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Abstract 

The World Health Organization reports that metabolic disorders are responsible for a significant proportion of global 
mortality. Considering this, breath sensors have gained prominence as effective tools for monitoring and diagnosing 
metabolic disorders, thanks to recent advancements in science and technology. In human exhaled breath, over 870 
distinct volatile organic components (VOCs) have been identified. Among several VOCs, the detection of acetone 
in exhaled breath has received considerable attention in biomedical applications. Research indicates a strong cor‑
relation between high acetone levels in human breath and several diseases, such as asthma, halitosis, lung cancer, 
and diabetes mellitus. For instance, acetone is particularly noteworthy as a biomarker in diabetes, where its concen‑
tration in exhaled breath often surpasses 1.76 parts per million (ppm), compared to less than 0.8 ppm in healthy indi‑
viduals. Early diagnosis and intervention in diseases associated with elevated acetone levels, aided by such non‑inva‑
sive techniques, have the potential to markedly reduce both mortality and the financial burden of healthcare. Over 
time, various nanostructured gas sensing technologies have been developed for detecting acetone in both ambient 
air and exhaled breath. This article presents a mini review of cutting‑edge research on acetone gas sensing, focusing 
specifically on nanostructured metal oxides. It discusses critical factors influencing the performance of acetone gas 
sensors, including acetone concentration levels and operational temperature, which affect their sensitivity, selectiv‑
ity, and response times. The aim of this review is to encourage further advancements in the development of high‑
performance acetone gas sensors utilizing nanostructured materials, contributing to more effective management 
of metabolic disorders.

Keywords Nanostructures, Metal oxides, Acetone sensors, Breath sensing, Medical diagnosis

Introduction
Human exhaled breath consists of over 870 distinct 
volatile organic compounds (VOCs), of which many 
have been identified [1, 2]. Specific categories of VOCs, 
including alcohols, aldehydes, acids, and ketones, are 

products of varied biochemical and physiological pro-
cesses [2]. Certain VOCs are recognized as biomarkers 
for specific diseases. When the concentrations of VOCs 
in breath specimens surpass certain thresholds, timely 
diagnosis and subsequent therapeutic intervention 
become imperative [3]. For the detection and monitoring 
of various VOCs in exhaled breath, several techniques 
have been widely used [4–11]. Although these tech-
niques offer excellent sensitivity, selectivity, high resolu-
tion, and quantification of VOCs, they suffer from several 
shortcomings, including high cost, low portability, and 
high resource consumption. On the other hand, nano-
structure-based gas sensors have received considerable 
attention in environmental remediation and biomedical 
applications [12–15]. Unlike other techniques, breath 
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sensors simply require the patient to breathe out into the 
device, providing a less invasive and more comfortable 
experience. Breath analysis involves measuring the con-
centrations of various gases in a person’s breath, which 
can provide information about the body’s metabolic pro-
cesses [16–20].

Among several VOCs, the detection of acetone 
(OC(CH3)2) has received considerable attention in bio-
medical applications. The detection of acetone in exhaled 
breath can be indicative of diabetic ketoacidosis (DKA), 
a serious complication that occurs in people with diabe-
tes [21–23]. Acetone serves as a potential biomarker for 
diabetes, with concentrations in the exhaled breath of 
diabetic individuals typically exceeding 1.76 ppm, in con-
trast to concentrations usually below 0.8 ppm in healthy 
individuals [24–27]. Therefore, the detection of acetone 
at relatively low concentrations requires highly sensitive 
and selective gas sensors.

To date, several nanostructure-based gas sensors have 
been proposed to detect acetone. However, the practical 
utility of breath sensors is limited due to their low sen-
sitivity and selectivity. The high-temperature operation 
of the reported breath sensors limits their application 
in mobile platforms [28–32]. To improve sensor per-
formance and reduce operating temperatures, several 
techniques have been proposed. Such techniques widely 
use the incorporation of a charge transporting layer 

and electro-cocatalysts [33–52] (Table  1). Although the 
sensing performance, such as sensitivity and selectivity, 
increases with the incorporation of these materials, the 
high humidity in exhaled breath severely affects the sen-
sor response. To overcome these challenges, advance-
ments in material science, sensor array technology, and 
data processing techniques offer promising avenues to 
enhance selectivity, thereby expanding their applicabil-
ity in various fields such as environmental monitoring, 
industrial safety, and healthcare diagnostics.

