks at 25.3◦ (101), 37.8◦

(004), and 48.0◦ (200), corresponding to anatase TiO2 (JCPDS #97-002-4276), alongside peaks
at 31.6◦ (102) and 45.5◦ (110), attributed to MoS2 (JCPDS #97-064-4259). A noticeable shift
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in the (004) peak of TiO2 and the (110) peak of MoS2 was observed, indicative of lattice
strain arising from the intimate interfacial coupling in the heterojunction.

Figure 3. (a) XRD patterns of TiO2, MoS2, TiO2@MoS2-4 (pink line), TiO2@MoS2-8 (orange line), and
TiO2@MoS2-12 (green line) samples; (b,c) nitrogen adsorption–desorption isotherms and BJH pore
size distribution of TiO2, MoS2, and TiO2@MoS2-8.

To analyze the structural advantages of the TiO2@MoS2 nanocomposite, nitrogen
adsorption–desorption measurements were conducted to determine its specific surface area
and pore distribution using BET theory and BJH methods. As shown in Figure 3b, all three
materials (TiO2, MoS2, TiO2@MoS2-8) exhibit type IV isotherms with H3-type hysteresis
loops in the relative pressure (P/P0) range of 0.6–1.0, characteristic of mesoporous struc-
tures. The average pore diameters determined by BJH analysis were 2.4 nm (TiO2), 3.1 nm
(MoS2), and 8.3 nm (TiO2@MoS2-8). Notably, the TiO2@MoS2-8 composite demonstrated
the highest BET surface area of 87.48 m2/g, significantly surpassing that of pristine TiO2

nanosheets (9.04 m2/g) and MoS2 nanosheets (19.68 m2/g), confirming the heterojunction’s
role in enhancing porosity (Figure 3c).

X-ray photoelectron spectroscopy (XPS) was employed to investigate the surface
composition and chemical states of TiO2, MoS2, and TiO2@MoS2-8 nanocomposites. As
shown in Figure 4a, the survey spectra confirm the coexistence of Ti, Mo, S, and O in the
TiO2@MoS2-8 heterostructure, consistent with EDS, XRD, and HRTEM results, with no
impurity peaks except for residual carbon (C 1s). High-resolution Ti 2p spectra (Figure 4b)
reveal characteristic peaks at 459.08 eV (Ti 2p3/2) and 464.87 eV (Ti 2p1/2) for TiO2@MoS2-8,
with a spin–orbit splitting of 5.79 eV, typical of Ti4+ in TiO2. Notably, a 0.40 eV positive
binding energy shift compared to pure TiO2 (458.68 eV and 464.47 eV) indicated electron
transfer from TiO2 to MoS2. The Mo 3d spectrum (Figure 4c) exhibited peaks at 228.65 eV
(Mo 3d5/2) and 231.87 eV (Mo 3d3/2), with a corresponding S 2s peak at 225.90 eV, while a
0.60 eV negative shift relative to pure MoS2 further confirmed interfacial charge redistri-
bution. Similarly, the S 2p peaks (Figure 4d) at 162.06 eV (S 2p3/2) and 163.16 eV (S 2p1/2)
show a 0.15 eV shift, corroborating strong electronic interactions. Deconvolution of O 1s
spectra (Figure 4e) identifies three components: lattice oxygen (Olat, 529.5 ± 0.6 eV), oxy-
gen vacancies (Odef, 531.6 ± 0.4 eV), and adsorbed oxygen species (Oads, 532.5 ± 0.6 eV).
TiO2@MoS2-8 demonstrates elevated Odef (22.72%) and Oads (4.58%) concentrations com-
pared to TiO2, which aligns with its enhanced ESR signal intensity (Figure 4f) reflecting
higher oxygen vacancy density. These synergistic effects of enhanced charge transfer and
oxygen-mediated surface activity collectively improved toluene-sensing performance by
promoting gas adsorption and redox reactions at the heterojunction interface.
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Figure 4. (a) X-ray photoelectron spectroscopy (XPS) survey spectra of TiO2, MoS2, and TiO2@MoS2-
8; (b) high-resolution Ti 2p spectra of TiO2 and TiO2@MoS2-8; (c) Mo 3d spectra of MoS2 and
TiO2@MoS2-8; (d) S 2p spectra of MoS2 and TiO2@MoS2-8; (e) O 1s spectra of MoS2 and TiO2@MoS2-
8; (f) electron spin resonance (ESR) spectra of TiO2 and TiO2@MoS2-8.

3.2. Gas-Sensitive Property

TiO2@MoS2 nanocomposites show great potential as chemiresistive gas sensors due
to their high surface area and hierarchical 2D structures. The operating temperature affects
surface resistance by altering adsorbed oxygen species and reaction kinetics. This is due
to faster surface reactions at higher temperatures competing with reduced gas molecule
adsorption because of fewer available active sites [26]. Temperature-dependent sensing
tests were conducted from 200 to 280 ◦C for MoS2, TiO2@MoS2-4, TiO2@MoS2-8, and
TiO2@MoS2-12. The temperature-dependent response exhibited a characteristic volcano
profile (Figure 5a), peaking at 240 ◦C. Below this temperature, inadequate thermal acti-
vation hindered oxygen ionosorption and toluene oxidation. Beyond 240 ◦C, accelerated
desorption prevailed over surface reactions, reducing sensor response value [27]. The
TiO2@MoS2-8 composite achieved a maximum response of 9.8@10 ppm toluene, represent-
ing a 3.5-fold enhancement over pristine MoS2 (2.8), primarily due to oxygen vacancy-
mediated toluene adsorption. Notably, TiO2@MoS2-8 exhibited rapid response/recovery
kinetics (9 s/16 s, Figure 5b), outperforming other samples (MoS2: 4.1 s/18 s; TiO2@MoS2-4:
10 s/17 s; TiO2@MoS2-12: 12 s/20 s), benefiting from its optimized mesoporous structure
facilitating gas diffusion. Selectivity tests against xylene, benzene, triethylamine, acetone,
methanol, ethanol, and ammonia (Figure 5c) revealed superior toluene selectivity. Even
under simulated exhaled breath conditions containing mixed interferents (Figure 5d), the
sensor maintained stable toluene detection, confirming its robustness in complex environ-
ments. These critical attributes of high sensitivity, rapid reaction kinetics, and selective
discrimination collectively establish TiO2@MoS2 nanocomposites as promising materials
for toluene detection applications.
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Figure 5. (a) Response (Ra/Rg) of MoS2, TiO2@MoS2-4, TiO2@MoS2-8, and TiO2@MoS2-12 to 10
ppm toluene across 200–280 ◦C; (b) response/recovery time; (c) selectivity toward 10 ppm toluene,
xylene, benzene, triethylamine, acetone, methanol, ethanol, and ammonia; (d) gas responses to
mixed vapors at 240 ◦C; (e) dynamic response curves for varied toluene concentrations (0.05–10 ppm)
at 240 ◦C; (f) relationship between sensor response and toluene concentrations (0.05–10 ppm); (g)
reproducibility over five cycles at 10 ppm toluene (240 ◦C); (h) humidity-dependent responses (25 ◦C,
25–75% RH); (i) long-term stability (30 days, 10 ppm).

Figure 5e illustrates the dynamic response of TiO2@MoS2-based sensors to varying
concentrations of toluene gas, ranging from 50 ppb to 10 ppm. The sensor response demon-
strates stepwise enhancement with increasing concentration, with TiO2@MoS2 composites
exhibiting superior sensitivity compared to pristine MoS2, particularly at higher concen-
trations. A limit of detection (LOD) of 50 ppb was achieved for the optimal TiO2@MoS2-8
sensor. As shown in Figure 5f, all samples maintain linear responses across the 0.05–10 ppm
range, validating quantitative detection capability. Repeatability tests (Figure 5g) revealed
stable performance over five cycles at 10 ppm, with response variations below ±5.2%.
Under humidity challenges (25%–75% RH, Figure 5h), the response attenuation remained
<20%, underscoring robust moisture resistance. Long-term stability assessments (30 days
exposure to 10 ppm toluene, Figure 5i) showed <8% signal drift, confirming durability for
practical deployment. Table 1 shows the comparison of sensor-based toluene gas detection
characteristics with different detection materials, further confirming the great potential of
TiO2@MoS2-based material as a toluene sensor due to its lower detection limit and rapid
response/recovery time.
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Table 1. Comparison of sensor-based toluene gas detection characteristics with different detection
materials.

Materials
T

(◦C)
Concentration

(ppm)
Detection Limit

(ppm)
Tres/Trec

(s)
Ref.

Pd/PdO-decorated
SnO2

285 100 0.05 50/138 [28]

V2C MXene 25 200 0.047 14/34 [29]
SnO2-decorated NiO 100 250 0.01 - [30]

MoS2-Fe3O4 25 20 5 58/23 [7]
ZnO@Co3O4 290 100 5 11.2/12.5 [16]

NiO/ZnO 100 300 0.1 2/33 [17]
TiO2@MoS2 240 10 0.05 9/16 This work

As shown in Figure 6a, time-resolved in situ Fourier transform infrared (in situ FTIR)
spectroscopy was employed to analyze intermediate products during toluene sensing.
Peaks observed in the 1450–1600 cm−1 range originate from C=C aromatic ring vibrations,
with increasing intensity over time indicating progressive aromatic compound accumu-
lation. Absorption bands between 1370–1450 cm−1 correspond to C-H bending modes of
methyl groups directly bonded to the benzene ring, confirming toluene decomposition.
Concurrently, diminishing toluene-specific peaks and emerging signals at 3000–3100 cm−1

(aromatic C-H stretching) suggest catalytic conversion pathways where toluene trans-
forms into benzene derivatives. Resistance changes in TiO2@MoS2 nanocomposites arise
from oxygen-mediated surface interactions: at 240 ◦C, chemisorbed oxygen species (O2

−,
O−) populate oxygen vacancies, forming electron-depletion layers that reduce baseline
resistance in air (Equation (4)) [31]. Upon toluene exposure, adsorbed oxygen species
react with methyl groups via stepwise dehydrogenation (Equations (5)–(8)), modulating
conductivity through electron transfer between the semiconductor and reaction intermedi-
ates. This mechanistic framework aligns with the observed spectral evolution and sensor
response dynamics.

O2(g) → O2(ads) (4)

O2(ads) + e− → O−
2 (ads) (5)

O−
2 (ads) + e− → 2O−(ads) (6)

C7H8(g) + 3O−(ads) → C6H6(g) + CO2 + H2O(g) + 3e− (7)

C6H6(g) + 15O−(ads) → 6CO2 + 3H2O(g) + 15e− (8)

The enhanced toluene-sensing performance of the 2D stacked MoS2@TiO2 heterostruc-
ture compared to pristine MoS2 and TiO2 nanosheets arises from three synergistic mecha-
nisms, as follows.

(I) Hierarchical architecture and surface engineering. Gas–solid interactions in chemire-
sistive sensors critically depend on surface-mediated oxygen adsorption and target gas dif-
fusion. The MoS2@TiO2 heterostructure exhibits a superior specific surface area, providing
abundant active sites for oxygen chemisorption. The vertically aligned MoS2 nanosheets on
TiO2 substrates prevent nanosheet restacking while creating interconnected nanochannels
that enhance toluene diffusion kinetics.
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(II) Interface charge redistribution in n–n heterojunctions. The work function disparity
between MoS2 (Φ = 4.05 eV) and TiO2 (Φ = 4.77 eV), determined by ultraviolet photoelectron
spectroscopy (UPS, Figure S3), drives interfacial electron transfer from TiO2 to MoS2 [32,33].
This creates a built-in electric field at the heterointerface, forming an electron-depletion
layer, which lowers the oxygen adsorption activation energy and facilitates hole–electron
separation efficiency [34]. Band alignment analysis (Figure S2) reveals heterojunction char-
acteristics with MoS2 and TiO2 bandgaps of 3.20 eV and 0.85 eV, respectively [35–37]. The
conduction band offset promotes electron trapping by adsorbed oxygen species (O2

−/O−),
amplifying resistance modulation upon toluene exposure.

(III) Influence by oxygen species. Compared with TiO2 nanosheets, TiO2@MoS2 has the
highest ESR intensity and the highest relative concentration of oxygen vacancy. Therefore,
the TiO2@MoS2 hierarchical structure can provide additional Oads and Odef, which is
conducive to the reaction of the target gas with oxygen, while increasing the surface active
site, which is conducive to the sensing performance of toluene [38,39].

Figure 6. (a) In situ DRIFTS analysis of the TiO2@MoS2-8 nanocomposite during gas exposure;
(b) band alignment diagrams illustrating the interfacial energy structure of TiO2 and MoS2 pre- and
post-heterojunction formation.

4. Conclusions

In summary, TiO2@MoS2 core–shell heterostructures were fabricated by assembling
MoS2 nanosheet arrays onto TiO2 nanosheets prepared via a sacrificial template method.
The unique 2D hierarchical heterojunction structure resulted in a larger specific surface area
and increased generation of oxygen vacancies. Compared with individual TiO2 nanosheets
and MoS2 nanosheets, the TiO2@MoS2 composite demonstrated the highest response
(Ra/Rg = 9.8@10 ppm toluene) at 240 ◦C. Furthermore, the hierarchical TiO2@MoS2 core–
shell structure exhibited fast response/recovery times (9 s/16 s), a low detection limit
(50 ppb), excellent selectivity, and robust stability in humid environments. The enhanced
gas-sensing performance is attributed to the synergistic effects between the two components
and the distinctive core–shell hierarchical architecture with self-assembled nanostructures.
This work provides a rational material structure design strategy, offering a promising
candidate for detecting toluene gas, thereby demonstrating significant potential value for
advancing environmental or disease diagnosis detection.
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Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/chemosensors13050154/s1. Figure S1: Ceramic plate and test
base; Figure S2: (a–d) UV-vis diffuse reflectance spectra (DRS) of TiO2 and MoS2 nanosheets with
corresponding Tauc plots for bandgap determination; Figure S3: Ultraviolet photoelectron spec-
troscopy (UPS) spectra of pristine TiO2 and MoS2 recorded under He Iα excitation (21.22 eV), showing
secondary electron cutoff (left) and valence band regions (right).
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Abstract: The development of electronic noses is, nowadays, essential for several applica-
tions, including breath analysis and industrial security. Ammonia, benzene, and hydrogen
sulfide are particularly important due to their environmental and health impacts. Here,
graphene-based sensors, functionalized with unconventional in-house synthesized zinc
and copper octyl-pyrazinoporphyrazines and commercially available zinc phthalocyanine,
have been prepared. Enhanced solubility given by the octyl chains allowed us to exploit
drop-casting as a straightforward functionalization technique. The sensors demonstrated
excellent performance for detecting ammonia, benzene, and hydrogen sulfide as a single
sensor, with a competitive detection limit and a high sensitivity compared to the state of
the art. In particular, functionalization enabled the detection of hydrogen sulfide, for which
no response is observed with bare graphene, and lowered the detection limit for all the
gases compared to bare graphene. Additionally, the prepared sensors have been assembled
into an e-nose that shows promising potentiality to be used for both industrial and medical
applications thanks to its excellent discrimination capability of single gases and mixtures.

Keywords: graphene; electronic nose; ammonia; benzene; hydrogen sulfide; porphyrazine

1. Introduction

The development of advanced gas sensing technologies has become essential for many
applications, including healthcare and medicine [1–3], environmental monitoring [3,4],
food and beverage quality tracking [5,6], and security in industries [7,8]. As a consequence,
researchers have been driven by market demands to develop sensors and arrays that should
be highly sensitive, cost-effective, reliable, and stable, for the detection and discrimination
of several volatile organic compounds (VOCs) and toxic gases.

Among these VOCs, ammonia (NH3), benzene (C6H6), and hydrogen sulfide (H2S)
could represent critical targets due to their significant environmental and health impacts.
These three gases need to be monitored mainly in different industrial contexts: from
petroleum refining, coal gasification, and syngas production to biomass pyrolysis and
natural gas processing [9–11].
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C6H6 is known to be a carcinogen and to cause headaches, dizziness, and confu-
sion [12,13]; inhalation of H2S can cause nausea, pulmonary edema, and seizures [14,15],
while NH3 can provoke damage to the respiratory system, from irritation of respiratory
tracks to asphyxiation, and to the neural system, from dizziness and confusion up to loss
of consciousness [16,17].

The occupational exposure limit for an 8 h average is set at 1 ppm for benzene, 10 ppm
for hydrogen sulfide, and 25 ppm for ammonia in the USA [18], while in Europe the
recommended limits are even lower: 0.2 ppm, 5 ppm, and 20 ppm, respectively [19], and
individual European Union member states may implement more stringent national limits
based on their regulation.

NH3, C6H6, and H2S monitoring is also important in breath analysis, with them
being biomarkers of liver and kidney failure as well as chronic obstructive pulmonary
disease [20,21], lung cancer [22], and asthma [23]. The concentration of these gases in
the exhaled breath is usually in the sub-ppm or ppm range [20,24]. It is, therefore, clear
how for ensuring workers’ safety as well as for breath analysis application the developed
sensors should be able to detect very low analytes concentration, and, additionally, the
effective detection of these gases should be achieved even in complex mixtures. In this
context, the use of an electronic nose (e-nose), i.e., an array that comprises several sensors,
presents a significant advantage over the use of a single sensor. Indeed, exploiting an array
of sensors with different sensitivities and selectivities, coupled with advanced pattern
recognition algorithms, can allow the discrimination of single analytes as well as effectively
analyze complex gas mixtures. This capability is crucial for addressing the challenges posed
by the simultaneous presence of ammonia, benzene, and hydrogen sulfide in workplace
environments or diagnostic applications.

Currently, the most exploited materials to develop e-noses are metal oxide semicon-
ductors (MOx) [25], but, besides the advantages, such as fast response and recovery times,
portability, and low detection limit, they still present some drawbacks like poor selectivity,
performance drift, and high operating temperature.

On the contrary, graphene presents high sensitivity to the surface adsorption of gas
molecules, and thanks to its outstanding electrical properties, including high in-plane
conductivity, low electrical intrinsic noise, and excellent stability at room temperature [26],
it can be considered a valid alternative to MOx for the development of sensors and e-noses.
Indeed, more recently, graphene has started to be exploited for the development of e-noses
in chemiresistive [27,28] or field effect transistor [29,30] configurations.

The functionalization of graphene with specific chemical compounds can further tailor
its sensitivity and selectivity, enabling the precise detection of diverse analytes [31,32].
Graphene could be functionalized in several ways, including both covalent and non-
covalent methods [33], and different materials could be selected for the functionaliza-
tion: from single atoms (mostly boron or nitrogen) [34] to nanoparticles [35] or organic
molecules [36].

Here, commercially available zinc phthalocyanine (ZnPc) and zinc and copper diben-
zoazepinopyrazinoporphyrazines (ZnPR and CuPR) functionalized at azepine nitrogen
with octyl chains to increase solubility (Figure 1) are exploited for the functionalization of
graphene via drop-casting. These types of molecules are extensive planar π-conjugated
systems, and thus it is expected that a face-on stacking with graphene is mainly driven
by non-covalent π-π interactions, which should favor a charge transfer during gas expo-
sures [37,38].
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Figure 1. Molecular structures of the zinc phthalocyanine (left side) and metalated pyrazinopor-
phyrazines (right side) used in this study.

Very few works explore the sensing mechanism of graphene-based systems coupled
with phthalocyanine beyond the mere sensor response observation. These studies mainly
focus on graphene derivatives, such as reduced graphene oxide (rGO) or graphene oxide
(GO) [39–41]. For instance, Guo et al. [39] report the sensing mechanism for ammonia
interaction with p-type rGO-CoPc sample. The sensing mechanism of this hybrid system
has been considered by starting from the initial situation of phthalocyanine in air, which
interacts with oxygen, creating a M-Pc+-O2

− complex. Ammonia can then interact with
the adsorbed oxygen of the system, releasing electrons that in turn can move from the
CoPc compounds to the rGO layer, since the electron transfer energy barrier between
CoPc and rGO is low. Finally, the holes in the p-type rGO are recombined with the
electrons from ammonia, leading to a decrease in conductivity. Although displaying
remarkable sensing performances, rGO and GO present drawbacks in terms of sample
reproducibility and recovery after exposures, and in this perspective, Gr represents a more
reliable layer. Nevertheless, the functionalization of pristine graphene layers with Pc has
not been largely investigated.

In particular, the e-nose here presented is composed of four graphene-based sensors:
one graphene monolayer (Gr_bare), a graphene layer functionalized with zinc phthalo-
cyanine (Gr_ZnPc), and two Gr layers functionalized with zinc and copper pyrazino-
porphyrazines (Gr_ZnPR and Gr_CuPR). The synthesized octyl-pyrazinoporphyrazines
display a higher solubility compared to commercially available phthalocyanine, allowing
for a simple and cost-effective functionalization via drop-casting.

The sensors are tested towards NH3, C6H6, and H2S, drawing the calibration curves
and investigating sensing parameters such as detection limit, sensitivity, selectivity, re-
sponse, and recovery time. Following this first phase, the developed e-nose is tested
to probe the capability of simultaneously discriminating NH3, C6H6, and H2S and their
mixtures with high precision. It is worth mentioning that despite their relevance for
environmental, safety, and medical applications, these gases are not commonly tested
together, therefore, this work represents a first. By leveraging material engineering and
functionalization strategies, we aim, on one hand, to enhance the sensitivity, selectivity, and
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stability of the sensors in a chemiresistor configuration, and on the other, to enhance the
discrimination capability of the array towards the tested gases and their mixtures. Finally,
the chemiresistive configuration of the e-nose developed allows for a rapid and simple
prototype [2,42–44], avoiding complex electronics typical of other configurations.

This work represents a significant step forward in gas-sensing technology, offering a
promising approach for real-world applications.

2. Materials and Methods

2.1. Synthesis of ZnPR and CuPR

The procedures for the synthesis of ZnPR and CuPR are reported in the Supplemen-
tary Materials.

2.2. Sample Preparation

A total of 4 graphene monolayers on 10 × 10 mm2 Si3N4/Si substrates (Graphenea,
Gipuzkoa, Spain) were used to prepare the array. One of the samples was used as received
(Gr_bare) and three samples were functionalized. Two layers were functionalized via drop-
casting exploiting the synthesized ZnPR and CuPR, while a layer with ZnPc (Sigma Aldrich,
Merck, Milano, Italy). An additional solution was prepared with CuPc, but the molecules
were not properly dissolving; therefore, we did not proceed with the drop-casting on
graphene. In detail, the porphyrazines and phthalocyanine powders were dissolved in
EtOH at a concentration of 0.1 mM and sonicated for 30 min, before 15 droplets of the
solution were drop-casted on the graphene layer. After each drop, the samples were left
drying in the air; upon solvent evaporation, a new drop was added. The choice of the
solvent and concentration was made on the basis of ref. [45] for the ZnPc; consequently,
ZnPR and CuPR were dissolved in the same condition.

The array was then composed of Gr_bare, Gr_ZnPc, Gr_ZnPR, and Gr_CuPR.

2.3. Characterization

To characterize the samples, Raman spectroscopy (Ranishaw, Pianezza, Italy) and
atomic force microscopy (AFM) (Park, Hamburg, Germany) were exploited.

Raman spectroscopy was performed with a Ranishaw micro Raman, equipped with a
633 nm laser source. A 100× objective, 1800 line/mm grating, and 5 mW laser power were
used to perform the measurements.

AFM images were acquired with a Park NX 10 system in tapping mode in air–solid
interface with a tip working at 300 kHz. The Gwyddion software (version: 2.54) was used
to process the images.

2.4. Gas Sensing Measurements

Electrical contacts were made on the 4 samples, drawing two 8 mm × 1 mm strips of
silver paint at the opposite side of each layer. Then, the prepared layers were mounted on
a homemade designed platform, able to collect simultaneously the signal in a chemiresistor
configuration from all the samples. This platform ensured that the sensors worked in
the same environmental condition and allowed for a proper comparison of the results.
Two commercial sensors were mounted on the platform: a relative humidity (RH) sen-
sor (humidity sensor HIH-4000 series—Honeywell Sensing; Charlotte, NC, USA) and a
temperature sensor (Thermistor NTC PCB 5K—Murata; Kyoto, Japan). Figure 2a shows a
schematic representation of the sensor array.

Gas exposure was performed at room temperature, with humidity values ranging
from 10% to 60%, in a sealed chamber with a volume of 0.5 L, by introducing a mixture
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of synthetic air with a selected concentration of the gas molecule under investigation.
Cylinders of ammonia, benzene, hydrogen sulfide, and synthetic air were used to feed
the chamber through mass-flow controllers (MFCs). All the cylinders were certified by
S.I.A.D. Spa (Bergamo, Italy), and loaded with 47 ppm, 1 ppm, and 10 ppm for ammonia,
benzene, and hydrogen sulfide, respectively. An additional cylinder loaded with synthetic
air alone was used to dilute the overall concentration of the analytes in the chamber, as
well as to purge the chamber before and after each exposure. Gas from all the cylinders
was premixed before entering the chamber.

Figure 2. (a) Schematic representation of the homemade platform comprising the 4 developed
graphene-based sensors and the two commercial sensors for RH and T detection. (b) Schematic
representation of the chemiresistors readout scheme of each sensor.

All the sensors on the platform worked in a chemiresistor configuration and the
electronic circuit that drives each sensor was composed of the sensor, a load resistance in
series with the sensors, and an applied voltage of 5 V. The signal, i.e., the resistance value,
was collected across the two silver electrodes (Figure 2b). The sensor response towards the
gases is defined as ΔR/R0, where ΔR = R − R0, and R0 is the baseline resistance, collected
before the gas exposure.

Calibration curves were drawn plotting the sensor responses vs. concentrations for
all the tested analytes. Response and recovery times were evaluated considering the time
required to reach 80% of response or recovery, respectively.

2.5. Statistical Analysis

The sensor responses collected from the array were used to perform a multivariate
statistical analysis, i.e., principal component analysis (PCA), implemented into the R
software (1.2.5001 version). PCA is an unsupervised statistical technique aimed to reduce
the dimensionality of a problem while maximizing its variance.

The aim is achieved by redistributing the total response across a series of orthogonal
principal components (PCs), where PC1 captures the highest variance, PC2 captures the
second highest, and so forth. The output of this analysis is a 2D or 3D graph, where a clear
discrimination of the analytes is observed.

In this work, the sensor responses used to perform PCA were pre-treated only with
the column mean-centering. A set of 51 exposures to the 3 analytes and their mixtures was
considered for the analysis.

3. Results and Discussion

In the past, some of us reported the synthesis of this novel centrosymmetric por-
phyrazine system (Figure 1), arising from the formal substitution of four benzo subunits in
a Pc by a 9H-dibenzo[b,f ]pyrazino[2,3-d]azepine moiety, wherein the peripheral azepine
nitrogen atoms were functionalized with hexadecanoyl chains to successfully address the
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scarce solubility in organic solvents typical of these systems [46]. However, the presence
of the carbonyl in such chains that come out of the plane of the molecule could very
likely interfere with the π-π interaction with graphene. Consequently, we opted for the
N-functionalization with a linear octyl chain following the same synthetic pathway. Despite
being the alkylation step challenging, we successfully prepared enough quantity of ZnPR
and CuPR for this study (see Supplementary Materials for details).

Ethanolic solutions of ZnPc, ZnPR, and CuPR were easily prepared and used to
functionalize the graphene monolayers supported on silicon nitride via the drop-casting
method. To have a direct comparison of the new ZnPR and CuPR with commercially
available metallo-phtalocyanines, we aimed to prepare an ethanolic solution of CuPc;
however, the EtOH solubility of CuPc was very bad as expected [45], as well as in the
other solvents, making it impossible to use with our drop-casting method. Conversely,
CuPR, despite being more extensive than CuPc, was easily dissolved in EtOH thanks to the
peripheral octyl chains.

Characteristic Raman spectra collected on the samples are reported in Figure 3a. All
the spectra were collected in a 1200–1700 cm−1 range since the Gr_ZnPc and Gr_ZnPR
samples showed a strong luminescence at higher wavenumber [47], which made it difficult
to recognize peaks related to graphene or to the organic molecules.

Figure 3. (a) Representative Raman spectra of a bare graphene layer on Si/Si3N4 (red) and with ZnPc
(blue), ZnPR (green), and CuPR (yellow). AFM images were acquired on (b) Gr_ZnPc, (c) Gr_ZnPR,
and (d) Gr_CuPR.

The bare sample (red curve) shows the G-band signal around 1585 cm−1, ascribed to
the in-plain stretching of sp2 carbon-carbon atoms [48]. A band around 1335 cm−1 is also
present; to properly assign it, we need to consider two contributions at this wavenumber:
the silicon nitride substrate band [27] and the graphene D-band. The D-band is related to
the presence of defects, and, in a low defective graphene monolayer, it is expected to have
very low intensity. Therefore, we hypothesize that the silicon nitride broad band dominates
the area around 1335 cm−1 in the Gr_bare spectrum.

Considering the spectra collected on the functionalized samples, the graphene G-band
is strongly present in the Gr_CuPR sample (yellow curve), while it is slightly detected in
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the ZnPc and ZnPR layers. This is an indication that although the coating procedure was
the same, the resulting CuPR layer is thinner than the ZnPR and ZnPc layers.

Finally, the Raman peaks related to the ZnPc can be found at 1223 cm−1, 1305 cm−1,
1340 cm−1, 1430 cm−1, and 1450 cm−1 [47], whereas the peaks related to PRs are located at
1245 cm−1, 1265 cm−1, 1341 cm−1, and 1413 cm−1 [49,50] and the characteristic peak related
to the metal center in the porphyrazines at 1550 cm−1 for CuPR [51,52] and at 1530 cm−1

for ZnPR [53].
Morphology was investigated through AFM, and the representative images of

500 nm × 500 nm size of the functionalized surfaces are reported in Figure 3b–d. A quite
uniform distribution of the Pc and PR molecules was detected in all three cases.

After the characterization, exposures to ammonia, benzene, and hydrogen sulfide
were performed.

As a consequence of functionalization, the baseline resistance of the pristine graphene
layer lowered (Table S1), indicating that an effective charge transfer occurs between the Gr
layer and the ZnPc, ZnPR, and CuPR layers.

As an example of dynamical responses, exposures to four different ammonia concen-
trations are presented in Figure 4. Firstly, all the sensors increased their resistance, denoting
a p-type response, in agreement with what is expected from graphene layers. A quick
response of about 30 s is observed, as well as a recovery time between about 90 s in the
case of low analyte concentrations and 700 s for high ones. For the highest concentration
tested, the fastest recovery is achieved for Gr_ZnPc, which shows a 100% recovery in a
time where the other sensors recover 80%. These results are in line with, or even better
than those reported in the literature [44,54–57].

Figure 4. Resistance variation as a function of the time for all the sensors exposed to 2.6 ppm, 2.9 ppm,
3.2 ppm, and 13.6 ppm of ammonia.
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Similar dynamic curves were obtained for exposures to benzene and hydrogen sulfide
and were used to draw the calibration curves (i.e., response vs. concentration) for all the
sensors (Figure 5). Response and recovery time were found in line with the ones obtained
for ammonia exposures, ranging from 30 s for response up to about 700 s for the recovery
in the case of the highest tested concentrations. All the sensors responded to the three
analytes, except for Gr_bare exposed to hydrogen sulfide, for which a response was not
detected. All the curves can be fitted with a Freundlich isotherm, as usually occurs for
nanostructured carbon-based sensors [36,58].

Figure 5. Calibration curves for (a) ammonia, (b) hydrogen sulfide, and (c) benzene for all the sensors
in the array. Squares data in the ammonia calibration curves comes from exposures performed in air,
in a close environment of applications. Error bars are estimated on the basis of 3 exposures to the
same gas concentration.

Considering ammonia, the best-performing sensors were Gr_bare and Gr_CuPR, while
in the case of benzene and hydrogen sulfide, Gr_ZnPc was clearly outperforming the others.

As regards the sensing mechanisms, ammonia has been investigated more in the
literature compared to hydrogen sulfide and benzene; therefore, it is easier to rationalize
the behavior of the developed sensors towards this gas.

As already mentioned, all the sensors increased the resistance upon ammonia exposure,
indicating an overall p-type nature. In the case of Gr_bare, this is consistent with an electron
injection from ammonia that reduces the density of holes, which are the majority carrier in
graphene [59].

A recent work by Perilli et al. [60] investigated the sensing mechanism of a NiPc-
graphene sensor towards ammonia, theoretically suggesting that the Ni orbital plays a
key role in mediating the charge transfer between ammonia molecules and the Gr layer
through a hybridization mechanism involving the frontier molecular orbitals of the analyte.
CuPR, ZnPc, and ZnPR are, therefore, supposed to act as mediators in the charge transfer
between ammonia and graphene [38].

Poliakov et al. [61] reported on the functionalization of reduced graphene oxide
(rGO) with ZnPc and observed a lower response towards ammonia for the rGO-ZnPc
sensor compared to the pristine rGO, ascribing it to a reduction in the defect sites due
to functionalization, which act as active sites for the chemisorption of ammonia through
hydrogen bonding. Moreover, they concluded that the higher the ZnPc coverage, the lower
the response. This is in agreement with the lower ammonia response for Gr_ZnPc compared
to Gr_bare that we observed, and also with a better response of Gr_CuPR compared to
Gr_ZnPc and Gr_ZnPR. Indeed, as suggested by the Raman measurements, the CuPR layer
was thinner than the ZnPc and ZnPR, resulting in a lower coverage.

Regarding hydrogen sulfide and benzene, little evidence can be found in the literature
for the sensing mechanism of the former, while no works disclose the interaction of the
latter with graphene. Zhang et al. [62] theoretically demonstrated that no charge transfer
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occurs from H2S to pristine graphene layers; thus, functionalization is required. This is
in agreement with the observed no response in the case of Gr_bare. We suggest that the
porphyrazine layers act as charge transfer mediators and probably also as gas molecule
concentrators; however, theoretical calculation will be required to properly hypothesize the
sensing mechanism, going beyond the scope of the present work.

Detection limit, i.e., the lowest concentration that the sensors can detect, and sen-
sitivity, defined as a percentage of sensor response normalized over the tested analytes
concentrations, were evaluated and compared to the literature (Table 1). The benchmark-
ing was performed considering only chemiresistive sensors based on graphene. In the
case of ammonia, the works of the last 10 years have been considered, while for benzene
and hydrogen sulfide, which are far less investigated, all the published works have been
considered. It is worth mentioning that in the case of H2S, quite a few theoretical works
on graphene-based H2S sensors can be found [52–65], but only a couple of works report
experimental results.

Table 1. Benchmarking for dynamical tested range, sensitivity S range (S = (|ΔR/R0| × 100)/[gas]),
and detection limit (dl) of the prepared samples against the values for other graphene-based chemire-
sistors reported in the literature [27,54–57,60,66–78]. Of note, only articles reporting gas concentration
and sensor response/sensitivity have been taken into account for this benchmarking. In the case of
ammonia, only works of the last 10 years are reported.

Sensor Type
Gas: Dynamic Tested

Range (ppm)
Sensitivity Range

(%ppm−1)
Detection Limit

(ppb)
Reference

Gr_bare NH3: 0.2–14 7.75–0.11 170 Present work

Gr_ZnPc NH3: 0.2–14 0.75–0.012 50 Present work

Gr_ZnPR NH3: 0.2–14 1.124–0.09 11 Present work

Gr_CuPR NH3: 0.2–14 0.62–0.12 5 Present work

Gr_NiPc NH3: 0.04–4.64 8.6–0.5 3.3 [60]

Gr_CuO NPs NH3: 100 0.83 41 [66]

MXene deposited Gr NH3: 0.5–100 4–2.5 56 [56]

NiPc-Gr NH3: 5–10 0.47–0.19 - [67]

Gr_CoPt NH3: 2.2–36.0 0.8–0.24 0.1 [68]

Gr_NiPc NH3: 0.5–13.6 0.64–0.11 50 [27]

Nitric
acid treated Gr NH3: 20–100 0.7–0.4 27 [69]

S-ZnO@Gr NH3: 5–15 1.9–1.1 - [70]

Gr_NBD NH3: 0.05–8.4 10.78–0.45 - [71]

Gr-TCN NH3: 0.85–22.5 6.3–1.5 4.2 [54]

B-doped Gr NH3: 16–256 0.12–0.09 - [72]

CVD graphene NH3: 100–800 0.05–0.01 - [55]

Laser written Gr NH3: 75–400 0.04–0.075 - [73]

B-doped Gr NH3: 1–20 0.04–0.042 59.9 [74]

TiO2@PPy–GN NH3: 10–200 2.4–1.3 1000 [57]

graphene–PEDOT:PSS NH3: 25–1000 0.2–0.019 10,000 [75]

Gr_ZnPc H2S: 0.05–2.5 6.41–0.85 12.6 Present work

Gr_ZnPR H2S: 0.05–2.5 0.86–0.21 23.0 Present work
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Table 1. Cont.

Sensor Type
Gas: Dynamic Tested

Range (ppm)
Sensitivity Range

(%ppm−1)
Detection Limit

(ppb)
Reference

Gr_CuPR H2S: 0.05–2.5 1.57–0.09 29.3 Present work

Gr and AgNPs H2S: 0.5–50 8–2.6 100 [76]

CuO2 NCs on Gr H2S: 0.05–0.1 15–35 5 [77]

Gr_bare C6H6: 0.005–0.3 22.10–1.22 5 Present work

Gr_ZnPc C6H6: 0.005–0.3 44.00–6.22 2.7 Present work

Gr_ZnPR C6H6: 0.005–0.3 17.8–1.97 2.8 Present work

Gr_CuPR C6H6: 0.005–0.3 1.11–0.93 2.2 Present work

Polyaniline–Gr nanoplatelets C6H6: 1000–22,000 0.1–0.8 - [78]

In detail, the detection limit was evaluated through the formula 3[gas]/((R −
R0)/σ) [36,79], where σ is the fluctuation of the electrical signal. The results for the function-
alized Gr layers are among the best so far reported for all the analytes. Also, the sensitivity
is among the best achieved so far, especially in the case of benzene. It is worth noting
that not many works investigated the detection of benzene and hydrogen sulfide, and
additionally, in the case of benzene, the present work clearly pushed down the detection
range of the analyte, getting closer to a real application. The repeatability of the response
towards the same analyte concentration is demonstrated, as shown in Supplementary
Materials Figure S1.

Finally, the stability and reproducibility of the sensor response have been proven for
ammonia exposures. The results, reported in Figure 6, demonstrate that the response towards
different ammonia concentrations is stable for up to 4 months from the sensor preparation.

Figure 6. Stability of the sensors’ response towards 3 different ammonia concentrations up to
4 months from the sensors’ preparation.
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When exposed to the same concentration of analytes (270 ppb), significant response
variations are observed: in general, the highest responses were detected in the case of
benzene exposure for all the sensors. Considering Figures 5 and 7, while for ammonia all
the sensors respond with a positive resistance variation, it is interesting to observe that
for H2S a negative response was obtained for Gr_CuPR, while for benzene Gr_bare and
Gr_CuPR showed a negative response. The developed sensors are clearly not selective
and the variation in sensing responses to different analytes presents a significant starting
point for data analysis and classification using machine learning algorithms. Indeed, an
easy approach to overcome selectivity issues for gas sensors is to consider an electronic
nose and proceed with statistical analysis to achieve discrimination among the tested
analytes. In this regard, to build a matrix to feed the PCA algorithm, sensor responses
towards ammonia, benzene, and hydrogen sulfide, as reported in the calibration curves,
were used. Additionally, exposures to mixtures were performed: ammonia + hydrogen
sulfide, ammonia + benzene, and benzene + hydrogen sulfide.

Figure 7. Sensor response to the same concentration of analytes (270 ppb) for all the sensors.

The results are reported in Figure 8. The space defined by PC1 and PC2 allows for clear
discrimination of all the tested analytes, for both single gases (NH3, C6H6, and H2S) and
their binary mixtures, as there is no overlap among the clusters corresponding to different
gases. Additionally, similar to what has been already reported for arrays based on carbon
nanomaterials [20], a concentration gradient is evident within each cluster: the arrows in
Figure 8 indicate the trend of an increase in concentration for each cluster of a single gas.

This clustering indicates that the developed e-nose produces distinct and reproducible
response profiles for each gas or mixture, demonstrating strong selectivity. For example,
NH3 (green circles) and NH3 + C6H6 (red stars) occupy well-separated regions in the
PCA space, confirming the sensor array’s ability to differentiate between individual gases
and mixtures.

Additionally, the spatial separation between C6H6 (blue triangles), H2S (purple dia-
monds), and their mixture (e.g., C6H6 + H2S, yellow diamonds) suggests that the sensor
responses contain rich, analyte-specific features that can be effectively captured through
PCA. Importantly, the positions of the binary gas mixtures tend to lie between the clusters
of the corresponding individual gases, reflecting the composite nature of their chemical
signatures. This intermediate clustering behavior indicates that the sensor array not only
discriminates between single analytes but also captures additive or synergistic effects
present in gas mixtures. This aspect is particularly relevant in view of a possible applica-
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tion, where the accurate identification of complex or coexisting gases is essential, including
in environmental monitoring, industrial leak detection, or medical diagnostics (e.g., breath
analysis), where gases rarely need to be monitored individually. The ability to resolve
mixed analytes enhances the practical utility of the developed array, supporting robust
classification in dynamic and chemically rich environments.

Figure 8. (a) PCA of the sensor array responses to exposure to hydrogen sulfide, benzene, ammonia,
and their mixtures. (b) Loadings for PC1 and PC2. Arrow in panel (a) indicates the concentra-
tion trend.

Notably, while the developed sensors are not particularly selective, their combined
response in the PCA enables the array to fully discriminate the contribution of each single
gas and also mixtures. The overall variance explaining the data in the PCA space is 98.62%.

Finally, PCA loading plots offer valuable insights into the significance of individual
sensors in contributing to the overall discrimination capability of the array (Figure 8b).

Specifically, discrimination along the PC1, meaning discrimination between on the
one hand ammonia and benzene; hydrogen sulfide and benzene and their combination,
and on the other ammonia + hydrogen sulfide and benzene, hydrogen sulfide and benzene
and their combination, and ammonia + benzene, is achieved quite equally thanks to all
sensors except Gr_ZnPc, while Gr_ZnPc was mainly responsible for discrimination along
PC2, meaning discrimination between ammonia and ammonia + hydrogen sulfide.

This suggests that different functionalizations respond preferentially to different gases,
enabling the dimensionality reduction to preserve chemically relevant variance.

As anticipated, achieving effective discrimination does not require all the sensors to
exhibit high responses to every gas. Instead, variability in responses across the sensing
layers is a critical factor.