In this review, we articulate a comprehensive synthe-
sis of recent advancements in the rational functionali-
zation of responsive nanomaterials for the detection of 
acetone. Particular emphasis is placed on optimizing the 
surface chemistry and structural attributes of the associ-
ated nanomaterials—a perspective seldom explored in 
existing literature within this domain. We scrutinize the 
properties of various nanostructured materials, their sur-
face modifications, and the potential technological limi-
tations affecting sensor performance in breath analysis 
applications.

Chemical gas sensors
Chemical gas sensors operate on the principle of detect-
ing specific chemical compounds in the air and convert-
ing this chemical interaction into a measurable signal. 
The core components of these sensors include a receptor, 

Table 1 Acetone sensing characteristics of the  SnO2‑based gas sensors

Materials Temp (°C) Conc (ppm) Response (s) Response/recovery 
time (s)

Ref

Large‑lateral‑area  SnO2 250 5 263 10/1315 [33]

Co3O4/SnO2 yolk‑shell nanofibers 350 100 217 0.62/46.5 [34]

s‑Nb2O5@SnO2 250 0.5 37 230/735 [35]

GC/SnO2‑500 tubes 217 100 22 0.8/228 [36]

SnO2‑ZnO nanoparticles 240 10 140.27 108/44 [37]

Pt‑SnO2 HBLs 350 2 93.56 9.2/312 [38]

Au‑SnO2 nanosheets 240 100 18.18 5/66 [39]

SnSe2/SnO2 NPs 300 100 10.77 130/10 [40]

ZFO/SNO 210 100 120 30/197 [41]

SU‑SnO2/α‑Fe2O3‑2.5 300 100 18.7 8/2 [42]

SiO2@SnO2/α‑Fe2O3 300 100 41.8 7/23 [43]

Zn2SnO4/SnO2 hollow microboxes 250 100 20.16 97/315 [44]

Ni1Sn3 300 5 6 2/9 [45]

Ag‑decorated  SnO2 hollow nanofibers 160 200 117 6/10 [46]

TiO2‑SnO2‑TiO2 shell‑core–shell 280 1 13.3 3.6/4.5 [47]

Eu2O3/Au/SnO2 ternary nanofibers 200 100 65 10/8 [48]

SnO2‑Fe2O3 heterostructure 280 200 16.8 5/23 [49]

Eu‑doped  SnO2 nanofibers 280 100 32.2 4/3 [50]

3D hierarchical  SnO2 nanoflowers 280 20 33 9/7 [51]

In/WO3‑SnO2 nanostructures 200 1 4.4 4/2 [52]
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which is the sensitive element that interacts directly 
with the target gas, and a transducer, which converts the 
chemical interaction into an electrical signal. When the 
target gas comes into contact with the receptor, typi-
cally a chemically active material, a reaction occurs that 
changes the physical or chemical properties of the recep-
tor. This could involve processes such as adsorption, 
absorption, or changes in mass or heat. The transducer, 
often based on technologies such as piezoelectric, opti-
cal, or electrochemical systems, detects these changes 
and translates them into an electrical signal that can be 
quantified and correlated to the concentration of the 
gas. For instance, in a metal oxide semiconductor (MOS) 
gas sensor, the receptor is the metal oxide surface that 
adsorbs the gas molecules. The transducer is the elec-
trical circuit that measures changes in the conductivity 
of the metal oxide layer as it interacts with the gas. The 
signal produced is then processed and presented, usu-
ally as a digital readout of the gas concentration, to a 
display or control system. Through this process, chemi-
cal gas sensors provide crucial real-time data in various 
applications, ranging from environmental monitoring to 
industrial safety and medical diagnostics.

Classifications of a chemical gas sensors
Chemical gas sensors can be classified into several types 
based on the operating principle of the transducer, which 
is the component that converts a chemical signal into a 
measurable physical signal. According to the Interna-
tional Union of Pure and Applied Chemistry (IUPAC), 
these classifications include electrochemical, optical, 
microwave, and mass-based sensors. Electrochemi-
cal sensors use a reaction between the target gas and an 
electrolyte to produce an electrical current proportional 
to the gas concentration. They are highly sensitive and 
selective and are commonly used to detect gases. Opti-
cal sensors operate by measuring changes in light absorp-
tion or emission resulting from interactions with the gas. 
This category includes fiber optic sensors and photonic 
sensors, which are versatile and can detect a wide range 
of gases. Microwave sensors detect changes in the micro-
wave absorption or emission characteristics of a gas. 
These sensors are less common but can be used for high-
sensitivity applications, such as detecting trace gases in 
the atmosphere. Mass-based sensors, such as quartz 
crystal microbalances (QCMs), detect changes in mass 
on a sensitive layer as gas molecules adsorb onto the sur-
face. These sensors are known for their precision and are 
utilized in environments where very low concentrations 
of a gas must be detected with high accuracy. Each type 
of sensor has its own advantages and limitations, includ-
ing sensitivity, selectivity, response time, and operational 

conditions, which dictate their suitability for specific 
applications in industry, research, and safety monitoring.