These findings highlight the potential of the proposed sensor system for practical
applications such as gas classification, electronic nose systems, and complex environment
monitoring. The clear separation of analytes in PCA space supports robust pattern recogni-
tion, making the e-nose suitable for deployment in applications requiring rapid and reliable
gas discrimination.
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4. Conclusions

In this work, we presented the development and test of an electronic nose based on
4 sensors: bare graphene, and three graphene layers functionalized via drop-casting with
unconventional metallated N-octyldibenzoazepinopyrazinoporphyrazines and commercial
zinc phthalocyanine.

After characterization through Raman spectroscopy and atomic force microscopy
(AFM), the developed sensors have been exposed to ammonia (NH3), benzene (C6H6), and
hydrogen sulfide (H2S) in a chemiresistor configuration. Calibration curves have been
drawn and a detection limit evaluated. The developed sensors show competitive sensing
parameters compared to the literature: low limit of detection, high sensitivity, stability up
to 4 months after the sample preparation, and a tested concentration range compatible with
breath analysis and industrial applications. Finally, the discrimination capability of the
e-nose has been assessed for single analytes and for mixtures of the investigated gases. It is
worthing to mention that the selected three gases are not commonly tested together, despite
their relevance, and therefore, this work represents a first in the literature. By leveraging
the unique interaction mechanisms between the functionalized graphene surfaces and the
analyte molecules, highlighting the synthesis and characterization of the sensing materials,
their integration into the e-nose platform, and the performance evaluation in detecting and
discriminating NH3, C6H6, H2S, and their mixtures, this e-nose represents a promising
approach for real-time, selective, and sensitive gas detection in several applications.

Supplementary Materials: The following supporting information can be downloaded at
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exposure; Table S1: baseline resistances.
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Abstract: In the past decades, both low-cost gas sensors for air quality monitoring and
smartphone devices have experienced a remarkable spread in the worldwide market.
Smartphone devices have become a unique tool in everyday life, whilst the use of low-
cost gas sensors in air quality monitors has allowed for a better understanding of the
personal exposure to air pollutants. The traditional technologies for measuring air pollutant
concentrations, even though they provide accurate data, cannot assure the necessary spatio-
temporal resolution for assessing personal exposure to the various air pollutants. In
this respect, one of the most promising solutions appears to be the use of smartphones
together with the low-cost miniaturized gas sensors, because it allows for the monitoring
of the air quality characterizing the different environments frequented in everyday life by
leveraging the capability to perform mobile measurements. In this research, a handheld
air quality monitor based on low-cost gas sensors capable of connecting to smartphone
devices via Bluetooth link has been designed and implemented to explore the different
ways of its use for assessing the personal exposure to air pollutants. For this purpose,
two experiments were carried out: the first one was indoor monitoring of CO and NO2

concentrations performed in an apartment occupied by four individuals and the second
one was mobile monitoring of CO and NO2 performed in a car cabin. During the indoor
measurements, the maximum value for the CO concentrations was equal to 12.3 ppm,
whilst the maximum value for NO2 concentrations was equal to 64 ppb. As concerns
the mobile measurements, the maximum concentration of CO was equal to 8.3 ppm,
whilst the maximum concentration of NO2 was equal to 38 ppb. This preliminary study
has shown that this system can be potentially used in all those situations where the
use of traditional chemical analyzers for measuring gas concentrations in everyday life
environments is hardly feasible, but also has highlighted some limits concerning the
performance of such systems.

Keywords: gas sensors; environmental monitoring; air quality monitoring; electronic noses;
air quality sensors; electrochemical sensors; smartphones; personal exposure

1. Introduction

According to the WHO [1], air pollution is one of the biggest concerns for human
health seeing as over 90% of people live in regions where the safe limits are systematically
exceeded. Poor air quality affects both outdoor and indoor environments, as proven by
several institutions [1–4]. For this reason, air quality monitoring is of the utmost importance

Chemosensors 2025, 13, 189 https://doi.org/10.3390/chemosensors13050189216



Chemosensors 2025, 13, 189

because it can provide a tool for governments and regulatory bodies to effectively assess
the levels of pollution to which the population is exposed.

The instruments traditionally used by the dedicated institutions to measure air pollu-
tant concentrations are bulky, expensive, and requires relevant infrastructure and resources
for their operation [5–8]. As a consequence, in most cases, few monitoring fixed stations
are available on a territory, and therefore, it is hardly feasible to gather air pollutant
concentration maps with a good spatio-temporal resolution. Moreover, it can happen
that no monitoring station is available to cover whole regions, as is the case in many
emerging countries [9].

To address this issue, remarkable attention has been given recently to low-cost minia-
turized gas sensors (LCSs) and monitors (LCMs) based on their functioning [10–12]. Some
of them have achieved a significant level of maturity and are already available on the
worldwide market (e.g., resistive sensors, electrochemical cells, non-dispersive infrared
radiation absorption sensors, and photo-ionization sensors) [13–15], whilst, in other cases,
their development can be considered still in a preliminary study phase [16,17]. In both cases,
such devices are considered an appealing option due to their high grade of miniaturization
level, affordability, low power consumption, and ease of use [18,19].

Despite all these positive aspects, the use of LCSs and LCMs in air quality monitoring is
still a matter of investigation for research groups due to some limitations affecting the tech-
nology that make them less accurate when compared to the traditional instruments [20–22].
The performance of LCSs, and consequently, of LCMs, is influenced by both meteorological
and environmental conditions [23–25], and also by the type of technology implementing
them. In particular, the presence of interfering gases [26–28], the temperature, and ambient
humidity changes can represent a disturbing factor which affects the LCS measurements to
different degrees [29–31], depending not only on the type of sensor, but also considering
different copies of the same sensor manufactured in the same batch. To mitigate the adverse
influence of these variables, the scientific community has explored various countermea-
sures, mostly consisting of the elaboration of sensor output signals performed by suitable
software through which various algorithms are implemented, aiming at correcting the LCS
or LCM measurements [32–34].

Even though it is commonly recognized that the performance of LCMs cannot still be
compared with the traditional and professional instruments usually used by governmental
agencies [35], it appears clear that in some circumstances they are the only viable way
to carry out air pollutant concentration measurements in real time. As a matter of fact,
households or common citizens cannot afford bulky and expensive instruments to monitor
their homes or apartments, or even to assess their personal exposure to air pollutants during
their everyday life in vehicle cabins, public buildings, or on public transport. If we recognize
that air pollutant concentrations can significantly vary in urban microenvironments or
streets very close each other [36], or that indoor air quality can be remarkably worse than
the outdoor one [37] in some cases, it also clearly appears that personal exposure assessment
to air pollutants cannot be accomplished by sparse, fixed monitoring stations. Therefore,
the use of LCMs appears to be the only way to obtain indications about personal exposure
to air contaminants, especially if we consider that the most effective way to accomplish this
task is to perform mobile measurements.

To carry out such measurements, it is preferable that the tool or device to use has
specific features, such as handheld sizes, battery-power operated, capability to operate both
in indoor and in outdoor environments, and capability to track or store the measures. LCMs
already available on the market do not always present all these characteristics; moreover,
most of times, the manufacturers of such devices do not provide information about their
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accuracy or data about their calibration, therefore, the reliability of their measurements can
be questionable.

This preliminary study is aimed at exploring the capabilities of a handheld monitor
based on electrochemical gas sensors and designed to operate together with a smartphone
device. Using a smartphone in conjunction with handheld monitors provides more flexi-
bility for air quality monitoring in all the situations in which research-grade and accurate
instruments, such as gas chemical analyzers, cannot be deployed or are hard to arrange
and use due to their bulkiness. For example, more handheld monitors can be used to set
up an indoor air quality monitoring network composed of several nodes, each of them
represented by a handheld monitor deployed in a room, whilst a smartphone can act as a
hub which collects the measurements of the various nodes through Bluetooth connections.
Combining the use of such monitors with smartphones enables a very easy and quick way
to set up local monitoring networks for the air quality monitoring of indoor environments
composed of multiple rooms or spaces without using third services, such as, cloud services
or wi-fi local networks. Considering that almost all citizens own a smartphone, this feature
can provide immediate access to the air quality data of public spaces, such as, airports,
hospitals, or public offices, for any user. The same structure can also be used for performing
mobile measurements, such as the air quality monitoring in a car cabin during a trip.

In this preliminary study, two experiments were performed to test the capabilities of a
handheld monitor, called “DSnasus”, designed and implemented in our laboratories to be
used with a smartphone. In the first experiment, two monitoring units were deployed in
two rooms of an apartment to form a little monitoring network with the smartphone, as
earlier briefly explained, to measure carbon monoxide and nitrogen dioxide concentrations.
In the second experiment, one of the two monitors was used in a car cabin during a trip to
perform mobile measurements of carbon monoxide and nitrogen dioxide concentrations.

2. Materials and Methods

In this section, we are going to describe the structure and functions of the devices
under evaluation, the methods used to calibrate the sensors, and the setting up of the
two experiments.

2.1. The Devices and the Sensors Used for the Experiments

Two units of the designed handheld monitor were implemented for the experiments.
Moreover, a smartphone, featuring an Android operating system, was used to complete
the necessary hardware (see Figure 1).

 

Figure 1. On the left of the figure we can find two monitors, DSnasus, implemented in our laboratory,
while on the right there is the smartphone device used for the experiments showing the App running.
The sizes of the DSnasus monitors are 17 cm × 8.5 cm.
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On each of the two monitoring units, two electrochemical gas sensor types were
mounted. The first one was the CO-B4 by Alphasense, dedicated to CO concentration
measurements, and the second one was the NO2-B43F, dedicated to NO2 concentration
measurements. These sensors are designed for measuring ambient concentrations of gas, as
stated by the manufacturer. In Table 1, a summary of their technical specifications provided
by Alphasense is reported to give an idea of their capabilities.

Table 1. Main technical specifications of CO-B4 and NO2-B43F sensors.

Sensor Sensitivity Response Time Zero Current Range

CO-B4 +420/+650 nA/ppm <30 s +30/−250 nA 1000 ppm
NO2-B43F −200/−650 nA/ppm <80 s −80/+80 nA 20 ppm

Both sensors are enclosed in identical cases and are the same size. They are ampero-
metric sensors featuring four electrodes, as can be seen in Figure 2. Their working principle
is exposed in the Baron and Saffell article [38]. Basically, they have four electrodes; the
counter and the reference ones are necessary for the correct operation of the sensors, whilst
the auxiliary and the working electrodes provide the sensor outputs, represented by weak
electric currents. The counter, reference, and working electrodes are separated by the
wetting filters. On the working electrode the reduction or oxidation of the gas molecules
takes place (depending on the gas species). It is coated with a catalyst to facilitate the
reaction with them. This reaction generates electronic charges which are balanced by a
second reaction at the counter electrode, forming with the first one a redox pair of chemical
reactions. When the sensor is exposed to clean air, the counter electrode is at the same
potential as the working one, while in the presence of the target gas their potential changes.
In this way, a potential difference between the working and counter electrodes is generated,
and consequently, an electric current at the working electrode starts to flow, providing
the output of the sensor. The auxiliary electrode is not exposed to the target gas, but it
reflects the fluctuations of the sensor baseline. The electrochemical sensors are sensitive
to the temperature and humidity changes, which affect both the sensor sensitivity and
their zero current. Another challenge posed by the use of electrochemical sensors is the
so-called cross-sensitivity effect. As a matter of fact, sensors designed for measuring a
specific gas, for example, nitrogen dioxide, can be influenced by the presence of other
gases (named interfering gases), which modify the correct measurement depending on
their concentrations.

Figure 2. A representation of the NO2-B43F sensor. The CO-B4 sensor has same size and features.
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Despite the aforementioned adverse aspects, electrochemical sensors present some
advantages if compared with other sensor types commonly used for pollutant gas moni-
toring, such as the chemiresistive sensors. They feature a lower power consumption and
also a lower cross-sensitivity [39], and for these reasons they were selected to implement
this monitor. As stated by the manufacturer, both the sensors can measure very low gas
concentrations (less than 100 ppb) [40,41] if supported by an adequate electronic board.
To achieve this goal, the electronic circuitry must be able to adequately amplify the weak
electric currents representing the sensor output and limit the electronic noise affecting these
signals at the same time. We designed and implemented an on-purpose electronic board
for the sensor use, and its characteristics are exposed in detail in a previous article [42].

The sensors used in this experiment are equipped with a membrane which helps to
filter out some interfering gases, limiting the cross-sensitivity effect for some gas types. The
NO2-B43F sensor has a membrane made of MnO2/PTFE microparticles which helps to
filter out the main sensor interfering gas: ozone [28,40,43]. As concerns the CO-B4 sensor,
the manufacturer reports in its datasheet that it is equipped with a filter for limiting the
effects of one of the main interfering gases: hydrogen sulfide [41]. Other interfering gases
are hydrogen for the CO-B4 and chlorine for the NO2-B4 [40,41]. In this respect, the effects
of such gases are expected to be reasonably negligible due to their expected very low
concentrations in the environments explored in this study.

As concerns the design of the handheld monitor, it is based on three modules imple-
mented by three printed circuit boards: the sensor board [42], the data elaboration/interface
board, and the Bluetooth module. The first two modules were designed in our laboratory,
while the Bluetooth module is the RN42XV by Microchip. The electronics featuring the sen-
sor board are able to read the weak electric currents representing the outputs of the sensors,
opportunely amplify them, and convert them into voltage signals [42]. These constitute the
inputs for the data elaboration/interface board, which digitalizes them. The voltage signals
reflect the gas concentrations affecting the sensors; their digitalization and the subsequent
elaboration is performed by the microprocessor PIC18F4652 by Microchip, which is the
core of the module. The firmware running on the microprocessor is in charge of performing
both the data elaboration function and the interface function. The data elaboration consists
of clearing the input signals by removing or limiting the electronic noise affecting them
through a numerical filter based on the rolling average smoothing technique. Subsequently,
the mathematical law for converting the sensor signals into values expressing the gas con-
centrations is applied. The measures of the gas concentrations composing the outputs of the
elaboration so far described can be transmitted via Bluetooth to a smartphone, acting as the
master device. Optionally, they can also be transmitted via the USB port available on this
module. In both cases, the connection between the handheld monitor and a smartphone
device, or a PC connected via USB, follows the “master-slave” scheme; in this respect, at
the sampling rate selected by the user, the smartphone requests the monitor for the current
gas concentrations, which will transmit them using the Bluetooth or USB channel. The
data elaboration/interface board also has the necessary electronic circuitry for managing
powering the monitor. It is typically powered by its internal ion-lithium battery, which is
recharged using the USB socket. A standard smartphone battery charger plugged into the
USB socket can be used to recharge its battery, or optionally, the battery recharge will be
active whenever the monitor is connected to a PC USB port.

As mentioned earlier, the connection of the DSnasus monitor with the smartphone
or PC follows the master/slave architecture. Therefore, the specific App running on the
smartphone (which is the device acting as master) sends to the monitor (which is the device
acting as slave) the specific command at the sampling rate selected by the user to retrieve
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the current gas measures. These measures are shown to the user and written in a file
stored on the local memory of the smartphone to form the dataset. Obviously, the file
containing the measure records can be subsequently downloaded from the smartphone
for further analysis. As concerns the selection of the sampling rate, it can be carried out
by the smartphone user through the App earlier mentioned, designed also to perform
all the necessary tasks, comprising the searching of DSnasus monitors operating in the
vicinity and the Bluetooth connection management. This App, designed in our laboratory,
was developed for Android operating systems. The main advantage provided by the
use of smartphone devices with handheld monitors connected via Bluetooth consists of
the possibility of easily setting up multiple star-shaped local networks, as depicted in
Figure 3, without the need for a third support, such as, cloud services or similar. The
maximum number of connections, and therefore of DSnasus monitors, that the system can
manage is 255. The use of local networks composed of several monitors can be helpful
for the air quality monitoring of indoor environments, such apartments or public offices,
formed of several rooms or spaces which can be separated by doors or structures that create
micro-environments not necessarily connected to each other. For this preliminary study,
we prepared just two monitors to form a simple network for performing a preliminary test
of the idea at the base of the system, as described in this document.

Figure 3. A system composed of smartphone devices and more DSnasus’s can be used to form
multiple star-shaped networks based on Bluetooth connections, where the smartphone is the center,
or hub, to which the measures converge, while the DSnasus monitors are the branches providing
the measures.

2.2. The Calibration of the Sensors

An important step of the experiment was the calibration of the sensors. It consisted
of finding the mathematical law which allowed us to convert the voltage signals into
gas concentrations. To perform this task, laboratory tests were performed by using a
test chamber in which the two monitors were introduced. In this chamber, known gas
concentrations were injected using a mass flow controller and the real gas concentration
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inside it was monitored by regulatory-grade instruments which acted as reference for
the measurements.

By having the sensors a highly linear response, we decided to use the multivariate
regression technique to convert the voltages into gas concentrations. Thus, the conversion
law is as follows:

GC = aVw + bVA + c (1)

where GC is the gas concentration expressed in ppm, in the case of CO measurements, or
in ppb, in the case of NO2 measurements; Vw and VA are the voltage signal of the working
and auxiliary electrode, respectively; and a, b, and c are the coefficient to find for calibrating
the sensors. The method used to find the a, b, and c coefficients was the ordinary least
square (OLS) algorithm, available in many software tools or libraries for scientific purposes.
In this study, the software Origin 7.0 by Originlab was used for calculating the coefficients.
The quality of the calibrations carried out by the laboratory tests was evaluated by using
the coefficient of determination (R2) and the mean absolute error (MAE) computed by
comparing the reference data with the ones produced by the calibration law of each sensor.

2.3. The Indoor Monitoring

For the indoor monitoring, two units of the DSnasus monitor were used in an apart-
ment occupied by four individuals. This monitoring was carried out during their everyday
activities. The first monitor was placed in the kitchen of the apartment, while the second
monitor was deployed in the living room (see Figures 4 and 5). In this way, it was possible
to test a little local network composed of the two monitors. The two rooms were separated
by a sliding door kept almost always open. The decision to deploy the monitors in this
area of the apartment was taken because a previous study [28] has shown that this is the
place where one is likely to measure gas emissions due to the presence of various sources,
such as, methane gas burners, cigarette smoke, or candles. The monitors were fixed to the
wall of the rooms, roughly two meters high. The living room had a door giving access to a
balcony, same also for the kitchen. During the experiment, the two doors were partially
opened for some minutes to ensure a minimum of air exchange, but avoiding significantly
modifying the temperature and the humidity inside the apartment. The thermostat of the
apartment heating system was kept at 20 ◦C to ensure steady thermal conditions as close
as possible to the conditions registered during the calibration process. As concerns the
humidity values, a dehumidifier placed in the living room was set to a relative humidity
equal to 50% to reproduce the environmental conditions met during the calibration process.
The unit placed in the kitchen had the sensors denoted as NO2(1) and CO(1), while the
unit placed in the living room had the sensors denoted as NO2(2) and CO(2). The distance
between the two units was 7.2 m.

Before deploying the units in the apartment, the firmware of the microprocessor
inside the monitors was updated by inserting the conversion law with the values of the
coefficients found after the calibration process. The possibility to update the conversion law
or change its coefficients or parameters is an important aspect of this monitoring system. It
is important to underline that monitors or systems based on low-cost gas sensors having
the same feature are not always available on the worldwide market currently.
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Figure 4. The apartment map, its size, and the position of the two monitors forming the monitoring
network. The height of the apartment walls is 2.75 m.

  
(a) (b) 

Figure 5. The position of the monitor placed in the kitchen (monitor 1) (a), and the monitor placed in
the living room (monitor 2) (b), as reported also in Figure 4.
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2.4. The Mobile Monitoring

The unit used for monitoring the concentration of CO and NO2 in the car cabin was
placed on the car dashboard using an ordinary smartphone holder available in any store
selling car accessories (see Figure 6). The air conditioning system of the car was set to 20 ◦C,
whilst the car windows were kept closed during the duration of the experiment and the
forced ventilation was set to the minimum. These precautions were aimed at preserving
the car microclimate as close as possible to the conditions characterizing the calibration
operations. The route run by the car was formed of extra-urban and urban roads to ensure a
certain amount of variability of environments and gas concentrations. For this preliminary
study, we carried out the experiment by making a trip in a diesel fueled car on which the
particulate filter was absent.

 

Figure 6. The monitor used for mobile measurements arranged on the car dashboard by using a
standard smartphone holder.

3. Results

The data concerning calibration of the sensors, along with the data related to the
indoor and mobile measurements, are provided in the Supplementary Materials section.
Hereinafter, the results related to the calibration, indoor, and mobile measurements are
exposed in three distinct subsections for an easier reading.

3.1. The Results of the Sensor Calibration

The calibration of the sensors was performed using a dataset formed of records
containing both the sensor voltage output signals and the measures of the reference instru-
mentations. The sampling rate was set to one minute, whilst the concentration of CO and
NO2 injected into the test chamber were selected to cover the typical range measurable in
the indoor or outdoor environments (see Figures 7–10). The quality of the calibration can
be evaluated by inspecting Table 2, where the coefficient of determination and the MAE
are exposed for each sensor. In Table 3, we can see the values of the coefficients of the
conversion law found for each sensor. The figures here are exposed and the values of R2

greater than 0.9 found for each sensor show a good quality of the calibration. As a matter
of fact, values of R2 very near to 1 denote a good capacity of the monitors to follow the
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variations in the real gas concentrations. The good quality of the calibration, and therefore
of the conversion law, is confirmed by the MAE value of each sensor as they are in the
range of 0.001 ppm to 0.0009 ppm for the CO sensors, and 0.053 ppb to 1.415 ppb for the
NO2 sensors. As concerns the temperature and the relative humidity values, we observed
very limited variations during the calibration of each sensor, as expected, ranging from
18.6 ◦C to 21.2 ◦C for the temperature and from 39.5% to 53.7% for the relative humidity.
As can be found on the sensor manufacturer website, the variations registered for both
these environmental parameters do not significantly affect the response of the sensors due
to the fact that their range is limited enough.

Figure 7. The calibration of the first CO-B4 sensor, herein denoted as CO(1), and the CO concentrations
read by the reference instruments.

Figure 8. The calibration of the second CO-B4 sensor, herein denoted as CO(2), and the CO concen-
trations read by the reference instruments.
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Figure 9. The calibration of the first NO2-B43F sensor, herein denoted as NO2(1), and the NO2

concentrations read by the reference instruments.

Figure 10. The calibration of the second NO2-B43F sensor, herein denoted as NO2(2), and the NO2

concentrations read by the reference instruments.

Table 2. Coefficient of determination (R2) and MAE found for each sensor after calibration.

Sensor R2 MAE

CO(1) 0.999 0.001 ppm
CO(2) 0.999 0.0009 ppm

NO2(1) 0.999 0.053 ppb
NO2(2) 0.995 1.415 ppb
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Table 3. Coefficients of the conversion law found for each sensor.

Sensor a b c

CO(1) −3150 ppm/V 3.127 ppm/V 6.243 ppm
CO(2) −2.762 ppm/V 2.705 ppm/V 5.239 ppm

NO2(1) 104.933 ppb/V −103.909 ppb/V 93.010 ppb
NO2(2) 98.294 ppb/V −97.607 ppb/V 91.989 ppb

3.2. The Results of the Indoor Monitoring

The indoor experiment started on the 23rd of November 2024 and finished on the 25th
of November 2024. The sampling rate of both the monitors was set to one minute, producing
a dataset composed of 2930 records. The temperature and the relative humidity did not
vary significantly during the experiment, ranging from 16.7 ◦C to 21.2 ◦C, and from 38.8%
to 54.2% for the humidity. Moreover, the mean and median values for the temperature
were, respectively, equal to 19.5 ◦C and 19.9 ◦C, while the mean and median values for the
relative humidity were, respectively, equal to 45.2% and 45.8%. The values of both these
environmental variables are very close to the ones experienced by the sensors during the
calibration process, thus, we can consider that the environmental conditions in the test
chamber and in the apartment are the same. The time series of the gas measurements are
shown in Figures 11 and 12.

Figure 11. The CO concentrations measured by the CO(1) sensor placed in the apartment kitchen
and the ones measured by the CO(2) sensor placed in the living room.

The maximum concentration of CO was equal to 12.3 ppm, while the maximum
concentration of NO2 was equal to 64 ppb. Both these values were registered by the
monitor placed in the kitchen, which are named CO(1) and NO2(1).
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Figure 12. The NO2 concentrations measured by the NO2(1) sensor placed in the apartment kitchen
and the ones measured by the NO2(2) sensor placed in the living room.

3.3. The Results of the Mobile Measurements

The mobile measurements were carried out by making a trip in a diesel fueled car
during rush hour on urban and extra-urban roads. In this test, the monitor placed in the
kitchen during the indoor experiment was used. The mobile measurements were performed
on the 18 November 2024 and, by being mobile monitoring, the sampling rate of the monitor
was set to 4 s, which is the fastest sampling rate possible for this device. Therefore, the
resulting dataset was composed of 5486 measurements. The maximum value for the CO
concentrations was equal to 8.3 ppm, while the maximum value for NO2 concentrations
was equal to 38 ppb. As regards to the temperature and relative humidity ranges, they were,
respectively, from 11.5 ◦C to 21 ◦C and from 22.3% to 59.8%. The ranges of temperature and
humidity are wider than the ones found during the apartment test, but if we consider the
mean and median values for the temperature (respectively, equal to 20.1 ◦C and 20.2 ◦C),
it can be seen that they are comparable with the values registered during the calibration
phase. As concerns the humidity, we registered a continuous decrease in its values, which
resulted in a mean value equal to 39% and a median value equal to 38.7%. The time series of
these measurements are shown in Figures 13 and 14, while Figure 15 highlights a moment
in which we registered a spike in the NO2 and CO concentrations due to a prolonged stop
while we were waiting in a queue caused by heavy traffic. The trends of temperature and
relative humidity measured in the car cabin are exposed, respectively, in Figures 16 and 17.

Figure 13. The time series of the CO concentrations measured in the mobile measurement test. In this
figure is shown the spike registered during a stop in a queue caused by heavy traffic caught in Figure 15.
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Figure 14. The time series of the NO2 concentrations measured in the mobile measurement test. In
this figure is shown the spike registered during a stop in a queue caused by heavy traffic caught
in Figure 15.

 

Figure 15. This figure shows the car stopping in a queue caused by heavy traffic, in which a
remarkable peak of CO and NO2 concentrations was registered by the monitor arranged on the
car dashboard.
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Figure 16. The time series of the temperature measured in the car cabin.

Figure 17. The time series of the relative humidity measured in the car cabin.

4. Discussion

The calibration of the sensors for air quality monitoring is an important step for a good
quality of data to be produced by the monitors. The scientific community has explored
different calibration techniques that can be summarized in two big general categories:
laboratory calibrations and on-field calibrations [5,8]. Laboratory calibrations are carried
out in a protected environment, such as a laboratory, where the device to calibrate is placed
into a test chamber in which all the variables affecting the sensor response are under control
and also the interfering gases can be excluded. On the contrary, on-field calibrations are
performed in the place where the sensor will be deployed in co-location with reference
instrumentations [6]. In this second case, temperature, relative humidity, and interfering
gases cannot be controlled, but their effects are taken into account in the conversion law
which is to be applied to the sensor under calibration. Both of the two approaches have
advantages and disadvantages, but in general, calibration in a laboratory provides better
performance indicator values in terms of R2 [5,8,12].

In the review proposed by Kang et al. [12], it has been found that, in the case of CO
and NO2 sensors, laboratory evaluations produced R2 values ranging between 0.99 and 1.
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The values found during the calibration of the sensors used for this work, ranging from
0.995 to 0.999, are in line with the study carried out by Kang.

Other researchers have performed laboratory calibration of electrochemical sensors for
their work. Zimmerman et al. [27] used nine CO-B4 sensors and fourteen NO2-B43F sensors
to implement several devices to monitor CO and NO2. For the laboratory calibrations they
used the multivariate linear regression technique to find the conversion law. After the
calibration process, they found an average R2 equal to 0.98 for both of the sensor types, and
an average value for MAE equal to 132 ppb in the case of the CO-B4 sensor and 35 ppb in
the case of the NO2-B43F sensor. In this study, similar values were found for both of the
performance indicators.

Castell et al. [8] evaluated in their study 24 units of the same monitor model (the v3.5
type) produced by AQmesh for measuring CO, NO2, NO, and O3. These monitors were
based on the CO-B4 sensor for CO measurements and on the NO2B42 sensor for NO2

measurements, a model very similar to the NO2-B43F considered in our study. Two of the
twenty-four units were calibrated in the laboratory and the linear regression technique was
used for this purpose. After the calibration process, they found R2 values equal to 0.99
for both sensor models, which is comparable with the values found after the calibration
performed for our study.

Castell et al., along with many other researcher groups, highlighted that meteorological
conditions influence the response of electrochemical sensors. More specifically, the relative
humidity, and more heavily the temperature, can play a significant role in determining the
final sensor outputs. For this reason, it is important to take into account their variations in
the conversion law, or alternatively, to deploy them in environments where temperature
and humidity have limited variations.

In our preliminary study we did not include these variables in the conversion law,
but we designed the tests by reproducing the laboratory conditions. During the laboratory
calibrations the temperature ranged from 18.6 ◦C to 21.2 ◦C while the relative humidity
ranged from 39.5% to 53.7%. By examining the documents and the datasheets published by
the manufacturer of the sensors, these ranges do not have a remarkable influence on the
sensor response due to the fact that they are limited enough. As desired, these values were
comparable with the ones registered during the indoor experiment (16.7 ◦C to 21.2 ◦C for
the temperature and 38.8% to 54.2% for the humidity).

As concerns the mobile measurements performed in the car cabin, the ranges of
temperature and humidity are both wider (from 11.5 ◦C to 21 ◦C for the temperature
and from 22.3% to 59.8% for the humidity) than the ones measured during the laboratory
calibration. The reason for this result can be explained by considering that, before starting
the experiment, the car used for this test was parked in an underground carpark, where
environmental conditions were different from the ones planned for the experiment. The
measurements started when the car was in the carpark, and the car conditioning system
was set to 20 ◦C as soon as the car was started. As you can see in Figure 16, the temperature
values very quickly reached their planned level, and subsequently they did not move out
of the range measured during the calibration for the whole duration of the experiment. All
these elements explain the trend of the temperature exposed in Figure 16. By considering
that the temperature was out of the range measured during the calibration for a very
short time, we can judge the measures carried out through this test to be reliable. Similar
considerations can be drawn in the case of the relative humidity, even though its trend
showed that the calibration range was reached more gradually (see Figure 17).

In the indoor experiment, the concentrations of CO and NO2 gases were measured
during the everyday activities which typically take place in an apartment: cooking, cleaning,
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or smoking. The results highlight that the peaks of gas emissions (see Figures 11 and 12)
were registered mainly during smoking and cleaning. While it was expected that cigarette
smoke can emit CO or NO2 gases, to a certain extent, it was unexpected that peaks of
concentrations of CO or NO2 can be measured also when some household cleaning products
are used for cleaning activities. It is very likely, or better we can surely consider, that those
products did not emit CO or NO2, but rather some interfering gases or VOCs (volatile
organic compounds), even though we could not identify which type of them could be.
Another important element of this experiment is given by the similar trends registered by
both the monitors, in addition to the fact that the monitor placed in the kitchen measured
concentrations higher than the one placed in the living room. This is explained by the
position of pollutant sources, which were all located in the kitchen, and also by considering
that the sliding door between the living room and the kitchen was always kept open. The
maximum value of NO2 concentration was 64ppb, which is way lower than the WHO
limit set to 106 ppb (1 h average) in the 2023 air quality guidelines [44]. As regarding the
CO concentrations, the same considerations can be made as the maximum concentration
measured in the apartment was equal to 12.3 ppm, which is lower than the WHO limit
equal to 26 ppm.

As concerns the mobile measurements carried out in the car cabin, we noted that the
peaks of CO and NO2 occurred when the car was stopped in traffic very close to other
vehicles, forming the queue as shown in Figure 15. The rapid increase in gas concentrations
and their slower decrease shown in Figures 13 and 14 are explained by the car ventilation
being set to the minimum in conjunction with the car windows being kept closed. It was
necessary to keep them closed to avoid excessive variations in temperature and humidity in
the car cabin. During this experiment the WHO limits were not exceeded as the maximum
concentration for NO2 was equal to 38 ppb, whilst we recorded 8.3 ppm for the CO.

5. Conclusions

A new device called DSNasus for monitoring personal exposure to air pollutant gases
has been designed and implemented. For its operation, a smartphone device and electro-
chemical gas sensors by Alphasense are needed. In this preliminary work, its functionalities
have been tested by performing two experiments. The first one was aimed at forming a
little indoor network composed of two monitors measuring CO and NO2 concentrations
and a smartphone acting as a hub for the measure records. In the second experiment,
mobile measurements were performed in a car cabin during a trip through urban and
extra-urban roads. Considering the results of both the experiments and considering that in
some environments interfering gases or volatile compounds can be still an issue, we can
conclude that this device can be used as a personal air quality indicator tool rather than a
tool for assessing the personal exposure to specific pollutant gases.
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Abstract: Triethylamine (TEA), a volatile organic compound (VOC), has important applica-
tions in industrial production. However, TEA has an irritating odor and potential toxicity,
making it necessary to develop sensitive TEA gas sensors with high efficiency. This study
focused on preparing LaFeO3 nanoparticles modified by SnS2 nanosheets (SnS2/LaFeO3

composite) using a hydrothermal method together with sol–gel technique. According to the
comparison results of the gas-sensing performance between pure LaFeO3 and SnS2/LaFeO3

composite with varying composition ratios, 5% SnS2/LaFeO3 sensor had a sensitivity for
TEA that was 3.2 times higher than pure LaFeO3 sensor. The optimized sensor operates
at 140 ◦C and demonstrates strong stability, selectivity, and long-term durability. Detailed
analyses revealed that the SnS2 nanosheets enhanced oxygen vacancy (OV) content and car-
rier mobility through heterojunction formation with LaFeO3. This study provides insights
into improving gas-sensing performance via p-n heterostructure design and proposes a
novel LaFeO3-based material for TEA detection.

Keywords: LaFeO3 nanoparticles; SnS2 nanosheets; p-n heterojunction; gas sensor

1. Introduction

The release and leakage of volatile organic compounds (VOCs) have severely affected
human survival and safety over the last couple of decades [1–3]. Triethylamine (TEA) is a
hazardous VOC primarily serving as a preservative, catalyst, and solvent in the chemical
industry [4,5]. As a toxic gas, it is colorless, is transparent, and has an irritating odor. Being
exposed to a TEA environment for a long term possibly induces many health issues of
headaches, nausea, and skin and respiratory irritation, and in severe cases, death [6,7]. In
food safety, TEA is the primary characteristic malodorous gas produced during the spoilage
of aquatic products, such as fish. Its concentration directly correlates with fish freshness,
making it a critical biomarker for assessing aquatic product quality and enabling food
safety monitoring [8,9]. The Occupational Safety and Health Administration has confirmed
an allowable exposure concentration for triethanolamine in air not to exceed 10 ppm [10,11].
Although conventional gas detection techniques are effective in accurately identifying toxic
gases, they have several limitations. Therefore, efforts need to be made to develop a gas
sensor with a relatively simple operation and good performance for industrial and daily
life applications.

Metal oxide semiconductor (MOS)-based nanostructured materials have emerged as
innovative solutions to overcome these challenges, finding extensive applications across
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multiple technological domains with notable implementation in catalytic processes and
chemical detection systems [12–14]. MOS gas sensors are characterized by simple opera-
tion and low synthesis cost, and they are capable of detecting low concentrations of toxic
gases [15,16]. Perovskite-type ABO3 compounds, characterized by their ternary oxide
configuration comprising A- and B-site metal cations with distinct ionic radii, exhibit struc-
turally robust crystalline frameworks that demonstrate considerable potential in gas sensor
applications [17–20]. Recent advancements in LaFeO3-based sensing materials have demon-
strated varied performance characteristics under different synthetic conditions [21]. Wang
et al. fabricated hollow LaFeO3 microspheres with a yolk-shell structure that exhibited
a gas response value of 25.5 to 100 ppm ethanol at 225 ◦C [22]. Li et al. fabricated Au-
LaFeO3 nanocomposites with a simple wet-chemical method. The optimally proportioned
Au-LaFeO3 sensor had a response value of 44 to 100 ppm ethanol at 200 ◦C, representing a
27-fold enhancement compared to the pristine LaFeO3 sensor, with a recovery time reduced
to 8 s [23]. Xiao et al. successfully synthesized uniform porous LaFeO3 microspheres via a
hydrothermal method. According to gas-sensing tests, the porous LaFeO3 microspheres
had a response value of 29 to 100 ppm acetone at 260 ◦C [24].

Two-dimensional SnS2 with a nanosheet morphology exhibits a narrow band gap,
excellent adsorption kinetics, and low gas adsorption energy, making it well applied
in the gas-sensing field [25]. The SnS2 sensor developed by Yan et al. demonstrates a
sensitivity of 13,000% toward 9 ppm NO2, a strong selectivity, and a low detection limit
for NO2 [26]. Dong et al. adopted a hydrothermal treatment process for synthesizing
α-MoO3@SnS2 nanosheets, which exhibited a response value of 114.9 to 100 ppm TEA
at 175 ◦C. The foam-like structure, with its excellent permeability, facilitates enhanced
gas-sensing performance [27]. Xu et al. applied a hydrothermal method for synthesizing
SnS2/ZnS flower-like microspheres presenting a high specific surface area (SSA), achieving
a response of ~11 toward 50 ppm TEA at 180 ◦C [28].

By reasonably building p-n heterojunctions in MOS nanomaterials to modulate the
electron and hole concentration, gas-sensing performance can be effectively enhanced [29].
Shuai et al. successfully synthesized NiO/BiVO4 p-n heterojunction microspheres via
hydrothermal treatment. The 10% NiO-BiVO4 sensor presented a gas response of 183.11
to 30 ppm TEA versus the pure BiVO4 sensor [30]. Wu et al. synthesized In2O3-decorated
Mn2O3 nanorod-based multidimensional nanostructures via a hydrothermal method,
which exhibited an enhanced SSA. The In2O3/Mn2O3 composite with an In:Mn ratio
of 1:0.12 demonstrated a response value of 44.3 toward 100 ppm TEA at 180 ◦C [31].

The study successfully synthesized SnS2/LaFeO3 composite by combining the hy-
drothermal method with high-temperature annealing treatment. In the SnS2/LaFeO3

composite material, the combination of p-type LaFeO3 and n-type SnS2 forms a p-n het-
erojunction. This creates a built-in electric field at the interface, enabling more efficient
carrier separation and transport. The introduction of SnS2 increases the specific surface
area of the composite material, providing more reactive sites for the target gas and thereby
enhancing gas-sensing performance. The 5% SnS2/LaFeO3 sensor demonstrates a response
of 124.5 to 100 ppm TEA, along with excellent selectivity and long-term stability. Compared
to similar sensors, the performance of our sensor significantly outperforms comparable
counterparts. For example, Hao et al. fabricated a RuO2/LaFeO3 gas sensor exhibiting
a response value of 60.4 towards 100 ppm TEA at 260 ◦C [32]. Ma et al. fabricated a
WO3-SnWO4 nanorod-based gas sensor showing a response value of 80.2 towards 100 ppm
TEA at 130 ◦C [33]. Zhao et al. fabricated a gas sensor based on WO3-modified ErVO4

nanoparticles. At its optimal operating temperature of 200 ◦C, the ErVO4/WO3 composite
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exhibited a response of 15.79 towards 100 ppm TEA [34]. The LaFeO3/ZnO composite
prepared by Ni et al. exhibited a response value of 50 to 100 ppm TEA at 200 ◦C [35].

2. Experiment

2.1. Preparation of LaFeO3 Nanoparticles and SnS2 Nanosheets

The preparation of LaFeO3 nanoparticles was achieved by using the citric acid sol–gel
method [36] by first dissolving Fe(NO3)3·9H2O and La(NO3)3·6H2O in 50 mL of deionized
water (DW) to form an orange solution A and then dissolving citric acid (210.0 mg, 1 mmol)
in 30 mL of DW to obtain a colorless transparent solution B. The two solutions were mixed
under magnetic agitation, followed by 5 h of continuous stirring at 80 ◦C until obtaining a
reddish-brown gel. After 12 h of drying treatment, the gel underwent 2 h of calcination at
350 ◦C and 4 h of calcination at 700 ◦C in succession to synthesize the LaFeO3.

A one-step hydrothermal method was applied for synthesizing SnS2 nanosheets [37].
Firstly, a colorless transparent solution was obtained by completely dissolving SnCl4·5H2O
(17.5 mg, 0.05 mmol) and thiourea (22.8 mg, 0.3 mmol) in 50 mL of DW. The hydrother-
mal reaction proceeded for 12 h at 180 ◦C, followed by the collection of the generated
yellow product.

2.2. Synthesis of SnS2/LaFeO3 Composite

LaFeO3 powder (100 mg) was dissolved in a 40 mL ethylene glycol (EG) solution using
30 min of ultrasonication. SnS2 powder with varying masses ultrasonically dispersed in
20 mL of EG solution was added dropwise into the LaFeO3 solution before half an hour
of stirring. The mixture underwent 12 h of hydrothermal heating at 160 ◦C to obtain a
powder sample. The powder sample was sequentially rinsed using DW and ethanol and
dried again. The SnS2/LaFeO3 composite with different contents (5 wt%, 10 wt%, and
20 wt%) could be made. The resulting materials were designated as 5% SnS2/LaFeO3, 10%
SnS2/LaFeO3, and 20% SnS2/LaFeO3, respectively.

2.3. Control Experiment: In Situ Synthesis of SnS2/LaFeO3 Composite

LaFeO3 powder (100 mg) was dissolved in a 40 mL ethylene glycol (EG) solution
using 30 min of ultrasonication. Afterwards, specific quantities of SnCl4·5H2O (0.025, 0.05,
and 0.075 mmol) and thiourea (0.15, 0.3, and 0.45 mmol) were completely dissolved in
20 mL of ethylene glycol and then added dropwise to the LaFeO3 solution under magnetic
stirring. The mixture underwent 12 h of hydrothermal heating at 160 ◦C to obtain a powder
sample. The powder sample was sequentially rinsed using DW and ethanol and dried
again. The obtained SnS2/LaFeO3 composite with different molar ratios are designated as
SnS2/LaFeO3-1, SnS2/LaFeO3-2, and SnS2/LaFeO3-3.