Evolution of chemiresistive gas sensors: from early 
developments to internet of things (IoT) integration
The history of chemiresistive-based gas sensors spans 
several decades, marked by significant advancements in 
materials science, electronics, and sensor technology. 
These sensors, which change their electrical resistance in 
response to the presence of certain gases, have become 
crucial in various applications, from environmental mon-
itoring to industrial safety and biomedical applications.

Early developments (1950s-1970s): The concept of 
chemiresistive gas sensors emerged in the mid-twentieth 
century with the development of semiconductor mate-
rials. Researchers noticed that certain materials, espe-
cially metal oxides like tin oxide  (SnO2), tungsten oxide 
 (WO3), zinc oxide (ZnO) and exhibited changes in elec-
trical resistance when exposed to gases. This led to the 
first generation of gas sensors, primarily used in labora-
tory settings.

Advancements and commercialization (1980s-1990s): 
During this period, there was significant progress in 
understanding the interaction between gas molecules 
and sensor surfaces. The miniaturization of electronics 
and advancements in microfabrication techniques ena-
bled the production of smaller, more sensitive, and more 
reliable sensors. This era also saw the commercialization 
of chemiresistive gas sensors in various industries, such 
as petrochemical and automotive, for leak detection and 
air quality monitoring.

Incorporation of nanotechnology (2000s-present): 
The advent of nanotechnology marked a revolutionary 
change in chemiresistive sensors. Nanomaterials, with 
their high surface area-to-volume ratio, offered improved 
sensitivity and faster response times. Materials like car-
bon nanotubes, graphene, and metal oxide nanomaterials 
with exotic nanostructures became popular choices for 
sensor fabrication.

Integration with electronics and IoT (2010s-present): 
The integration of chemiresistive gas sensors with 
advanced electronics and the IoT has opened new pos-
sibilities. Sensors have become smarter, capable of real-
time monitoring, and can be connected to networks for 
data analysis and remote monitoring. This integration 
has enhanced the application scope, including smart 
homes, wearable devices, and environmental monitoring.

Key characteristics of gas sensors: defining 
performance and suitability
The effectiveness and applicability of these sensors are 
defined by several basic characteristics. These charac-
teristics determine the suitability of a gas sensor for 
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specific applications and environments, guiding the 
selection process for various industrial, environmental, 
and health-related applications.

Sensor response: This is the change in the sensor’s 
output signal (such as electrical resistance in chemire-
sistive sensors) due to the presence of a target gas. The 
response is often measured as a change in voltage, cur-
rent, or resistance when the sensor is exposed to a spe-
cific concentration of gas. The sensor response of the 
gas sensor is typically determined as the ratio of sensor 
resistance in the presence of gas and the sensor resist-
ance in the presence of air or vice versa depending on 
the reducing or oxidizing gas.

Sensitivity: Sensitivity refers to the ability of the sen-
sor to detect small changes in gas concentration. It is 
typically defined as the change in sensor response per 
unit concentration of the target gas. High sensitivity is 
crucial for detecting low concentrations of gases.

Selectivity: This characteristic refers to the sensor’s 
ability to respond to a specific gas in the presence of 
other gases. A highly selective sensor will only react to 
its target gas, making it essential in environments with 
a mixture of different gases.

Response time: The response time is the time it takes 
for the sensor to respond to the presence of the target 
gas. This includes the time to reach a certain percent-
age (usually 90%) of the total response after the gas is 
introduced.

Recovery time: This is the time taken by the sensor to 
return to its baseline (usually 10%) state after the target 
gas has been removed. A shorter recovery time is gen-
erally preferred, especially for applications requiring 
rapid detection cycles.

Stability: Stability refers to the sensor’s ability to 
maintain its performance over time. A stable sensor 
will show little drift in its baseline or sensitivity over 
long periods, which is crucial for reliable and consistent 
measurements.

Operating temperature range: Gas sensors often 
require a specific temperature range to operate effec-
tively. The range can vary widely depending on the sen-
sor type and the materials used.

Cross-sensitivity: This aspect describes the sensor’s 
response to gases other than the target gas. A sensor 
with high cross-sensitivity may give false readings in 
the presence of non-target gases.