2.4. Characterizations of Gas-Sensitive Materials

X-ray diffraction (XRD) was employed to analyze the composition, crystal type, and
grain size of the samples. The model of the diffractometer used in this study was a SHI-
MADZU XRD-7000S (SHIMADZU, Kyoto, Japan). The scanning 2θ angle range during
testing was 5–80◦, with a scanning speed of 5◦/min. Field-emission scanning electron
microscopy (SEM) was used to observe the microscopic morphology of the synthetic ma-
terial precursors and target samples. The model of the SEM used in this study was an
FEI Nova NanoSEM450 (FEI, Hillsboro, OR, USA). Prior to testing, high-purity ethanol,
clean silicon wafers, conductive adhesive, and other materials were prepared, and the
accelerating voltage was set to 18 kV. To test the specific surface area, pore volume, and
pore size distribution of the samples, a fully automated physical adsorption instrument
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produced by Beijing JWGB Technology Co., Ltd. (Beijing, China), model BK100C, was
used to analyze the experimental materials. Before testing, cleaned BET tubes and a cer-
tain amount of liquid nitrogen were prepared. To determine the chemical composition,
elemental valence states, and their percentages on the surface of the target samples, X-ray
photoelectron spectroscopy (XPS) was performed using an X-ray photoelectron spectrome-
ter manufactured and designed by Thermo Fisher Scientific (Waltham, MA, USA), model
ESCALABTM 250Xi.

2.5. Fabrication of the Gas Sensors

Gas sensors were constructed and measured following a previous description [38].
Initially, a specific amount of pure LaFeO3, pure SnS2, and SnS2/LaFeO3 composite was
dispersed in DW. This suspension was then used to prepare a slurry with the appropriate
viscosity for coating onto the ceramic tube for fabricating the sensors (Figure 1). A CGS-8
intelligent gas-sensitive analysis system (Beijing Elite Technology, Beijing, China) was
employed for testing the sensor’s sensitivity (Ra/Rg or Rg/Ra). Ra and Rg denote the
resistance values of the sensor in air and the target gas, respectively. The response and
recovery time denote the duration necessary for the sensor to achieve 90% of the total
resistance variation in the target gas and air.

Figure 1. The structure of the gas-sensing device.

3. Results and Discussion

3.1. Structural and Morphological Characteristics

Figure 2 presents the microscopic morphology and elemental distribution of pure
SnS2, pure LaFeO3, and the 5% SnS2/LaFeO3 composite. As shown in Figure 2a, LaFeO3

primarily consists of aggregated nanoparticle structures, while SnS2 in Figure 2b exhibits
a well-defined hexagonal morphology. Figure 2c,d reveal that SnS2 nanosheets in the 5%
SnS2/LaFeO3 composite are randomly and densely anchored onto the LaFeO3 nanoparticle
framework, with no significant alterations in their original dimensions or morphology after
composite formation. Elemental mapping images (Figure 2e–j) demonstrate a homogeneous
spatial distribution of Sn, S, La, Fe, and O components, further confirming the successful
synthesis of the SnS2/LaFeO3 composite.

According to Figure 3, the SnS2/LaFeO3 composite with varying content ratios has
diffraction peaks corresponding to the pure LaFeO3 crystal phase (JCPDS Card No. 75-
0541) [39]. With rising SnS2 content, the intensities of the diffraction peaks at 15.02◦ and
41.87◦ in the SnS2/LaFeO3 composite gradually become more pronounced, matching
those of pure SnS2 crystals (JCPDS Card No. 83-1705) [40]. The SnS2/LaFeO3 composite
is successfully synthesized, as evidenced by the impurity peaks not being detected in
the patterns.

The results from Figure 4 and Table 1 show that specific surface areas (SSAs) of
LaFeO3 and 5% SnS2/LaFeO3 are 10.165 m2/g and 12.433 m2/g, respectively. Incorporating
SnS2 elevates the material’s SSA. A larger SSA offers more reactive sites, contributing to
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improved gas-sensing performance. Although the sample of 10% SnS2/LaFeO3 has the
largest SSA, there are still other key factors that affect the gas-sensing performance, such as
the sensors’ baseline resistances in air, which is discussed later.

 

Figure 2. SEM images of (a) LaFeO3 nanoparticles, (b) SnS2 nanosheets, and (c,d) 5% SnS2/LaFeO3

composite. EDS spectrum of (e–j) for the 5% SnS2/LaFeO3 composite.

Figure 3. XRD patterns of pure LaFeO3, pure SnS2, and SnS2/LaFeO3 composite.

Table 1. Samples’ textural parameters from BET analysis.

Sample
Surface Area

(m2 g−1)
Pore Volume

(cm3 g−1)
Average Pore Size

(nm)

LaFeO3 10.165 0.075 29.434
5% SnS2/LaFeO3 12.433 0.086 27.582

10% SnS2/LaFeO3 12.768 0.078 24.544
20% SnS2/LaFeO3 11.295 0.077 25.339
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Figure 4. N2 adsorption/desorption curves: (a) LaFeO3; (b–d) 5%, 10%, and 20% SnS2/LaFeO3.

The XPS analysis results revealed the chemical states of various elements in pure SnS2,
pure LaFeO3, and SnS2/LaFeO3 composite with different ratios. As shown in Figure 5a,
the doublet peaks at 487.2 and 495.7 eV are assigned to the Sn4+ 3d5/2 and Sn4+ 3d3/2

orbitals of SnS2 [41]. Compared with pure SnS2, the Sn4+ 3d5/2 and Sn4+ 3d3/2 peaks in
the SnS2/LaFeO3 composite exhibited a 0.9 eV shift to lower binding energies. Similarly,
the doublet peaks at 162.2 and 163.4 eV in Figure 5b are assigned to the S2− 2p3/2 and S2−

2p1/2 orbitals of SnS2, respectively [41]. These S2− 2p peaks in the SnS2/LaFeO3 composite
also showed a 0.9 eV negative shift relative to those in pure SnS2. The observed binding
energy shifts of the elements demonstrate a strong electronic interaction between SnS2 and
LaFeO3, ultimately promoting SnS2/LaFeO3 heterojunctions to be formed.

In Figure 5c, the peaks located at 833.7, 838.2, 850.6, and 855.0 eV are assigned to the
La3+ 3d5/2 and La3+ 3d3/2 orbitals in pure LaFeO3, accompanied by three satellite peaks.
Compared to pure LaFeO3, the La 3d peaks in the SnS2/LaFeO3 composite exhibit a shift
toward higher binding energy by approximately 0.1–0.2 eV [42]. In Figure 5d, the peaks
at 710.0 and 723.7 eV target the Fe3+ 2p3/2 and 2p1/2 orbitals, while those at 712.2 and
725.5 eV target the Fe4+ 2p3/2 and 2p1/2 orbitals [43,44]. Binding energy presents a slight
shift resulting from the heterostructure effect at the interface of the SnS2/LaFeO3 composite.
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Figure 5. The high-resolution XPS spectra of Sn 3d (a), S 2p (b), La 3d (c), and Fe 2p (d) for all
samples.

In Figure 6, the O 1s binding energy peak is deconvoluted into three peaks located
at 529.3, 531.25, and 532.8 eV, targeting lattice oxygen (OL), oxygen vacancies (OV), and
chemisorbed oxygen (OC), respectively [45,46], with relevant peak area ratios displayed in
Table 2. The 5% SnS2/LaFeO3 composite exhibit a higher OV content than pure LaFeO3.
Oxygen vacancies (OV) are active sites for surface oxygen adsorption, capable of accel-
erating surface redox reactions [47]. Generally, a higher OV content more remarkably
strengthens gas-sensing performance.

Table 2. XPS O1s peak area ratios of varying oxygen species.

Sample OL (%) OV (%) OC (%)

LaFeO3 66.17 26.67 7.16
5% SnS2/LaFeO3 65.17 31.33 3.50

10% SnS2/LaFeO3 65.32 28.84 5.84
20% SnS2/LaFeO3 65.75 27.74 6.51

According to the analyses from XRD, SEM, EDS, and XPS, the synthesis of the
SnS2/LaFeO3 composite was successfully accomplished.
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Figure 6. The high-resolution XPS spectra of O 1s for all samples.

3.2. Gas-Sensing Properties of the Nanomaterials

The optimal operating temperature is a critical indicator in gas sensor testing. Accord-
ing to Figure 7a,b, these sensors exhibit two distinct optimal operating temperatures and
demonstrate significantly divergent response behaviors to TEA gas. The pure SnS2-based
sensor achieves optimal performance at 80 ◦C, with a response value of 14.2 to 100 ppm
TEA. Comparatively, LaFeO3-based sensors reach their optimal working temperature at
140 ◦C. Notably, the 5% SnS2/LaFeO3 sensor delivers a response value of 124.5 to 100 ppm
TEA, representing an approximately three-fold enhancement compared to the pure LaFeO3

sensor. According to Figure 7c,d, as temperature increases, the semiconductor’s ther-
mal excitation effect dominates, inducing a monotonic decline in baseline resistance with
rising temperature. With the increased addition of SnS2, the baseline resistance of the
SnS2/LaFeO3 composite starts to increase. Meanwhile, the difference in Rg/Ra gradually
decreases, thus reducing the sensitivity.

Figure 7. (a,b) Responses of pure SnS2, pure LaFeO3, and SnS2/LaFeO3 composite to 100 ppm TEA
at 60–220 ◦C; (c,d) the sensors’ baseline resistances in air at different temperatures.
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Figure 8a–c shows the gas sensors’ time-varying response–recovery curves to 100 ppm
TEA concentration. In terms of response time, the 5% SnS2/LaFeO3 sensor does not show
a significant response advantage, and with regard to the recovery time, the pure LaFeO3

and pure SnS2 sensor have a recovery time of 165 and 175 s, respectively, while the 5%
SnS2/LaFeO3 sensor has a recovery time elevated to 64 s, which is significantly faster
than that of the two single material sensors. Figure 8d illustrates the resistance response
variation curves of different sensors to 100 ppm TEA at the optimal working temperature.

Figure 8. (a–c) Time-varying response curves of 3 sensors to 100 ppm TEA. (d) Resistance response
variation curves of 3 sensors at the optimal operating temperature.

Selectivity is also a fundamental criterion for gas sensors. The sensors were used
to test the selectivity at 140 ◦C to 100 ppm of acetone, ethanol, n-propanol, isopropanol,
methanol, xylene, acetic acid, hexane, formaldehyde, ammonia, and other gases (Figure 9a).
Compared to other tested gases (such as acetone with a C=O bond energy of 728 kJ/mol and
methanol with an O-H bond energy of 458.8 kJ/mol), the 5% SnS2/LaFeO3 sensor exhibits
significantly enhanced response characteristics toward TEA. This superiority primarily
stems from the lower bond energy (305 kJ/mol) of the C-N bond in TEA molecules. The
disparity in bond energy facilitates easier surface interfacial reactions between TEA and
the gas-sensitive material, thereby enhancing the gas selectivity.

These sensors present excellent stability and reproducibility (Figure 9b). Notably, the
5% SnS2/LaFeO3 gas sensor exhibits more prominent response and recovery characteristics
at 1 ppm TEA, achieving a response value of 10.2 (Figure 9c). This result indicates that the
5% SnS2/LaFeO3 gas sensor possesses a lower detection limit. In addition, in Figure 9d,
a linear fitting was conducted for all sensors in 1–100 ppm. The 5% SnS2/LaFeO3 sensor
exhibited the fitting equation of y = 10.838 + 1.109x (R2 = 0.998), demonstrating a strong
linear relationship.
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Figure 9. (a) Selectivity of 4 sensors to 100 ppm of varying VOC gases at 140 ◦C. (b,c) Cyclic stability
and dynamic response curve of sensors. (d) Fit curve of the 5% SnS2/LaFeO3 sensor responses.

Relative humidity (RH) also critically affects the sensor performance. Figure 10a
illustrates the humidity resistance tests of four gas sensors toward 100 ppm TEA. With
the RH rising from 20% to 80%, the 5% SnS2/LaFeO3 sensor has a response declining
from 123.4 to 9.6. This decline arises due to water molecules in the air competing with
the target gas for active sites on the material surface, impeding the formation of adsorbed
oxygen species. Consequently, the baseline resistance increases, leading to reduced gas-
sensing performance [48]. Figure 10b shows a continuous 30-day gas sensitivity test of
the 5% SnS2/LaFeO3 gas sensor, which maintains a stable response value to 100 ppm
TEA at 140 ◦C, providing excellent long-term stability. Additionally, anti-interference tests
were conducted using mixed gases containing 50 ppm TEA and 50 ppm interfering gases
(formaldehyde, acetic acid, methanol, ammonia, and hexane), as shown in Figure 10c.
The 5% SnS2/LaFeO3 sensor displays minimal response variations to the mixed gases,
confirming its superior anti-interference capability.

Figure 10. (a) Humidity resistance tests and (b) long-term stability of four gas sensors; (c) the
responses of the 5% SnS2/LaFeO3 gas sensor in the different gas mixtures.
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To demonstrate that the hydrothermal method of combining SnS2 and LaFeO3 materi-
als is simple and that the synthesized SnS2/LaFeO3 composites have excellent properties,
we conducted a control experiment of the in situ synthetic method. Figure 11a presents
a control experiment on the sensing properties of in situ-grown SnS2 on LaFeO3. The
SnS2/LaFeO3-2 composite shows a response of 26.2 to 100 ppm TEA at 140 ◦C and 40% RH.
Compared to pure LaFeO3, there is no significant improvement in gas-sensing performance.
Figure 11b shows the resistance variation curves of the three sensors. As the SnS2 loading
content increases, the baseline resistance demonstrates an upward trend (Figure 11c).

Figure 11. (a,b) Time-varying response and resistance curves of the in situ SnS2/LaFeO3-1, -2, and -3
sensors to 100 ppm TEA at 140 ◦C and 40% RH; (c) baseline resistance values of the three sensors at
140 ◦C.

Figure 12a presents the selectivity tests of the three sensors based on the in situ synthe-
sized samples toward eight different gases. The SnS2/LaFeO3-2 sensor exhibits relatively
high responses to gases such as acetone, n-propanol, and iso-propanol, but shows no
significant selective advantage for the target analyte. Figure 12b displays the cyclic stability
test results, where the response values remain essentially unchanged over multiple cycles.
Notably, the sensing performance improved during testing due to a decrease in ambient
humidity to approximately 35% RH. Figure 12c,d show the concentration-dependent re-
sponse curves of the three sensors to TEA from 1 ppm to 100 ppm. The SnS2/LaFeO3-2
composite demonstrates superior gas response values, with its concentration–response
relationship following the linear fitting equation (y = 4.254 + 0.214x, R2 = 0.962).

3.3. Gas-Sensing Mechanism

During the high-temperature annealing treatment of the LaFeO3 sol–gel precursor in
air, cation vacancies (La and Fe) generated under high-temperature conditions induce hole
formation, triggering a p-type LaFeO3 semiconductor. The equations below interpret the
corresponding defect reaction [49,50]:

VLa → V ′′′
La + 3h. (1)

VFe → V ′′′
Fe + 3h. (2)

It is allowed to explain the sensing mechanism by examining the reversible conduc-
tivity variation of the sensing layer attributed to the process through which the sensing
material interacts with adsorbed gas molecules [51]. The equations below interpret the
overall steps:

O2(gas) → O2(ads) (3)
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O2(ads) + e− → O−
2(ads)(T < 100 ◦C) (4)

O−
2(ads) + e− → 2O−

(ads)(100 ◦C < T < 300 ◦C) (5)

(C2H5)3N(gas) + 39O−
(ads) ↔ N2(gas) + 12CO2(gas) + 15H2O(gas) + 39e− (6)

Figure 12. (a) Selectivity tests of the three sensors toward different gases; (b) cyclic stability test;
(c,d) response curves to increasing TEA concentrations (1–100 ppm) and corresponding fitting curves
for the three sensors.

Upon the exposure of the LaFeO3 to atmospheric air, oxygen molecules (O2) adsorbed
onto the surface are converted to O−

2(ads) and O−
(ads) through capturing electrons from the

conduction band, forming a hole accumulation layer (HAL) on the LaFeO3 surface and
reducing the electronic resistance of LaFeO3. Upon the exposure to TEA gas, the reaction
between the TEA molecules and the adsorbed oxygen species present on the LaFeO3 surface
promoted the release of electrons back into the materials, increasing the resistance.

As shown in Figure 13, LaFeO3 is a p-type semiconductor [52], and SnS2 is an n-type
semiconductor [53]. Affected by their different work functions, the electrons of LaFeO3

can flow to SnS2 and the holes of SnS2 flow to LaFeO3 until the Fermi level achieves
equilibrium [54,55]. This charge transfer can be verified by XPS characterization (Figure 5).

This further increases the hole concentration in LaFeO3 and thickens the HAL in an
air atmosphere, thereby reducing the electronic resistance Ra and providing the potential
for a lager change between Ra and Rg. As shown in Figure 7b, a small amount (5%)
of SnS2-composition significantly reduces the resistance value of Ra. Moreover, the p-n
heterojunction improves the charge transport during the reaction process on the surface,
enhancing the sensing response. The 5% SnS2/LaFeO3 composite exhibits the highest
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content of OV and OC. This promotes the participation of more target gas molecules in
surface redox reactions. Furthermore, BET surface area measurements indicate that the
introduction of SnS2 effectively increases the specific surface area of the material. This
provides more active sites and accelerates the redox reaction process, thus enhancing the
gas-sensing performance.

Figure 13. Schematic diagram of the sensing mechanism of the SnS2/LaFeO3 sensor.

4. Conclusions

In conclusion, the SnS2/LaFeO3 composites were successfully synthesized by a high-
temperature annealing treatment and hydrothermal method. The 5% SnS2/LaFeO3 sensor
demonstrates a response of 124.5 to 100 ppm TEA at 140 ◦C, 3.2 times higher than the pure
LaFeO3 sensor. Furthermore, for the SnS2/LaFeO3 sensor, the sensor response exhibits
a linear relevance to the gas concentration, anti-interference capability, and long-term
stability. Furthermore, the formed heterojunction elevates the OV content and expands the
HAL on the surface, thereby improving the TEA-sensing property. The findings in the study
will assist researchers in designing and synthesizing MOS gas sensors for TEA detection.
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Abstract: The resonant frequency of an SAW oscillator can be modulated by varying
the signal amplitude, due to non-linear acoustic interactions within the chemoselective
layer. In this study, we developed an explicit model to describe the amplitude–frequency
behavior of a tunable SAW oscillator. A polymeric layer of variable thickness was deposited
in a circular area (radius 1.1 mm) at the center of the piezoactive surface. Increasing the
oscillator loop attenuation resulted in a continuous increase in the resonant frequency by
up to 1.8 MHz. The layer was modeled as a succession of non-interacting sub-layers of
varying thicknesses. As a result, the function model consists of a superposition of terms,
each corresponding to a layer region of distinct length and thickness. The maximum
difference between the experimental data and function model (also known as residual of
the fit) was below 1% (13.02 kHz) of the resonant frequency variation, thus supporting the
validity of our approach. While our model proved successful, the results suggest that some
interactions are unaccounted for, as evidenced by the periodicity of the residuals of fit and
unrealistically large variation in acoustic wave velocity.

Keywords: analyte discrimination; non-linear response; gas sensors; non-gravimetric
effects; SAW sensors

1. Introduction

The continuous expansion of human civilization has led to a growing demand for
sensing devices that are accurate, affordable, and high-performing—a trend that shows no
signs of slowing down. This demand pertains not only to quantity but also to quality. As an
example, a complex air chemical composition assessment is needed for the food industry
as a means to evaluate the state of perishable food items. In addition, due to the continuous
industrial development, environmental pollution has become ubiquitous, posing a prob-
lem even in indoor domestic spaces [1]. This is because a plethora of complex chemical
compounds is slowly released into the air by furniture and domestic appliances, and many
of them are a health hazard even in low concentrations [2]. Air toxins such as formalde-
hyde, acetaldehyde, 1,4-dichlorobenzene, chloroform, carbon tetrachloride, benzene, and
naphthalene have been identified as pollutants of potential concern because of several
risk-based analyses [3,4]. Multiple disorders associated with VOC indoor air pollution
were amply reported, such as irritation of the eyes and nose, respiratory dysfunctions, sick-
building syndrome, and leukemia, especially in children [5–13]. As a result, the specialized
literature abounds in reports on new developments in this field, most reporting advances
in the field of materials used for chemoselective layers. An important aspect limiting the
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SAW (surface acoustic wave) sensors’ success is the complex interactions governing their
functionality, some of which are related to device-layer acoustic interactions. Still, it is due
to this complexity that SAW devices are a natural option for complex environmental and
material assessment. Sustained efforts have been made to harness the inherent complexity
of these acoustic devices. The design and implementation of multi-mode/multi-frequency
SAW devices have also been tested for the integration of the functionality of an entire
sensor array into one single device. This approach consists of designing an SAW device
capable of generating different modes simultaneously [14], multiple-order resonance [15],
and both multi-mode and multi-frequency responses [16]. In the same vein, an interest-
ing approach was to probe wavefront scattering by using multiple receiving IDTs [17].
Device-layer acoustic interaction is the basis of our approach to expanding the acoustic
wave sensor’s capability. Resonant frequency variation due to non-linear reactions in a
chemoselective layer within an SAW loop oscillator has the potential to greatly expand
the application area of SAW devices. This technique works best in combination with soft
polymeric chemoselective layers. However, proper calibration of the device is necessary in
order to extract valid sensing information. Until now, this has proved a difficult task, due
to the technique’s sensitivity to the slightest differences in layer morphology. Therefore, the
analytical information contained in the SAW sensor’s amplitude–frequency characteristic
must be deconvoluted from the effects of the morphological features of the layer. Develop-
ing an explicit functional model for the layer reaction would allow for the quantification
of its physical properties and therefore account for their changes. Such a model could
then be used to calibrate SAW sensors in spite of the differences in the morphology of
their chemoselective layers, and it could serve as a foundation for an analytical protocol
based on a single SAW sensor. This perspective becomes even more promising in light of
recent insights [18] into the physics of SAW propagation, which suggest the potential for
implementing hypersensitive SAW sensors using this technique. In our previous article [19],
the effect of layer morphology and position on the amplitude–frequency characteristics of
a tunable SAW oscillator was qualitatively evaluated. One important result was that the
frequency trend appeared to be almost linearly dependent on attenuation. This behavior of
the resonant frequency rendered our previous model [20] unusable for the characteristics
tested in [19], presumably due to its limited generality. In [20], the layer covers nearly the
entire piezoactive area; in the second case, over 90% of it remains exposed. For this type
of layer, we propose a new model that accounts for the general case in which the layer
partially covers the SAW device and successfully fits the experimental data.

2. Materials and Methods

The tunable oscillator consists of an SAW device with a central frequency of 70 MHz
connected in a closed-loop configuration with a DHPVA-200 FEMTO amplifier (Messtech-
nik GmbH, Berlin, Germany). The SAW sensor consists of an ST-X cut quartz substrate with
interdigital transducers (IDTs) made of 200 nm thick gold electrodes deposited on a 10 nm
chromium adhesion layer, patterned using standard photolithography. A double/double
finger design was employed, featuring 50 electrode pairs with a periodicity of 11 μm,
resulting in a resonant frequency of approximately 69 MHz. A potentiometer included in
the oscillator’s feedback loop allowed resonant frequency control, via non-linear acoustic
reaction of the PEI (Polyethylenimine) layer deposited on the SAW device. The SAW was
placed in an RF-isolated, closed chamber filled with synthetic air with zero humidity. On
the center of the SAW device, a roughly circular, 2.2 mm diameter PEI layer was deposited.
This was created by drop casting a 0.2 μL 1% by weight PEI solution in ethanol. Visual
inspection revealed that the PEI film resulting after solvent evaporation had random vari-
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ations in thickness, with the thickest point being located close to the center of the layer.
Signal attenuation in the feedback loop influences the effective amplitude at the SAW
surface, thereby modulating the non-linear response of the polymer layer. Changing the
resonant frequency of the SAW oscillator was possible using a rotary potentiometer inserted
into the feedback loop. A computer-controlled, high-precision, motorized rotary stage was
used to actuate the potentiometer, thus providing fast, precise, and fine-grained frequency
control. For maintaining stable experimental conditions, the SAW device was placed on
a 87 Watt Peltier element which maintained a constant temperature of 25 ± 0.1 ◦C. Au-
tomated, real-time temperature adjustment was made by a TEC-1089 Meerstetter Peltier
controller. A schematic of the setup is presented in Figure 1.

Figure 1. Experimental setup for the tunable SAW oscillator.

A CNT-90-type frequency counter (Spectracom Corp, Rochester, NY, USA) was used
to acquire the resonant frequency values. Custom-made software automated the entire
measurement process, consisting of successive potentiometer actuations and frequency
data acquisition.

3. Modeling

The most prominent methods for addressing the problem under study are parametric
non-linear regression and the finite element method (FEM). Although FEM is a powerful
and widely used simulation tool, it presents significant challenges in this context. At
the operating frequency (∼60 MHz), FEM requires an extremely fine mesh to accurately
resolve wave propagation across the millimeter-scale geometry of the device, resulting
in prohibitively high computational demands. Furthermore, the non-linear viscoelastic
behavior of the polymer layer is difficult to parameterize due to the lack of precise higher-
order material constants. To address a more general case than that of uniform coverage,
the polymeric layer in our configuration was intentionally deposited in a localized shape,
covering only a portion of the piezoactive SAW region. Additionally, due to the nature of the
deposition technique, the layer’s shape was irregular in both contour and thickness. This
kind of partial and asymmetric coverage further complicates any FEM-based simulation, as
it would require detailed spatial characterization and fine spatial meshing—conditions that
are rarely practical in experimental setups. By contrast, the parametric analytical model we
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developed accounts for such interactions in a simplified yet physically meaningful way. It
enables efficient evaluation without the need for fine spatial meshing or exhaustive material
data. Moreover, the model captures the non-linear behavior of the polymer layer through
fitted parameters, making it well suited for non-linear regression with experimental data.

In an SAW oscillator, the central resonant frequency is the result of interdigital trans-
ducers’ spatial frequency and acoustic wave propagation velocity. Besides that, the resonant
frequency must fulfill the standing wave condition, i.e., the acoustic and electric path length
all across the oscillators loop amounts to an integer number of wavelengths. Depositing
a layer on the SAW surface increases the inertia of the material that undergoes acoustic
oscillations. With a constant imparted oscillatory energy, the conservation law dictates a
reduction in surface wave propagation velocity and wavelength. As a result, the resonant
frequency of the oscillator will shift so that it regains the standing wave condition, adjust-
ing for the wavelength reduction due to a decrease in velocity. Also, in an acoustically
thick layer, the top surface shear oscillation lags behind the oscillation at the layer–SAW
interface. In other words, the shear oscillation reflected by the top surface of the layer
exhibits a significant phase difference Φ with respect to the shear waves of the piezoelectric
surface. The interference between the two shear waves results in the wavefront at the
SAW surface being delayed or advanced, resulting in either a decrease or an increase in
wave propagation velocity and a subsequent resonant frequency adjustment. The two
effects briefly outlined above are called gravimetric and acoustic effects, and they are both
accounted for by the following equation [21]:

Δv
v

= −Im( ∑
j=x,y,z

(
cjβ j Mj

ω
tanh(iβ jh))), (1)

where β j = ω((ρ − Ej/v2
0)/Mj)

1
2 and Ex = G, Ey = 0, Ez = 4G(3K + G)/(3K + 4G). In the

above equations, v is the surface wave propagation velocity, Im() represents the imaginary
part of the expression, index j gives the oscillation’s polarization, i is the imaginary unit,
cj is the SAW–film coupling parameter [21], tanh() is the hyperbolic tangent function, ω

is the wave pulsation 2πf with f being the oscillation frequency of the SAW, v0 is the
surface acoustic wave velocity of an uncoated SAW, ρ is the layer density, and Mx = Mz =

G, My = K. In this model, phase difference Φj = Re(iβ jh), where Re() represents the real
part of the expression in parenthesis.

We will approximate the layer as a succession of m adjacent sub-layers of different
lengths lk (k = 1. . . m), with constant thicknesses hk (see Figure 2). Under our experimental
conditions, the number of sub-layers yielding the best fit was eleven (m = 11). In the general
case, the layer does not cover the entire piezoactive area, so a length L − ∑ lk of the free
SAW surface will be included, where L is the distance between the two IDTs. Accordingly,
we approximate the total time T needed for the wavefront to cross the space between
the two IDTs as the sum of the times required to traverse all the sub-layers, plus the time
needed to cross the uncovered portion of the SAW surface. The total wavefront propagation
time is therefore given by

T = ∑
lk
vk

+
L − ∑ lk

v0
. (2)

Considering the standing wave condition, the total propagation time is equal to an
integer number of wave periods, i.e., T = nT0, where n is an integer and T0 is the wave
period. By substituting wave period T0 with resonant frequency f in Equation (2), we obtain
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f =
n

∑ lk
vk

+ L−∑ lk
v0

. (3)

Figure 2. PEI layer decomposition in sub-layers.

For the chemoselective layer, we preferred a polymer, for its pronounced non-linear re-
sponse. Shear thinning is specific to polymeric materials, and consists of viscosity reduction
proportional to the shear rate. In our setup, the SAW oscillator resonant frequency shift due
to amplitude variation is the effect of the loss coefficient G” dependence on the oscillation
amplitude, i.e., shear thinning [22,23]. For the purposes of this study, both the argument
and the scaling factor of the hyperbolic tangent function in Equation (1) are approximated
using first-degree complex polynomials in attenuation x. For each oscillation polarization,
an independent set of parameters is provided. To alleviate the departure from the non-
linearity of the original formula and to account for the differences between them, distinct
parameters will be used for the argument and the scaling factor of the hyperbolic tangent
function. In addition to varying the purely complex part, we will introduce parameters Bj

and BBj to account for non-linear effects in the purely real part of the expressions, thereby
enhancing the model’s flexibility. Thus, the multiplicative factor of the tangent function
will be represented by a variable complex quantity, with a linear dependence on the signal
attenuation x, P1j(x) = Aj + xBj + iCj + ixDj. This quantity is polarization-mode-specific
(indexed by j) in Equation (1), resulting in three sets of parameters. As mentioned, we
opted for an independent expression P2j(x) = AAj + xBBj + iCCj + ixDDj for the argu-
ment of the hyperbolic tangent, also with distinct parameters for each oscillation mode
j. Due to the energy amount dissipated along the way, the oscillatory amplitude varies
across sub-layer locations. This is due to the attenuation of acoustic energy during wave
propagation, which leads to a spatially varying amplitude profile. Thus, a parameter Sk

will be provided to scale the attenuation x accordingly, with its value constrained within the
[0, 1] interval. Although this choice may seem counterintuitive—since attenuation increases
with propagation and one might expect a scaling factor greater than 1—it is important to
note that part of the attenuation effect is implicitly included in other multiplicative terms
such as Bj, BBj, Dj and DDj. Therefore, the [0, 1] range for Sk is effectively equivalent to a
higher-than-unity range. We adopted this formulation to enhance computational efficiency.
Considering all of the above, the velocity vk, corresponding to a portion of the sub-layer of
thickness hk, can be written as follows:

vk = ∑
j

v0(1 − Im(P1j(xSk)tanh(P2j(xSk))). (4)

The final form of the model used for data fitting is obtained by substituting Equation (4)
into Equation (3) and carrying out the summation over eleven sub-layers, indexed from
k = 1 to 11.

The goodness of fit will be quantified based on the coefficient of determination (R2)
and the maximum of absolute fit residual. The coefficient of determination gives a measure
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of how close the response function is to experimental results. It is given by subtracting
the ratio between the residual sum of squares and the total sum of function response
squares from unity. It takes values between 1 and 0, and it reaches unity in the ideal case of
perfect fit, i.e., the residual sum of squares is null. Measurement units were normalized
to centimeters and seconds by constants v0 and L, with values of 1.4 × 104 cm/s and 1
cm, respectively. Constraints were imposed on sub-layer lengths and thicknesses, such
that lk > 0, hk > 0, and ∑ lk < 0.22 cm. Additionally, the number of wavelentghs n,
corresponding to resonant standing wave mode, was constrained to the interval [150, 200].
All other parameters were left unconstrained.

4. Results

The amplitude–frequency dependence of the SAW oscillator was probed for 245 differ-
ent attenuation values. Its profile closely resembles those presented in (20) and consists
of an increasing resonant frequency from 59.5 MHz to well above 60 MHz. It is character-
ized by the presence of two sigmoids and a significant number of curvatures and sharp,
small-scale variations. Also, an overall slight curvature of the frequency variation can
be noted.

We used the NonlinearModelFit function in Wolfram Mathematica to perform the pa-
rameter estimation. The model, as defined by Equations (3) and (4), was provided as input
along with the corresponding experimental resonance frequencies. The fitting procedure
was based on a least-squares minimization of the differences between experimental and
theoretical resonance frequencies, returning both the optimal parameters and the goodness-
of-fit metrics. Fitting attempts were made for different numbers of component sub-layers.
By successive testing, the optimal number of component sub-layers was established to
eleven (k = 1 to 11), the optimization criteria being the maximization of the coefficient of
determination (R2). In Figure 3, the fitting model and residuals are presented side by side.

(a)

(b)

Figure 3. (a) Model fit and experimental data. (b) Fit residuals.
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The graphical representation of the model fit versus experimental data in Figure 3
demonstrates the excellent agreement between the model and the measurements. This is
also confirmed by the coefficient of determination (R2), which has a value of more than
0.99997, only marginally less than unity. This value signifies exceptional accuracy of the
proposed model. While the large number of parameters certainly played a role, it is still a
strong indication that the theoretical reasoning behind the model appears well founded.
Additionally, Figure 4 shows the residual histogram. While the maximum residual was
13.020 kHz, the vast majority of residuals were below 7 kHz, and more than 50% of them
fell below 5 kHz.

Figure 4. Histogram of residuals.

As shown in Figure 3, the variation in fit residuals exhibits a discernible oscillatory
pattern. A clear peak–valley alternation is observable, which contrasts with the expected
random distribution originating from stochastic processes and suggests a systematic origin
for the model–data discrepancies. One possible explanation could be unaccounted wave in-
terference between adjacent sub-layers of differing thicknesses. This hypothesis is strongly
supported by the periodic nature of the residuals.

In Table 1, oscillation mode (j)-related and sub-layer (k)-related parameters are given.
The number of wavelengths, n, is 150.52. The parameters associated with the elasticity
module (B and BB) are small, two and three orders of magnitude lower, respectively.
Although this may be expected, they are non-zero and contribute partially to amplitude–
frequency characteristics. Moreover, it is not necessary to tie its origin to the SAW device,
since it could be caused by complex amplification and measurement electronics. This
hypothesis can be readily tested, as a detection experiment involving analytes should
leave their values unchanged. We emphasize that parameters hk do not represent sub-
layer thicknesses, as they are part of the multiplicative factor within the argument of the
hyperbolic tangent function. While, in principle, they could offer a relative measure of
sub-layer thicknesses, this is also not the case, due to the implicit approximation of the layer
as a PEI strip transverse to the wave propagation direction. It remains to be experimentally
tested if their values are valid indicators that could be used in a detection/identification
protocol. The lengths lk, on the other hand, have their units fixed due to the presence
of the constants L and v0 in Equation (2), though they are still presumably affected by
the approximation of the layer as a transverse strip. Nevertheless, their behavior may
provide valuable insights into the model’s limitations. Additionally, it is possible that,
even without direct physical significance, they might still function as valid indicators in a
detection protocol.

257



Chemosensors 2025, 13, 240

Table 1. Parameter values. Top: Oscillation mode parameters. Bottom: Sub-layer component parame-
ters.

j 0 1 2

Aj 0.271991 0.39837 0.383148
Bj 0.000184 0.000191 0.000151
Cj 0.385068 0.339205 0.368484
Dj 0.0642 0.030183 0.052371

AAj 0.421417 0.443985 0.294993
BBj 0.003614 −0.00331 0.000769
CCj 0.075363 0.657828 0.659584
DDj 0.143377 0.067499 0.176909

k Sk hk lk (mm)

0 0.186418 0.546559 0.016482
1 0.200251 0.601545 0.032309
2 0.204112 0.548499 0.03191
3 0.207271 0.618024 0.025398
4 0.220155 0.61322 0.030375
5 0.249576 0.575603 0.021884
6 0.27225 0.645901 0.012917
7 0.282554 0.563273 0.016547
8 0.287698 0.531453 0.012966
9 0.288238 0.517732 0.01033

10 0.28883 0.572192 0.012563

5. Discussion

Separate plotting of the relative velocity variation brings unexpected high values to
attention, such as the one seen in Figure 5. For comparison purposes, the fitting procedure
was also performed using a different model (not included here), featuring a smaller number
of components (k = 1 to 6) and independent parameter sets (A to DD) for each sub-layer,
totaling 61 parameters. Although the fitting criteria were acceptable—with a maximum
residual of 17.8 kHz—the resulting relative velocity variation was even higher, reaching sev-
eral hundred. This strongly suggests that the elevated relative velocity values result from
the lower number of components. In such a case, high-amplitude/high-frequency compo-
nents become necessary to reproduce the fine details of the amplitude–frequency profile.
Furthermore, the unrealistic propagation velocity excursions might stem from the unac-
counted non-linearity in both the hyperbolic tangent argument and its multiplying factor.

While the magnitude of the velocity variation might suggest that the oscillatory
modes in the model correspond to the x, y, and z polarizations of the acoustic waves, the
presence of the PEI layer complicates this interpretation. Z-polarized modes correspond to
compression waves, and the large value of the bulk modulus E typically suppresses such
resonances. Therefore, it is plausible that the observed resonances are artifacts arising from
layer discretization and the limited number of sub-layer components. This interpretation is
further reinforced by the presence of multiple-layer resonances.

Although the finite element method (FEM) is a powerful general-purpose simulation
tool, it is not well suited for this specific problem. At the operating frequency (60 MHz),
FEM requires an extremely fine mesh to resolve wave behavior over the millimeter-scale
geometry, resulting in prohibitively large computational loads. Additionally, the non-linear
viscoelastic behavior of the polymer layer is difficult to parameterize for FEM because
accurate higher-order material constants are unavailable. By contrast, our analytical model
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captures the non-linearity through fitted parameters and can be evaluated quickly, without
the burden of meshing or detailed material data.

Figure 5. Relative velocity variation for the sub-layer k = 4.

In a conventional configuration—where the chemoselective layer covers the entire
piezoactive surface—higher-order resonances are highly unlikely due to the strong energy
dissipation in viscoelastic polymer films [21]. However, when the layer covers only a small
portion of the surface, the dissipated energy is proportionally reduced. This leads to a
lower effective loss modulus and, in turn, allows for higher propagation velocity excursions
and potentially multiple-layer resonances. At this stage, the precise origin of the modeled
relative velocity behavior remains unclear. Another anomaly is the relatively low number
of wave cycles, around 150. By comparison, the number of wavelengths corresponding
to the uncovered length of the SAW surface at a 60 MHz resonant frequency is 152. This
mismatch can be attributed to the anomalously high wave velocity—an effect clearly shown
in Figure 4. Again, this supports the hypothesis that the model’s limited number of sub-
layers fails to fully capture the actual physical profile of the deposited film. In reality, the
PEI layer is not composed of discrete sub-layers but rather exhibits a continuous thickness
gradient. A more accurate modeling strategy would involve integrating the propagation
velocity across a layer with a continuously varying thickness. Provided that such an
approach is mathematically and computationally viable, it represents the intended next
step in our model development. On the other hand, significant velocity variations may
indeed be required to account for the observed resonance excursion. To better understand
this, one should examine Equation (3), where the denominator consists of the total time
required for the wavefront to pass through both the covered and uncovered regions of
the SAW device. For fixed values of lk, the time needed to cross the uncovered portion is
constant—approximately 0.8/(1.4 × 105) cm/s. Since the resonant frequency is inversely
proportional to this total propagation time, the magnitude of the velocity variation is
amplified by the ratio between the lengths of the covered and uncovered regions. A smaller
covered area (as is the case here) necessitates a larger apparent velocity variation to achieve
the same total frequency shift. Thus, the high velocity variation seen in the results might
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be a necessary consequence of the small surface area of the PEI layer. Nevertheless, even
if such variation is mathematically consistent, it is not physically plausible that it arises
solely from the interactions modeled by Equation (1). This strongly suggests the presence
of additional significant interactions. One such factor may be the acoustic lensing effect
caused by the circular geometry of the polymer layer. In this configuration, the layer
focuses the incident SAW wavefront, resulting in overlapping waves with differing phases.
The resulting interference introduces additional velocity modulation that is not explicitly
modeled in Equation (1) and is thus erroneously attributed to the modeled interactions,
leading to artificially high velocity values.

6. Conclusions

While the model successfully captured the complex amplitude–frequency charac-
teristics, several key questions remain open. Firstly, the issue of the unexpectedly large
variations in propagation velocity is one of them. One of the primary goals of this study
was to develop a model with a high degree of generality, which led to a relatively com-
plex experimental and modeling scenario. Future investigations should aim to simplify
the experimental setup and reduce the number of model parameters, thereby increasing
the robustness and interpretability of the results. It is worth noting that the use of the
corresponding expressions derived in Equation (1) yielded no meaningful results in this
particular context. From a modeling standpoint, the implementation of a continuous varia-
tion in layer thickness is likely to be the most beneficial next step. When combined with
polymeric layers that fully cover the piezoactive region, this approach would enable a more
accurate estimation of acoustic wave velocity variations. Moreover, by fully covering the
piezoactive area, the modeling process becomes less dependent on the exact geometry of
the deposited layer. Nevertheless, this approach may still prove useful in representing
transversal thickness gradients, though its effectiveness may be limited by the fact that the
SAW wavefront expands laterally as it approaches the receiving interdigital transducer
(IDT). As a result, only a narrow region of the layer directly influences wave propagation.
Finally, an important concern remains: the potential utility of this model in the design and
implementation of detection or identification protocols for multiple analytes. Targeted
experiments will be developed and carried out to address this question and assess the
model’s practical applicability in real-world sensing scenarios.
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Abstract: This work reports a low-cost, microwave-assisted wet chemistry synthesis of zinc
antimonate (ZnSb2O6) powders with a trirutile structure, yielding highly homogeneous,
nanometric particles. X-ray diffraction (XRD) confirmed the formation of the trirutile phase
with lattice parameters of a = 4.664 Å and c = 9.263 Å, and an estimated crystallite size of
42 nm. UV–vis spectroscopy revealed a bandgap of 3.35 eV. Scanning electron microscopy
(SEM) showed that ethylenediamine, as a chelating agent, formed porous microstructures
of microrods and cuboids, ideal for enhanced gas adsorption. Brunauer–Emmett–Teller
(BET) analysis revealed a specific surface area of 6 m2/g and a total pore volume of
0.0831 cm3/g, indicating a predominantly mesoporous structure. The gas sensing prop-
erties of ZnSb2O6 pellets were evaluated in CO and C3H8 atmospheres at 100, 200, and
300 ◦C. The material exhibited high sensitivity at 300 ◦C, where the maximum responses
were 5.86 for CO at 300 ppm and 1.04 for C3H8 at 500 ppm. The enhanced sensitivity at
elevated temperatures was corroborated by a corresponding decrease in electrical resis-
tivity. Furthermore, the material demonstrated effective photocatalytic activity, achieving
up to 60% degradation of methylene blue and 50% of malachite green after 300 min of UV
irradiation, with the process following first-order reaction kinetics. These results highlight
that ZnSb2O6 synthesized by this method is a promising bifunctional material for gas
sensing and photocatalytic applications.