Limit of detection: This is the lowest concentration of 
a gas that can be reliably detected by the sensor.

Durability and lifetime: The sensor’s ability to with-
stand environmental conditions like humidity, tem-
perature fluctuations, and exposure to chemicals, along 
with its operational lifespan, defines its durability and 
lifetime.

Temperature‑dependent sensing mechanisms 
in metal oxide‑based gas sensors
The gas sensing mechanism of metal oxide-based gas 
sensors varies significantly with temperature. The sens-
ing mechanism is fundamentally tied to the interac-
tion between the target gas and the surface of the metal 
oxide. The efficiency and sensitivity of metal oxide-
based gas sensors are highly dependent on the operat-
ing temperature. Room temperature operation offers 
the advantage of low power consumption but generally 
provides lower sensitivity and slower response times. 
Moderate temperatures improve sensitivity and reac-
tion kinetics, while high temperatures offer the best 
sensitivity and selectivity but can pose challenges in 
terms of sensor stability and longevity.

Adsorption of Ambient Oxygen at lower temperatures: 
At room temperature, the amount of ambient oxygen 
adsorbed on the surface of the metal oxide is relatively 
low. Oxygen molecules can adsorb onto the surface as 
 O2

−,  O−, or  O2
− ions, depending on the energy levels 

available. However, the extent of this process is limited 
at lower temperatures.

Interaction with target gases: When a target gas such 
as acetone interacts with the sensor’s surface, it reacts 
with the adsorbed oxygen ions. For acetone usually 
react with the oxygen ions, releasing electrons back to 
the metal oxide and thus decreasing the resistance. For 
oxidizing gases (like  NO2), they can extract electrons 
from the metal oxide, increasing its resistance.

Limited sensitivity: The reactions at room tempera-
ture are often not as pronounced as at higher temper-
atures, leading to lower sensitivity. This is due to the 
lower energy levels which are not sufficient to facilitate 
significant reactions between the gas molecules and the 
adsorbed oxygen.

Increased Oxygen Adsorption at moderate tempera-
tures (around 100 ℃): As the temperature rises to about 
100 ℃, more oxygen is adsorbed onto the sensor sur-
face and ionized, due to increased energy available for 
the reaction.

Enhanced sensing reactions: The increase in sur-
face oxygen ions enhances the sensor’s ability to react 
with the target gases. This leads to a more pronounced 
change in resistance for both reducing and oxidizing 
gases.

(1)O2(gas) ↔ O2(ads)

(2)O2(ads)+e− ↔ O−

2(ads)

(

T < 100
◦

C
)

(3)O2−(ads)+e− ↔ 2O−

(ads)

(

100
◦

C < T < 300
◦

C
)
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Improved Sensitivity: The moderate increase in temper-
ature improves the sensor’s sensitivity due to more active 
surface reactions.

Maximum oxygen adsorption and ionization at high 
temperatures: At high temperatures, oxygen adsorption 
and ionization on the metal oxide surface reach their 
peak. The surface has a high concentration of oxygen 
ions, making it highly reactive.

Strong gas-surface interactions: The high temperature 
provides sufficient energy for vigorous reactions between 
the target gas and the adsorbed oxygen ions. This results 
in a significant change in the sensor’s resistance.

High sensitivity and selectivity: The high-temperature 
environment enhances both the sensitivity and selectiv-
ity of the sensor. The reactions are more specific and pro-
nounced, allowing for better detection and differentiation 
of gases.

Stability Issues: However, prolonged operation at high 
temperatures can lead to issues like sensor degradation, 
drift, and a decrease in the lifespan of the sensor due to 
thermal stress.

Overcoming selectivity challenges in metal oxide 
gas sensors
The major limitation of metal oxide-based gas sensors is 
their selectivity. For instance, metal oxides, like tin oxide, 
operate by changing their electrical resistance in the 
presence of certain gases. However, one of their major 
drawbacks is the lack of specificity: they often respond 
to a variety of gases, making it challenging to distinguish 
between different analytes in a complex environment. 
This issue is particularly acute in scenarios where multi-
ple gases are present, as the sensor might react similarly 
to various substances, leading to inaccurate readings or 
false alarms. The selectivity issue in metal oxide sen-
sors can be attributed to their working principle. These 
sensors rely on the interaction between the target gas 
molecules and the sensor’s surface, leading to changes 
in electrical properties. However, since many gases can 
interact with the sensor surface in a similar manner, 
distinguishing between them becomes a challenge. To 
overcome this limitation, several methods are employed. 
One approach is to modify the surface of the sensor with 
selective catalysts or additives that enhance its sensitiv-
ity to specific gases while reducing responses to others. 
For instance, adding a layer of noble metals like plati-
num or palladium can increase the sensor’s selectivity 
towards certain hydrocarbons. Another method involves 
operating the sensor at different temperatures. Since the 
reaction rates of gases on the sensor surface vary with 