Keywords: microwave radiation; ZnSb2O6 pellets; gas sensing; photocatalytic performance
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1. Introduction

ZnSb2O6, also known as ordoñezite, is a mineral first discovered by G. Switzer and
W. F. Foshag at the Santín mine, Guanajuato, Mexico [1,2]. This compound has been syn-
thesized and reported as an n-type semiconductor oxide due to its electron (e−) charge
carrier mobility [3,4]. ZnSb2O6 fits the general formula AB2O6 for trirutile-type crystal
structures [5], where A can be substituted with divalent ions such as Mg2+, Ca2+, Mn2+,
Co2+, Cu2+, and Zn2+, while B can be occupied by pentavalent cations like Sb5+ or Ta5+ [6].
Specifically for ZnSb2O6, site A is occupied by the divalent zinc ion (Zn2+) and site B
by the pentavalent antimony cation (Sb5+) [7,8]. ZnSb2O6 belongs to the antimonate
family characterized by trirutile crystal structures [9]. It is isomorphous with MgSb2O6

(Byströmite) [1], as both belong to the P4/mnm space group with cell parameters of
a = 4.68 Å and c = 9.21 Å [9]. According to references [10,11], the crystal structure of
ZnSb2O6 is composed of SbO6 octahedra that share edges along the c-axis. These, in turn,
share corners with other SbO6 octahedra, and both Zn and Sb atoms are octahedrally coor-
dinated by six oxygen atoms [11,12]. This electronic arrangement gives rise to interesting
physical and chemical properties that depend on the oxide’s synthesis process [12,13].

Various wet chemistry processes, which are simple and easy to implement, have been
employed to prepare ZnSb2O6. Roper et al. [1] prepared the oxide using the Bystrom
method, obtaining the parameters mentioned above. However, other authors have synthe-
sized the compound through alternative routes such as the colloidal method [13], solid-state
reaction (ceramic method) [14], sol–gel [15], microwave-assisted solution method [16], hy-
drothermal method [17], precipitation method [18], and a simple sonochemical process [11].
Despite this variety, many of these routes require high calcination temperatures, often
exceeding 800 ◦C, which increase energy consumption and can lead to undesirable par-
ticle sintering, thereby reducing the effective surface area for sensing and photocatalytic
applications. According to such reports, those preparation routes enable the production
of particle sizes smaller than 100 nm and various morphologies, including nanoparticles,
nanorods, nanowires, nanospheres, and nanodiscs [7,19–21], among others.

Overall, chemical methods have enabled the synthesis of nanostructures with spe-
cific morphological characteristics at relatively low temperatures (below 1000 ◦C). These
methods limit excessive particle growth by increasing the specific surface area of the
material [7,19]. This results in better particle dispersion and greater uniformity in size
distribution, which are fundamental aspects for improving the material’s efficiency in
applications such as chemical gas sensors and photocatalysis [19–22].

These microstructural features significantly impact the properties of ZnSb2O6, in-
cluding its electrical, thermal, optical, and carrier density properties [4,11,23]. As a result,
ZnSb2O6 emerges as a promising candidate in photocatalysis, since the limited litera-
ture suggests that its unique properties could be effectively exploited for such applica-
tions [10,11]. Due to this, the oxide has also been applied in anti-static agents for plastics,
in lithium-ion batteries (LIBs), in supercapacitors (SCs), and in solar cells [4,7,8,11,23].

On the other hand, ZnSb2O6 has also been reported as a potential gas sensor. For
instance, in reference [15], thick films made from nanostructured ZnSb2O6 powders were
successfully tested in CO, O2, and CO2 atmospheres. In that study, a good dynamic
response is reported by applying frequencies from 0.1 to 100 kHz at 400 ◦C. In contrast, in
reference [16], pellets were fabricated and subjected to static atmospheres of CO and C3H8.
Good thermal stability and high sensitivity (6.66 for CO and 1.2 for C3H8) were reported at
a concentration of 300 ppm and a temperature of 250 ◦C. Similarly, in reference [24], thick
films of ZnSb2O6 were prepared via the dip-coating method, yielding good stability and
selectivity in H2S concentrations; the favorable response was attributed to the porosity of
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the films. Considering these findings, the good dynamic response, high sensitivity, and
thermal stability of ZnSb2O6 in various atmospheres are attributed to the microstructure
obtained during the preparation process.

To overcome the challenge of high calcination temperatures, this work reports a
microwave-assisted wet chemistry method that successfully yields the pure trirutile phase
of ZnSb2O6 at a significantly lower calcination temperature of 600 ◦C. This process is not
only cost-effective but also utilizes ethylenediamine to control the growth of unique porous
microstructures, which are ideal for enhancing functional performance. The powders
generated from the synthesis were microstructurally characterized. Subsequently, pellets
were prepared and subjected to varying concentrations of carbon monoxide and propane at
temperatures of 100, 200, and 300 ◦C. As expected, the compound showed a high sensitivity,
capacity, and thermal stability as the concentration of the test gases and the operating
temperature increased.

As a relatively new and less-explored material, ZnSb2O6 holds significant poten-
tial for advancing gas sensing and photocatalysis technologies. Studying and optimiz-
ing its properties through efficient synthesis can lead to more sensitive, stable, and sus-
tainable devices, thereby expanding the possibilities for environmental applications and
material innovation.

2. Experimental

2.1. Synthesis of ZnSb2O6 Particles

ZnSb2O6 powders were synthesized using an easy and cost-effective microwave
radiation-assisted method. The synthesis involved the use of reagent-grade chemicals, in-
cluding zinc nitrate hexahydrate (Zn(NO3)2•6H2O), antimony trichloride (SbCl3), ethylene-
diamine (C2H8N2), and ethanol (C2H6O). Initially, three separate solutions were simulta-
neously prepared. These included a 2 M solution of antimony trichloride, a 1 M solution
of zinc nitrate hexahydrate, and a 7.5 M solution of ethylenediamine, each dissolved in
5 mL of ethanol. These solutions were stirred for 10 min. Subsequently, the zinc nitrate
solution was added dropwise to the ethylenediamine solution, followed by the addition
of antimony trichloride solution to the mixture. The resulting solution was kept under
vigorous magnetic stirring at room temperature for 24 h to ensure homogeneity. The
ethanol solvent was then removed via microwave irradiation at 1 min intervals, with 3 min
cooling periods between each cycle, over a total irradiation time of 20 min, until a dried
paste was obtained. This paste was further dried in air for eight hours at 200 ◦C. Finally,
the dried material was calcined in air at 600 ◦C for five hours to achieve the trirutile phase
of ZnSb2O6.

2.2. Physical Characterization

The crystal structure of the calcined ZnSb2O6 powders was characterized by X-ray
diffraction (XRD) using a Panalytical Empyrean diffractometer with Cu Kα radiation
(λ = 1.541 Å). The diffraction patterns were recorded over a 2θ range of 10◦ to 90◦, with a
scan step size of 0.02◦ and a time of 30 s per step.

The optical bandgap of the ZnSb2O6 powders was determined by diffuse reflectance
spectroscopy. Spectra were acquired in the wavelength range of 250 to 800 nm using a Jasco
V-670 UV–vis spectrophotometer equipped with an integrating sphere. The Kubelka–Munk
transformation was applied to estimate the bandgap energy.

The main Raman spectroscopy vibrational modes of the calcined powders were ana-
lyzed using a Thermo Scientific DXR Raman microscope with a 633 nm excitation source.
The spectra were recorded from 200 to 800 cm−1 with an exposure time of 60 s. Addi-
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tionally, the microstructure of the calcined ZnSb2O6 powders was examined by scanning
electron microscopy (SEM) using a Jeol model JSM-6390LV microscope, operated at an
accelerating voltage of 20 kV. The BET analysis was carried out using the ASAP 2020
Micromeritics instrument.

2.3. Gas Sensing Measurements

For the gas detection experiments, 0.39 g of ZnSb2O6 powders was first pressed into
pellets using an Ital-Mexicana manual hydraulic press. The pellets were prepared by
applying a pressure of 5 tons for 20 min to ensure mechanical integrity. The resulting
pellets had a diameter of 9 mm and a thickness of 2 mm.

For electrical characterization, two ohmic contacts were manually applied (and verified
using a curve tracer) to the pellet surfaces using colloidal silver paint (Alfa Aesar, 99%).
The pellets were placed on a heater located inside a vacuum chamber. A low vacuum of
10−3 Torr was set within the chamber, and the concentration of the test gases was controlled
by gradually increasing the chamber pressure with the respective gases, monitored via a
Leybold TM20 Vacuum Controller.

Gas sensing measurements were conducted using C3H8 (1, 5, 50, 100, 200, 300, 400, and
500 ppm) and CO (1, 5, 50, 100, 200, and 300 ppm) at three operating temperatures (100, 200,
and 300 ◦C). The gases used for the measurements were separate mixtures of 1000 ppm of CO
and C3H8 in N2. The final gas concentrations in the chamber were calculated based on the
partial pressures using the ideal gas law. The variation in electrical resistance of the pellets was
recorded using a Keithley digital multimeter (model 2001). A schematic diagram of the sensing
measurement setup is illustrated in Figure 1.

Figure 1. Diagram of the gas sensing equipment used to monitor the electrical resistance change in
the sensing materials.

2.4. Photocatalytic Activity Test

The photocatalytic activity of the ZnSb2O6 powders was evaluated through the degra-
dation of three organic dyes: malachite green, methylene blue, and methyl orange. Initially,
0.3 g of the ZnSb2O6 powders was pressed into pellets with a diameter of 9 mm and a
thickness of 1 mm using an Ital-Mexicana manual hydraulic press.

Subsequently, each pellet was immersed in a quartz cell containing 3.5 mL of an aqueous
dye solution at a concentration of 1 × 10−5 M. To establish adsorption–desorption equilibrium,
the suspensions were kept in the dark for 30 min. Following this period, the samples were
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transferred to an annular photoreactor equipped with a 15 W UV-254 nm lamp, with the
samples positioned 5 cm from the light source. The samples were then irradiated for 300 min.
The decolorization of each dye solution was monitored at 60 min intervals by measuring the
absorbance spectra using a JASCO V-670 UV–vis spectrophotometer.

3. Results

3.1. XRD Analysis

The X-ray diffraction pattern of the crystalline phase of ZnSb2O6 powders calcined at
600 ◦C is shown in Figure 2. Based on PDF 96-900-4698, peaks associated with the crystalline
phase of the oxide were located at points 2θ = 19.35◦, 21.31◦, 27.10◦, 33.37◦, 35.04◦, 38.50◦,
40.11◦, 43.23◦, 44.38◦, 48.12◦, 52.97◦, 55.72, 60.03◦, 66.82◦, 73.55◦, 80.55◦, 82.79◦, 86.38◦, and
88.96◦. A tetragonal phase structure was identified, with cell parameters a = 4.6640 and
c = 9.2630, and a space group of P42/mnm. These parameters are characteristic of a trirutile
structure. In the diffractogram, the crystalline phase of the ZnSb2O6 is observed without
the presence of any secondary phase. In addition, the diffractogram shows broad peaks,
indicating a very small particle size (in the nanometer range), while the peak intensity
indicates a high purity of the material. This result can be attributed to the synthesis method
and calcination temperature employed.

Figure 2. X-ray diffraction (XRD) pattern of ZnSb2O6 powders calcined at 600 ◦C.

Our results were consistent with those reported by other research groups, which
synthesized the same compound by different processes [8,11,13].

To calculate the crystallite size of ZnSb2O6 (Figure 2), Scherrer’s equation was used
as follows [25]:

t =
0.9λ

β cosθ
(1)

where λ is the wavelength of the radiation (Cu = 1.5406 Å), β is the peak full width at
half maximum (FWHM), and θ is the Bragg angle. To determine the crystallite size, all
the peaks in the diffractogram of Figure 2 were used. The estimated crystallite size was
approximately 42 nm.
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The crystallite’s nanoscale size is mainly attributed to the synthesis method. The size
is crucial for gas sensor applications, as reduced particle sizes increase the surface area,
thereby enhancing chemical reactions between the test gas and the oxide surface [25,26].
Our results, obtained with a calcination temperature of 600 ◦C and a muffle residence
time of only five hours, compare well with those reported for ZnSb2O6 synthesized by
the coprecipitation (or wet chemistry) method [8,11,13]. For example, Junming Li et al. [8]
obtained the crystalline phase of ZnSb2O6 by a facile coprecipitation method and post-
annealing at 800 ◦C. Michel et al. [13] reported the crystalline phase of ZnSb2O6, ZnO, and
SbO2 at 500 ◦C, employing the colloidal method. According to reference [11], the material
was obtained by heating it in a furnace at 900 ◦C for six hours in air. Therefore, our method
favored the production of phase powders at low temperatures and with crystallite sizes of
the nanometer order (42 nm).

3.2. UV Analysis

Figure 3 shows the diffuse reflectance UV–vis spectrum of ZnSb2O6 along with
Tauc’s plot which was used to estimate the bandgap of the oxide. The diffuse reflectance
spectrum is commonly employed to study the optical properties of materials in pow-
der form. In this case, wavelengths ranging from 200 to 800 nm were employed for
the analysis.

Figure 3. (a) Reflectance spectrum of ZnSb2O6 obtained at 600 ◦C, (b) graph to determine its
bandgap value.

To determine the bandgap, the Kubelka–Munk function was applied to convert diffuse
reflectance data into an absorption coefficient (α), allowing the use of Tauc’s method
as follows:

F(R) =
(1 − R)

1
n

2R
(2)

where R is the reflectance and n is a factor that depends on the type of electronic transition,
equal to 1/2 for direct transitions and 2 for indirect transitions. By plotting (F(R)hv)2 vs.
energy (E) we estimated the bandgap [27]: 3.35 eV. Bandgap values for gas sensors typically
range from 1.0 to 3.5 eV [11,17].

3.3. Raman Analysis

The Raman spectrum of the oxide is depicted in Figure 4. In general, previous stud-
ies have reported that the ZnSb2O6 crystallizes in a trirutile-type structure with space
group P42/mnm (D4h

14). The Raman spectrum exhibits vibrations in the energy range of
200–800 cm−1, indicating the single-phasic nature of the products [10,16]. The bands ap-
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pearing in the range of 500–800 cm−1 are characteristic of vibrational modes associated with
the Sb2O10 bonds [16]. In the range 600–800 cm−1, the stretching modes of the Sb–Op bonds
predominate [10]. The deformation modes of the Sb–Op bonds, coupled to the vibrations
of the Zn–O bonds, are dominant in the range 400–600 cm−1 [10,16]. This analysis supports
the results obtained by XRD.

Figure 4. Raman spectrum of ZnSb2O6 with a trirutile-type structure calcined at 600 ◦C.

3.4. SEM Analysis

Figure 5 shows scanning electron microscopy (SEM) images of ZnSb2O6 powders
calcined at 600 ◦C. Figure 5a,b reveal the growth of well defined microstructures, with
a rod-like agglomerate morphology, having an approximate diameter of 3.7 μm. The
histogram in Figure 5e was generated using ImageJ 1.52a software. It is based on
200 measurements taken from images in Figure 5a,b. This histogram depicts the length size
distribution of the rods within the sample, whose average length was 57 μm. Addition-
ally, porosity and surface area measurements obtained by using BET equipment indicate
that the material possesses a mesoporous structure [28], with a total pore volume of
0.0831 cm3/g, predominantly consisting of pores in the range of 10 to 40 nm, and a specific
surface area of 6 m2/g. The porous nature resulting from the arrangement of the microrods
(Figure 5a,b) suggests the oxide’s potential applications as a gas sensor, as porosity enhances
gas diffusion over a larger active surface area, thereby improving sensing performance [29].
Conversely, Figure 5c,d show the formation of microstructures in the form of compact
cuboids, averaging approximately 75 μm on each side. It is essential to clarify that all these
microstructures correspond to the same sample, and the variations in morphologies are due
to the specific synthesis conditions, which highlight the importance of the experimental
parameters. The morphology of these structures, as shown in the zoomed-in image in
Figure 5d and supported by the BET measurements, indicates a porosity that increases the
surface-to-volume ratio. This characteristic facilitates gas diffusion and adsorption, which
are essential for sensing and photocatalytic applications.

According to the literature, ethylenediamine plays a key role in the formation of
microstructures such as microrods and microcuboids, primarily due to its function as a
coordination agent [30,31]. Its ability to bind to metal ions, like Zn2+ in our system, through
its two nitrogen atoms, allows it to chelate these ions effectively. This chelating action is
crucial because it enables ethylenediamine to regulate the metal ion concentration within
the reaction, thereby exerting significant control over the nucleation and growth processes
that determine the final microstructure morphology [31].

268



Chemosensors 2025, 13, 329

Figure 5. (a,b) SEM micrographs showing microrods, (c,d) microcuboids, and (e) length distribution
of the microrods.

The formation of microrods analogous to those observed in this study (Figure 5a,b)
has been documented in the literature. For example, Liu et al. [30] reported the growth
of rod-shaped microstructures achieved by varying the concentration of ethylenediamine.
Deng et al. [32] observed the formation of microstructures with rectangular morphologies,
like those obtained in this work (see Figure 5c,d), attributing these specific morphologies to
the use of ethylenediamine. They proposed that ethylenediamine influences the nucleation
and growth mechanisms during synthesis, thereby determining the resulting microstruc-
ture. These findings suggest that the concentration of ethylenediamine plays a crucial role
in controlling the morphological characteristics of the synthesized materials [33].

The surface area of a material is a fundamental parameter in gas sensing and pho-
tocatalytic applications. A higher surface area provides more active sites for molecule
adsorption, thereby facilitating greater interaction between the target analyte and the
sensor material. As shown, microrods and microcubes, morphologies that can enhance
the active surface area, were obtained in this work. According to the literature, such
cuboidal microstructures can improve sensor response. For example, in [34], the authors
demonstrated that cubic-shaped Fe2O3 structures enhance the detection of organic vapors.
In [35], an increased sensing response was reported for Co3O4 cuboid structures in ethanol
atmospheres. Additionally, in [36], ZnO microrods showed a high response to CO, ethanol,
and acetaldehyde. These findings highlight the significance of microstructural morphology,
including microrods and microcubes, in enhancing the sensing performance of materials.
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3.5. Gas Sensing Tests

To investigate the potential application of zinc antimonate powders calcined at
600 ◦C as sensors for CO and C3H8 atmospheres, measurements were conducted using the
two-point probe method with direct current (DC) signals. For these tests, the concentra-
tions used were 1, 50, 100, 200, and 300 ppm for CO, and 1, 5, 50, 100, 200, 300, 400, and
500 ppm for the C3H8. The experiments were performed at temperatures of 100, 200, and
300 ◦C for both gases. The sensing tests in static CO and C3H8 atmospheres involved four
basic steps. In the first step, the pellets fabricated with powders calcined at 600 ◦C were
placed inside the chamber, which was equipped with two electrodes (a two-point probe),
positioned on the ohmic contacts on the pellets’ surface. As a second step, the chamber was
evacuated to a high vacuum for the electrical tests. The third step involved conducting the
experiments in air at temperatures of 100, 200, and 300 ◦C. At each temperature, the pellets
were allowed to stabilize for 5 min, after which the different concentrations of the test
gases were alternately injected. Upon contact between the pellet surface and the test gases,
changes in electrical resistance were recorded at each applied temperature. Finally, in the
fourth step, the response was calculated as a function of gas concentration and operating
temperature using the following equation [37–39]:

Response =
RO

Rgas
(3)

where RO is the chamber’s reference electrical resistance in vacuum and Rgas is the electrical
resistance in the presence of the test gas, with the experiments conducted in static CO and
C3H8 atmospheres at 100, 200, and 300 ◦C. The results are shown in Figures 6 and 7.

Figure 6. (a) Response of the zinc antimonate (ZnSb2O6) pellets as a function of CO concentration,
(b) response in CO as a function of temperature, (c) response as a function of C3H8 concentration,
(d) response in C3H8 as a function of temperature.
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Figure 7. Electrical resistivity variation of zinc antimonate (ZnSb2O6) pellets as a function of
(a) CO concentration at various temperatures, (b) C3H8 concentration at various temperatures,
(c) temperature for various CO concentrations, (d) temperature for various C3H8 concentrations.

According to Figure 6, measurements at 100 ◦C showed that the pellets had a maximum
response of 0.27 in 300 ppm of CO (Figure 6a,b), while a maximum response of 0.32 was
recorded in 500 ppm of C3H8 (Figure 6c,d). We observed that increasing the temperature
to 200 ◦C significantly raised the compound’s maximum response to 0.5 for 300 ppm
of CO (Figure 6a). Meanwhile, in C3H8 atmospheres, a maximum response of 0.56 was
obtained (Figure 6c,d). The increasing response trend of ZnSb2O6 was corroborated when
the operating temperature was raised to 300 ◦C for both test gases (Table 1). It is essential
to mention that the undetectable responses shown in Figure 6 were due to the resistance
changes being negligible; therefore, the multimeter used could not detect them.

Table 1. Electrical characterization results of ZnSb2O6 pellets.