(4)O2−(ads)+e− ↔ O−

2(ads)

(

T > 300
◦

C
)

temperature, adjusting the operating temperature can 
help in differentiating between gases based on their reac-
tion kinetics. Additionally, using an array of sensors, each 
tailored to be more responsive to a particular gas, and 
then analyzing the collective data through pattern rec-
ognition algorithms can significantly improve selectiv-
ity. This approach, known as electronic nose technology, 
mimics the human olfactory system and allows for the 
discrimination of complex gas mixtures, thereby expand-
ing their applicability in various fields such as environ-
mental monitoring, industrial safety, and healthcare 
diagnostics.

Effect of humidity on the sensor performance
Humidity significantly impacts sensor response, a phe-
nomenon particularly observable in breath analysis 
sensors operating at varying temperatures. High tem-
perature sensors typically show less susceptibility to 
humidity effects compared to their low temperature 
counterparts. This difference can be attributed to the 
physical and chemical properties of the sensor materi-
als. At higher temperatures, the increased thermal energy 
can overcome the binding energy of water molecules, 
reducing the likelihood of condensation or adsorption on 
the sensor surface, which would otherwise interfere with 
its response. Conversely, low temperature sensors are 
more prone to humidity interference due to the greater 
likelihood of water molecule adsorption, which can skew 
the sensor’s readings by introducing additional response 
factors unrelated to the target analytes. To mitigate the 
drawbacks of humidity in breath sensing analysis, espe-
cially in low temperature sensors, several strategies can 
be employed. One effective approach is the use of hydro-
phobic coatings on the sensor surface, which repel water 
molecules, thereby reducing the impact of humidity. 
Another method is incorporating a humidity compensa-
tion algorithm within the sensor’s data processing sys-
tem, allowing it to distinguish between changes in sensor 
response due to humidity and those due to the target 
analytes. The use of filters represents a pivotal strategy in 
mitigating the impact of humidity on breath sensor tech-
nology. In this context, filters are integrated into the sen-
sor system to selectively reduce the presence of moisture, 
thereby enhancing the accuracy and reliability of the sen-
sor’s readings. These filters, typically made of hydropho-
bic materials, are designed to allow the passage of target 
analytes while repelling water molecules. By doing so, 
they effectively minimize the direct interaction between 
water vapor and the sensor’s active surface. This design 
feature is important as it allows the filter to block larger 
water droplets (which are a common issue in breath anal-
ysis due to the natural moisture in exhaled air) while still 
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permitting the passage of smaller gas molecules that are 
of interest in the analysis.

Important characteristics of acetone sensing
Acetone, the simplest and smallest ketone, consists of 
a carbonyl group (C = O) flanked by two methyl groups 
 (CH3). Its detection in human exhaled breath is crucial as 
it indicates conditions like diabetic ketoacidosis (DKA), 
a serious diabetes complication. Monitoring acetone lev-
els in breath provides essential non-invasive diagnostics 
for diabetes management. Additionally, acetone’s dis-
tinct odor, high vapor pressure, and low boiling point 
contribute to its volatility. Short-term acetone exposure 
can cause eye, nose, and throat irritation, along with 
headaches, dizziness, and central nervous system effects. 
Prolonged inhalation may lead to unconsciousness or 
respiratory problems. Thus, detecting acetone in human 
breath and the environment is vital for managing diabe-
tes and other metabolic disorders, as well as for address-
ing environmental air pollution.

Acetone gas sensing mechanism
The gas sensing mechanism of metal oxide-based sensors 
for detecting acetone involves a series of surface reac-
tions and changes in electrical properties. Here’s how it 
typically works for acetone detection. The acetone gas 
sensing mechanism on n-type metal oxide-based gas sen-
sors involves the adsorption of oxygen and its ionization 
at the sensor surface, followed by a reaction with ace-
tone that releases electrons back into the metal oxides, 
decreasing its resistance. This response is influenced by 
various factors, including temperature, surface modifi-
cations, and sensor morphology. These sensors are thus 
highly effective for detecting acetone, especially in appli-
cations where sensitive and rapid detection is crucial. 
The possible reaction between the adsorbed oxygen ions 
and acetone gas on the surface of nanostructured metal 
oxides can be described based on the following Eqs. (5–8)

(5)
CH3COCH3(gas) + 8O−

→ 3CO2 + 8e− + 3H2O

(6)
CH3COCH3(gas) +O−

2(ads) → CH3C+O(gas)

+ CH3O−

(gas) + e−

(7)CH3C
+O(gas) → CH3(gas) + CO(gas)

(8)
CO(gas) + O−

2(ads) → CO2(gas)

+ e−(conduction band)

SnO2 nanostructures based acetone gas sensors
SnO2-based metal oxide gas sensors are a prominent 
category in the field of gas sensing due to their excellent 
chemical and physical and optoelectronic properties, 
particularly for detecting VOCs like acetone.  SnO2 is an 
n-type semiconductor with a wide band gap, typically 
around 3.6  eV. This wide band gap is fundamental to 
its gas sensing properties, as it allows for the modula-
tion of its electrical conductivity in the presence of gas 
molecules. The sensitivity of  SnO2 sensors arises from 
the change in conductivity when the surface interacts 
with gas molecules. In the presence of reducing gases 
like acetone, the reactions on the sensor surface lead to 
a decrease in resistance, indicating the presence of the 
gas.  SnO2 sensors are particularly responsive to ace-
tone, making them valuable in applications like medi-
cal diagnosis (e.g., detecting ketone levels in breath), 
industrial monitoring, and environmental sensing. 
Over the years several  SnO2 based acetone sensors have 
been proposed. However, most of the sensors met with 
limited success owing to their low response and sensi-
tivity and selectivity towards acetone. Therefore, sev-
eral research efforts were devoted to further improve 
the acetone sensing performance through doping with 
other elements or creating composites with other metal 
oxides. These modifications were tailored the sensor’s 
surface properties, enhancing acetone adsorption and 
reaction kinetics. Those surface modified  SnO2-based 
sensors were detecting acetone at relatively low con-
centrations, making them suitable for applications 
requiring the detection of trace amounts of gases.

To date, several exotic  SnO2 nanostructures includ-
ing flower like structures [53, 54], multishelled hollow 
microspheres [55], nanobelt [56, 57] and aurelia like 
micro-nano spheres [58] and etc. have been proposed 
for the acetone sensing analysis. Several studies have 
demonstrated that the mesoporous structure provides 
a larger surface area, facilitating more interaction sites 
for gas molecules [59–62]. This increased surface area 
allows for more efficient absorption of gas molecules, 
leading to improved sensitivity in detecting gas con-
centrations. Besides, the hierarchical structure, with its 
interconnected pores, ensures better diffusion of gas 
molecules throughout the sensor material. This facili-
tates quicker and more uniform response to changes in 
gas concentration. The specific pore size and structure 
of the mesoporous material can be tuned to be more 
responsive to certain gas molecules, thus enhancing 
the selectivity of the sensor. This means the sensor can 
more effectively differentiate between various types of 
gases. The hierarchical mesoporous structure tends to 
be more stable, maintaining its integrity under differ-
ent environmental conditions. This stability contributes 
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to consistent and reliable sensor performance over 
time. The unique structure can facilitate better electron 
transport within the material, improving the transduc-
tion of the chemical interaction with gas molecules into 
a measurable electrical signal.

For instance, Chen et al. prepared 3D porous flower-
like  SnO2 nanostructures for acetone sensing analysis. 
The sensor showed a significant response to 500  ppm 
acetone, with the response increasing at higher concen-
trations. For instance, at a low concentration of 20 ppm, 
the sensor still delivered a high response of 33 at 280 ℃. 
The sensor exhibited rapid response and recovery times 
to acetone. Specifically, the response time was 9 s, and 
the recovery time was 7  s. The sensor demonstrated 
good selectivity to acetone when tested with various 
gases such as formaldehyde, ethanol, ammonia, DMF 
and methanol at 280 ℃, highlighting its potential for 
specific acetone detection in diverse applications [54]. 
In another study Wang et  al. proposed enhanced gas 
sensing properties of hierarchical  SnO2 nanoflower. 
The  SnO2 nanoflowers, about 200  nm in size, were 
successfully synthesized using a simple, template-free 
hydrothermal method. The structure was found to be 
fully crystalline with a large specific surface area. The 
 SnO2 nanoflowers exhibited high response and fast 
response-recovery ability for detecting acetone at an 
operating temperature of 170 ℃. The enhancement in 
gas sensing properties was attributed to their 3D hier-
archical nanostructure, large specific surface area, and 
the small size of the secondary  SnO2 nanorods. The 
maximum responses reached were 29.2 for 50 ppm ace-
tone. The  SnO2 nanoflowers-based gas sensor showed 
high response ability to acetone and ethanol, with a 
maximum response value of 29.2 to acetone at 170 ℃, 
while the response to other tested gases did not exceed 
10. The sensor’s response increased quickly with the 
injection of tested gases and decreased rapidly, recov-
ering to its initial value upon the release of the gases. 
The sensor showed a linear response to varying con-
centrations of acetone and ethanol, indicating sensi-
tive and reversible responses to both gases. For 20 ppm 
acetone, the response and recovery times were 3 s and 
30  s, respectively [53]. In another study hierarchical 
 SnO2 nanoflower assembled from nanorods via a one-
pot template-free hydrothermal method was prepared 
for acetone sensing analysis. Four types of  SnO2 films 
were fabricated using spin coating, involving different 
conditions of introducing ammonium hydroxide or ace-
tone during the hydrothermal synthesis. The fabricated 
sensors were tested for various gases such as acetone, 
ammonia, LPG, oxygen, and benzene across a tem-
perature range of 50 ℃ to 300 ℃. The sensor recorded 
high sensitivity of about 77% for acetone at 230 ℃. The 