CO (300 ppm) C3H8 (500 ppm)

Temp. (◦C)
Resistance

(MΩ)
Resistivity

(Ω·m)
Sensor

Response
Temp. (◦C)

Resistance
(MΩ)

Resistivity
(Ω·m)

Sensor
Response

23 250 7.95 × 106 0 23 250 7.95 × 106 0
100 185 5.88 × 106 0.27 100 172 5.47 × 106 0.32
200 48.1 1.52 × 106 0.5 200 31.4 0.99 × 106 0.56
300 2.1 0.06 × 106 5.86 300 5.7 0.18 × 106 1.04

We verified that as the operating temperature and test gas concentration increased, the
pellets’ ability to detect both test gases improved substantially, with the best performance
observed at 300 ◦C. The operating temperature plays a crucial role in promoting the
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chemical reaction between the test gases and the oxygen species (O−) present on the
pellet’s surface, leading to an increase in the gas sensing response. The enhanced response
of semiconductor oxides at elevated temperatures is widely reported in the literature [40,41].
Therefore, the high response of the oxide is attributed to the oxygen adsorption and
desorption processes (O−

2 , O−, or O2−) on the pellets’ surface, enhanced by the rising
operating temperature [29,42]. The results are summarized in Table 1.

The maximum responses obtained at 300 ◦C were 5.86 for 300 ppm of CO and
1.04 for 500 ppm of C3H8. As previously discussed, the increase in response is attributed to
the enhanced oxygen adsorption and desorption process at higher temperatures [43–45].
The elevated temperature promotes a strong interaction between the test gas molecules
and highly reactive oxygen species (O− and O2− [46–48]) on the pellets’ surface. It has
been documented that these reactive oxygen species cause the oxidation of test gases,
contributing to an increase in sensitivity [19,49,50], which aligns with our results (Figure 6).

In general, at 300 ◦C, a physicochemical equilibrium exists between the adsorption
of CO and the previously adsorbed oxygen species. It has been reported that at temper-
atures below 300 ◦C, the sensor’s response decreases significantly because the operating
temperature is insufficient to promote redox reactions between reducing gases like CO
and the oxygen on the sensor’s surface [40,42,44]. But, at temperatures above 300 ◦C,
the response could also decrease [38,45]. This phenomenon is primarily attributed to the
following: (1) a reduction in available catalytic sites due to the desorption of oxygen species
from the sensor’s surface, (2) possible sensor instability at elevated temperatures, (3) a
decreased interaction time between molecules due to the greater desorption of the target
gas (CO) [29,43,45]. The excellent response to CO (5.86 at 300 ppm) at 300 ◦C is attributed to
a higher efficiency in the reaction kinetics between the reducing gas and the oxygen species
(O− and O2−) adsorbed onto the material’s surface [44,45]. The equilibrium established
between these gases favors greater charge transfer and, consequently, a larger change in the
sensor’s response. Furthermore, the mobility of charge carriers in the material is notably
increased, which contributes significantly to an improvement in the electrical signal due to
the gas–solid interactions that take place [45].

On the other hand, a crucial parameter for the application of a semiconductor oxide
as a gas sensor is the variation in electrical resistivity (ρ). We calculated the resistivity as
a function of the gas concentration and the operating temperature using the following
expression [51]:

ρ =
RA

t
(4)

where R is the pellets’ electrical resistance in the test gases, A is the pellets’ cross-sectional
area, and t is their thickness (=2 mm; diameter = 9 mm). Figure 7 shows the variation in
resistivity as a function of CO and C3H8 concentrations and operating temperature.

As depicted in Figure 7, and as expected, at 100 ◦C, the material exhibits high electri-
cal resistivity, regardless of the test gas concentration (Figure 7a,b). Upon increasing the
temperature to 200 ◦C, a decrease in resistivity was recorded for both gases. At 100 and
200 ◦C, the resistivity remains relatively linear. It shows little dependence on the concentra-
tion of either gas, which is attributed to the temperature having the dominant effect on the
resistivity variation [48]. This was corroborated by increasing the temperature to 300 ◦C, at
which the most significant decrease in resistivity was observed (Figure 7c,d).

The observed trends are attributed mainly to the fact that with an increasing temper-
ature, the mobility of charge carriers (electrons) is enhanced due to the available higher
energy at the pellet’s surface, which contributes to an increase in the material’s conductivity
as its resistivity decreases [33,42–44,47].
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The temperature-enhanced oxygen adsorption, which subsequently reacts with the test
gases on the pellets’ surface, causes a decrease in resistivity and, consequently, an increase
in the material’s response. These trends are commonly reported for ternary semiconductor
oxides used as gas sensors, particularly for trirutile-type antimonate oxides [19,37,48,52,53].
The values for resistivity are listed in Table 1.

3.6. Reaction Mechanism

The mechanism explaining the response of zinc antimonate in CO and C3H8 atmo-
spheres is based on the chemical reaction on the pellets’ surface between the test gases and
the oxygen species (O−

2 , O−, or O2−) present at temperatures above 150 ◦C. For an n-type
semiconductor like ZnSb2O6, an electron transfer is induced on the material’s surface in
CO and C3H8 atmospheres, driven by the oxygen adsorption–desorption phenomenon [42].
The literature reports that this transfer of charge carriers (electrons) is reflected in changes
in electrical resistivity (or electrical response), which depends on both the reaction between
the adsorbed oxygen and the gases [19,37,52], and the movement of free electrons on the
pellets’ surface. Therefore, at 300 ◦C in high vacuum, oxygen species adsorb onto the
material due to the temperature, trapping electrons from the conduction band [19,43,44,49],
a process that ultimately results in an increased response from the ZnSb2O6.

Chemical reactions that occur during the chemisorption of CO and C3H8 at 300 ◦C on
the surface of a semiconductor have been widely studied by various authors [39–41,46,54]. In
our CO experiments, when the gas was injected into the measurement system, it immediately
reacted with the oxygen on the surface of the pellets, producing CO2 and releasing electrons.
According to the literature, a possible chemical reaction for the chemisorption of CO at 300 ◦C
on the ZnSb2O6 pellets is as follows [43,44]:

2CO + O−
2 (ads) → 2CO2 + e−

CO + O−(ads) → CO2 + e−

CO + O2−(ads) → CO2 + 2e−
(5)

where the suffix (ads) represents the adsorbed species [43,44]. These reactions release
thermal energy that promotes greater charge carrier displacement, thus increasing the
compound’s response. A similar reaction may occur during the chemisorption of C3H8 at
300 ◦C. According to the literature, the reaction of adsorbed C3H8 molecules with highly
reactive oxygen species (O− and O2− above 150 ◦C, [33,43,46–48,55]) is the most probable
cause for the variation in electrical resistance and increased response to C3H8 at moderate
temperatures (300 ◦C in our case). As the operating temperature increased, the highly
reactive oxygen ions exhibited an enhanced solid–gas interaction [46], which favored an
increase in the sensor’s response.

According to references [29,44,45], the adsorption of oxygen ions that react with the
test gas leads to faster oxidation at 300 ◦C. The oxidation reaction that may occur is reported
in references [19,37,56] and is as follows:

C3H8 + 10O− → 3CO2 + 4H2O + 10e− (6)

which indicates that when C3H8 molecules are adsorbed on the pellets’ surface, they
dissociate before reacting with the ionosorbed oxygen [46], producing CO2, H2O, and
free electrons [56], which favors an increase in the pellets’ response, as observed
in Figures 6 and 7. Such results are commonly reported in the literature for binary (ZnO and
SnO) [39,40,57] or ternary oxides with perovskite (LaCoO3, LaFeO3) [58], spinel (ZnAl2O4,
AlCo2O4) [46,59], and trirutile (MgSb2O6, ZnSb2O6) [19,37,47] structures.
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Beyond its promising capabilities in gas detection, the bifunctional nature of the
synthesized ZnSb2O6 was further explored. The material’s calculated bandgap of
3.35 eV indicates activation by UV light, while its high surface area morphology is ideal for
facilitating surface reactions. Therefore, to fully characterize its potential for environmental
remediation applications, the material’s photocatalytic performance in degrading organic
dyes was systematically evaluated.

3.7. Photocatalytic Tests

The photocatalytic performance of ZnSb2O6 pellets was evaluated using photodecol-
orization tests with aqueous solutions of dyes as model pollutants: malachite green (MG),
methylene blue (MB), and methyl orange (MO). To determine the concentration of the dyes
in the samples, calibration curves were constructed by measuring the absorbance at spe-
cific wavelengths corresponding to the maximum absorption of each dye (664 nm for MB,
617 nm for MG, and 465 nm for MO).

The calibration curves were generated using serial dilutions of standard solutions,
covering a relevant concentration range for each dye. The resulting correlation coeffi-
cients (R) demonstrated excellent linearity, with values of 0.9933 for malachite green (MG),
0.9974 for methylene blue (MB), and 0.9947 for methyl orange (MO), indicating strong
linear relationships between absorbance and concentration. Figure 8 presents the calibra-
tion curves for each dye, along with their respective linear equations, which were used to
accurately quantify the dye concentrations in the samples.

Figure 8. Calibration curve for aqueous solutions of malachite green (MG), methylene blue (MB),
and methyl orange (MO).

As shown in Figure 9a–c, after a 30 min dark adsorption period, the ZnSb2O6 pellets
adsorbed approximately 1% of MB, 9% of MG, and about 11% of MO. These values reflect
the adsorption effects, which help distinguish the photocatalytic contribution observed in
the shaded area of Figure 9. When exposed to UV light irradiation, the concentration of
MG decreased significantly, indicating effective photocatalytic degradation. Specifically,
up to 50% of MG was decolorized after 300 min of irradiation, and approximately 60%
of MB was degraded, while methyl orange showed no notable degradation throughout
the experiment. These results demonstrate the promising photocatalytic potential of
ZnSb2O6, similar to other antimoniates that have been investigated in photocatalytic
applications [9–12].
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Figure 9. Photocatalytic discoloration of (a) methylene blue, (b) malachite green, (c) methyl orange,
and (d) kinetic model of discoloration.

Table 2 presents a literature review of the photocatalytic performance of ZnSb2O6,
comparing our results with those in the literature. As observed, our results demonstrate
competitive activity, highlighting the potential and versatility of ZnSb2O6 for photocat-
alytic applications. Table 2 also indicates that the use of multiple light sources, particularly
multiple UV sources, correlates with higher degradation efficiencies. Moreover, the incorpo-
ration of dopants into ZnSb2O6 consistently leads to enhanced photocatalytic performance,
likely due to improved charge separation and increased carrier mobility. Therefore, it is
essential to emphasize the critical roles of light source energy and material modification
in optimizing photocatalytic efficiency. Consequently, further investigation into these
parameters will be undertaken in the future to maximize the performance of our results.

Table 2. Literature review of the photocatalytic performance of ZnSb2O6.

Light Source Analyte Doping Degradation Percentage (%) Degradation Time (min) Reference

6 UV lamps Rhodamine b - ~95 180
[10]6 UV lamps Rhodamine b N ~97 80

4 UV lamps Rhodamine b - ~95 95
[11]4 UV lamps Rhodamine b Tb/Eu ~95 95

Tungsten lamp Methyl violet - ~40 180
[17]Tungsten lamp Methyl violet Carbon ~92 180
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Table 2. Cont.

Light Source Analyte Doping Degradation Percentage (%) Degradation Time (min) Reference

Xe lamp Rhodamine b - ~10 120

[60]
Xe lamp Rhodamine b N ~70 120

Full arc Xe lamp Rhodamine b - ~10 120
Full arc Xe lamp Rhodamine b N ~95 120

4 UV lamps Methyl orange - ~80 180
[61]4 UV lamps Rhodamine b - ~99 60

UV lamp Methylene blue - ~60 300
This workUV lamp Malachite green - ~50 300

Materials with photocatalytic properties possess specific key properties and param-
eters that enable them to catalyze chemical reactions under the action of light. These
parameters determine their efficiency in processes such as the photodegradation of pol-
lutants. Among the main parameters are bandgap, light absorption capacity, and surface
area [62,63]. According to the literature, antimoniates with a trirutile crystalline structure
have demonstrated good light absorption capacity [64,65], and their bandgap values typi-
cally range between 2 and 3.5 eV, making them suitable for photocatalytic applications [64].
In our case, we obtained a bandgap value of 3.35 eV. Additionally, the relative ease of
controlling the morphology and, consequently, the surface area of these materials, makes
them promising candidates for photocatalytic applications [9–12]. The observed microrod
and microcuboid morphologies (Figure 5) suggest a high surface area and porosity, which
is supported by BET measurements. This increased surface area plays a key role in the
photocatalytic activity of the synthesized ZnSb2O6.

To describe the kinetics of the photo-discoloration process and estimate the kinetic
parameter kap, the following first-order kinetic model was applied [61,66]:

ln
C0

C
= kapt (7)

where kap is the apparent rate constant, C0 denotes the initial dye concentration, and
C represents the dye concentration at any irradiation time t. Figure 9d shows that the
photocatalytic reaction of ZnSb2O6 pellets fits well with a first-order model. The kap for
MB, MG, and MO were 0.0026, 0.0032, and 0.001, respectively.

The estimated bandgap for the synthesized ZnSb2O6 powders was 3.35 eV, indicating
that the material requires radiation with wavelengths equal to or less than 372 nm to initiate
photocatalytic reactions. Consequently, the synthesized ZnSb2O6 powders are activated
by UV light. This activation energy promotes the formation of electron–hole pairs, which
are primarily responsible for generating highly reactive oxidizing species such as hydroxyl
radicals (•OH) and superoxide anions (O•−

2 ). These radicals play a crucial role in the
degradation of pollutants [67].

The photocatalytic reactions involve a series of processes initiated by the absorp-
tion of UV radiation in ZnSb2O6, leading to the generation of electron–hole pairs
(see Equation (8)). The holes (h+) oxidize water, producing •OH radicals (Equation (9)),
while the electrons (e−) reduce dissolved oxygen, forming O•−

2 radicals (Equation (10)).
These reactive species participate in subsequent reactions: O•−

2 radicals can react with
H+ to generate more radicals (Equation (11)), facilitating chain reactions that promote the
mineralization of organic contaminants. Additionally, HO•

2, and O•−
2 radicals react to form

hydrogen peroxide H2O2 (Equation (12)), which can be reduced by electrons to produce
more •OH radicals (Equation (13)). Furthermore, OH− radicals can interact with holes (h+)
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to form more •OH radicals (Equation (14)). As mentioned, collectively, these processes
lead to the degradation and mineralization of organic pollutants [9,66,68,69], such as the
dyes studied in this work.

ZnSb2O6 + hv → e− + h+ (8)

h+ + H2O → •OH + H+ (9)

O2 + e− → O•−
2 (10)

O•−
2 + H+ → HO•

2 (11)

HO•
2 + O•−

2 → H2O2 + O2 (12)

H2O2 + e− → •OH + OH− (13)

OH− + h+ → •OH (14)

4. Discussion and Limitations

While this study successfully demonstrates the synthesis of ZnSb2O6 and its promising
bifunctional properties, it is essential to acknowledge certain limitations that provide
avenues for future research.

A key parameter for any practical gas sensor is its selectivity—the ability to respond
to a target gas in the presence of other interfering gases. In this study, while the sensor
demonstrated a high sensitivity to CO and C3H8, its response to other common reducing
gases (e.g., H2, ethanol) or oxidizing gases (e.g., NO2) was not evaluated. Future work
should focus on comprehensive selectivity tests to determine the practical applicability of
ZnSb2O6. Furthermore, long-term stability, response, and recovery times are critical for
real-world performance. The current study provides a snapshot of the material’s sensitivity,
but further investigations are needed to assess its stability over extended periods and
multiple sensing cycles. Quantifying the response and recovery times would also provide
a more complete picture of the sensor’s dynamic performance.

On the other hand, in the photocatalytic evaluation, the material effectively degraded
the cationic dyes malachite green and methylene blue. However, it showed no notable
degradation of the anionic dye, methyl orange. This suggests that surface charge interac-
tions may influence the photocatalytic activity. It is plausible that the surface of ZnSb2O6

under the experimental conditions is negatively charged, leading to the electrostatic repul-
sion of the anionic methyl orange molecules. This hypothesis warrants further investigation
through zeta potential measurements and testing with other anionic pollutants. Addition-
ally, to better contextualize the photocatalytic efficiency, a direct comparison against a
standard benchmark material, such as TiO2 P25, under identical experimental conditions
would be highly valuable. Additionally, the material can be further optimized through
the strategies explored in recent electrocatalytic studies [70], which have demonstrated
that enhancing oxidation reaction efficiency by controlling the interaction between metal
centers and modifying the electronic structure can significantly enhance the catalytic
mechanism in water oxidation and, consequently, improve photocatalysis. This would
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enable a more objective evaluation of the material’s performance regarding the current
state-of-the-art techniques.

5. Conclusions

This study successfully demonstrated the synthesis of ZnSb2O6 pellets using a
microwave-assisted wet chemistry method, resulting in microstructures with high ho-
mogeneity and a low production cost. Structural characterization confirmed the formation
of a tetragonal trirutile phase of the ZnSb2O6 semiconductor. UV–vis spectroscopy revealed
a bandgap of 3.35 eV, indicating that the material is activated by UV light. Morphological
analysis revealed porous microstructures in the form of microrods and cuboids. Addition-
ally, porosity and surface area measurements obtained using BET equipment indicated that
the material possesses a mesoporous structure, with a total pore volume of 0.0831 cm3/g,
predominantly consisting of pores in the range of 10 to 40 nm, and a specific surface area of
6 m2/g. These characteristics contribute significantly to the material’s effectiveness in gas
sensing and photocatalytic activity. The gas sensing tests indicated that ZnSb2O6 pellets
exhibit a high sensitivity to CO and C3H8, with maximum responses of 5.86 and 1.04 at
300 ◦C. The response increased with both temperature and gas concentration, attributable
to the enhanced adsorption and desorption processes of surface oxygen species at elevated
temperatures. The observed decrease in electrical resistivity with rising temperature fur-
ther corroborates the effective material charge transfer mechanisms during gas detection.
Photocatalytic evaluations demonstrated that ZnSb2O6 degrades organic dyes such as mala-
chite green and methylene blue under UV irradiation, following first-order kinetics. The
bandgap and surface properties facilitate the generation of reactive oxygen species, which
supports its photocatalytic activity. Overall, the synthesized ZnSb2O6 exhibits promising
properties for dual applications in toxic gas sensing and photocatalysis, combining low-cost
synthesis and functional performance. These findings support the further development and
optimization of ZnSb2O6-based devices for environmental monitoring and the degradation
of water pollutants.

Author Contributions: Conceptualization, J.M.-B., H.G.-B., L.I.J.-A., A.G.-B., V.-M.R.-B., J.A.R.-O.,
J.T.G.-B., and M.d.l.L.O.-A.; methodology, H.G.-B., V.-M.R.-B., and J.A.R.-O.; software, A.G.-B., and
J.T.G.-B.; validation, H.G.-B., A.G.-B., V.-M.R.-B., and J.T.G.-B.; formal analysis, L.I.J.-A., A.G.-B.,
J.M.-B., M.d.l.L.O.-A., J.T.G.-B., and J.A.R.-O.; investigation, H.G.-B., J.M.-B., J.A.R.-O., V.-M.R.-B.,
L.I.J.-A., and A.G.-B.; resources, H.G.-B., A.G.-B., V.-M.R.-B., and J.T.G.-B.; data curation, H.G.-B.,
A.G.-B., and J.T.G.-B.; writing—original draft preparation, J.M.-B., J.A.R.-O., M.d.l.L.O.-A., and H.G.-
B.; writing—review and editing, H.G.-B., J.M.-B., V.-M.R.-B., A.G.-B., L.I.J.-A., J.T.G.-B., and J.A.R.-O.;
visualization, H.G.-B., J.M.-B., V.-M.R.-B., A.G.-B., L.I.J.-A., J.T.G.-B.; supervision, H.G.-B., A.G.-B.,
V.-M.R.-B., and J.T.G.-B.; project administration, H.G.-B., A.G.-B., V.-M.R.-B., and J.T.G.-B.; funding
acquisition, H.G.-B., and V.-M.R.-B. All authors have read and agreed to the published version
of the manuscript.

Funding: This research received no external funding.

Acknowledgments: The authors thank Mexico’s Secretary of Science, Humanities, Technology and
Innovation (Secihti), and the University of Guadalajara for the support granted. Jacob Morales-
Bautista thanks Secihti for the scholarships received. Likewise, we thank Darío Pozas Zepeda,
Víctor-Manuel Soto–García, René Morán Salazar, Sergio Gómez Salazar, and Miguel–Ángel Luna-
Arias for their technical assistance. This research was carried out following the line of research
“Nanostructured Semiconductor Oxides” of the academic group UDG–CA–895 “Nanostructured
Semiconductors” of CUCEI, University of Guadalajara.

Conflicts of Interest: The authors declare no conflicts of interest.

278



Chemosensors 2025, 13, 329

References

1. Roper, A.; Leverett, P.; Murphy, T.; Williams, P. Stabilities of byströmite, MgSb2O6, ordoñezite, ZnSb2O6 and rosiaite, PbSb2O6,
and their possible roles in limiting antimony mobility in the supergene zone. Mineral. Mag. 2015, 79, 537–544. [CrossRef]

2. Webmineral. Ordonezite. Available online: https://www.webmineral.com/data/Ordonezite.shtml (accessed on 21 May 2025).
3. Jackson, A.J.; Parrett, B.J.; Willis, J.; Ganose, A.M.; Leung, W.W.; Liu, Y.; Williamson, B.A.D.; Kim, T.K.; Hoesch, M.; Veiga, L.S.I.;

et al. Computational Prediction and Experimental Realization of Earth-Abundant Transparent Conducting Oxide Ga-Doped
ZnSb2O6. ACS Energy Lett. 2022, 7, 3807–3816. [CrossRef]
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