device showed high sensitivity and a limit of detection 
(LOD) of 280  ppb for acetone. These findings indicate 
the potential of the  SnO2-based sensors, fabricated 
through molecular imprinting techniques, in detect-
ing acetone and ammonia with high sensitivity and 
selectivity [63]. The hollow  SnO2 fibers were prepared 
using poplar catkins as a bio-template for acetone sens-
ing analysis applications. The fibers displayed a high 
specific surface area of 110.1   m2/g and maintained 
mesoporous structures with a narrow pore size distri-
bution around 4.9 nm. The hollow  SnO2 fibers showed 
excellent gas sensing performance towards acetone. The 
response of  SnO2 fibers was around 1016.4 to 100 ppm 
acetone and 7.0 to 1 ppm acetone at 100 ℃. The opti-
mal performance of  SnO2 fibers in detecting acetone 
was achieved at a relatively low temperature of 100 ℃, 
with the time taken to detect and then reset being 
roughly 9.4 and 11.5  min for 10  ppm of acetone. The 
sensitivity levels of the  SnO2 fibers varied significantly 
with the concentration of acetone; they registered 
approximately 2684.6, 1750.1, 1016.4, 444.8, 156.2, and 
80.0 in response to 500, 300, 100, 50, 20, and 10  ppm 
of acetone, respectively, at 100 ℃. Furthermore, when 
the sensor was tested with lower concentrations of ace-
tone at 100 ℃, specifically 5, 2, and 1  ppm, it showed 
sensitivities of about 36.4, 14.0, and 7.0, respectively. 
The authors compared the performance of the synthe-
sized hollow  SnO2 fiber gas sensor with various other 
semiconductor metal oxide gas sensors, highlight-
ing its good selectivity and high sensitivity to acetone 
[64]. The acetone sensor, which is based on hierarchi-
cal mesoporous  SnO2 nanotube arrays, demonstrated 
a remarkable response (S = 20.3) and maintained good 
linearity over a range of acetone concentrations at the 
ppm level (5–300  ppm), along with exceptional selec-
tivity towards 100 ppm of acetone gas. When compared 
to sensors made through a slurry-coating method, these 
 SnO2 nanotube arrays, which are assembled in  situ in 
a controlled manner, showed a more robust structure 
and a simpler manufacturing process. The superior per-
formance in detecting acetone could be attributed to 
its distinct hollow structure and advantageous orienta-
tion during growth [65]. Catalyst free SnO2 nanosheet 
based sensor has been proposed for ppb level detec-
tion of acetone. The  SnO2 nanosheets were successfully 
synthesized using a  SnF2 aqueous solution at 90  ℃. 
These nanosheets mainly exposed the (101) crystal 
facets. The  SnO2 nanosheets synthesized for 6  h dem-
onstrated a significantly higher response to 1  ppm of 
acetone, with a response rate of  Ra/Rg = 10.4, compared 
to other samples. The detection limit of the proposed 
 SnO2 nanosheets was found to be as low as 200  ppb. 
The high response to low concentrations of acetone was 
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attributed to the (101) crystal facet, which is the main 
reaction surface. The (101) facet allows for the easy for-
mation of a depletion layer due to the highly reactive 
 Sn2+. Additionally, the acetone adsorption energy on 
this facet is relatively lower than on other facets. The 
 SnO2 nanosheet sensor exhibited good selectivity for 
acetone over other gases like acetaldehyde, isoprene, 
xylene, toluene, and ammonia [66].

To improve the sensing performance of the  SnO2 based 
sensors several strategies have been proposed. Among 
them, the incorporation of Nobel metals [67–69], two 
dimensional materials [70–72] and catalytic materials 
[50, 73–75] were received considerable attention. To date, 
various research efforts have been proposed to demon-
strate the result of several key mechanisms involving in 
the enhancement of gas sensor performance through 
the incorporation of catalytic materials, including noble 
metals (such as Au, Pd, Ru), two-dimensional (2D) mate-
rials like reduced graphene oxide (rGO) and MXene, 
and metal oxide heterostructures. Noble metals like Au, 
Pd, and Ru act as catalytic sites, facilitating the adsorp-
tion and reaction of gas molecules on the sensor surface. 
This leads to a more pronounced change in resistance 
or capacitance upon exposure to target gases, enhanc-
ing sensitivity. These metals can dissociate gas molecules 
(like  O2) into more reactive atoms, which then ‘spillover’ 
onto the sensing material, increasing the rate of reaction 
with the target gas. Besides, the Noble metals can induce 
charge transfer to the semiconductor material (like metal 
oxides), altering its electronic properties and thereby 
improving its gas sensing response. The incorporation of 
two-dimensional materials (rGO, MXene) (2D) provides 
a high surface-to-volume ratio, offering more active sites 
for gas adsorption. They exhibit high electron mobility, 
which can enhance the transfer and circulation of charge 
carriers in the presence of gas molecules, improving the 
response time and sensitivity. 2D materials can be easily 
functionalized with other molecules or materials to tai-
lor their sensing properties specifically for certain gases. 
The formation of metal oxide heterostructures also found 
to be increase the sensitivity through the interface effect. 
At the interface of two different metal oxides, electronic 
and chemical properties can be significantly different 
from the bulk material, leading to enhanced sensitivity. 
The alignment of energy bands at the junction can facili-
tate charge transfer and improve the catalytic efficiency, 
enhancing the sensor’s performance. Different metal 
oxides can offer complementary sensing mechanisms, 
which, when combined in a heterostructure, can signifi-
cantly improve selectivity and sensitivity.

For instance, Xu et al. proposed highly sensitive VOCs-
acetone sensor based on Ag-decorated  SnO2 hollow 
nanofibers for acetone sensing. The Ag-decorated  SnO2 

hollow nanofibers were synthesized using an electrospin-
ning technique followed by a silver nitrate treatment. The 
Ag-decorated  SnO2 sensor exhibited a high response to 
acetone vapor, with the ability to detect as low as 5 ppm 
of acetone at 160ºC. The sensor’s response and recov-
ery times to 50 ppm acetone were approximately 6 s and 
10 s, respectively. The sensor showed excellent selectivity 
towards acetone over other reducing gases such as etha-
nol, acetic acid, and ammonia. The decoration of  SnO2 
hollow nanofibers with silver significantly improved 
the gas sensing properties. The presence of Ag likely 
enhances the catalytic oxidation of acetone, leading to 
an increased sensor response. Besides, the interaction 
between p-type  Ag2O and n-type  SnO2 in the Ag-dec-
orated  SnO2 nanofibers formed p-n heterojunctions. 
These heterojunctions are highly sensitive to reduc-
ing gases and contribute to the improvement in sensing 
performance. The addition of Ag also modifies the elec-
trical properties of the  SnO2 nanofibers. It is suggested 
that the formation of  Ag2O and the interaction with  SnO2 
could lead to a more pronounced electron-depleted layer, 
enhancing the sensor’s sensitivity [46]. In another study, 
Chen et  al., proposed highly sensitive acetone sensors 
based on Y-doped  SnO2 prismatic hollow nanofibers. The 
prepared  SnO2 prismatic hollow nanofibers were charac-
terized by SEM, TEM, BET, and XPS, revealing a hollow 
nanostructure with a rough, porous surface, diameters in 
the range of 154–200 nm, and mesoporous texture  . The 
optimal operating temperature for detecting acetone was 
found to be 300 ℃. The Y-doped  SnO2 nanofibers exhib-
ited a much higher response to acetone vapor than pure 
 SnO2, with the 0.4 wt% Y-doped fibers showing the high-
est response of approximately 174 to 500  ppm acetone. 
This response was about 7.7 times larger than that of pure 
 SnO2 hollow nanofibers  . The sensor displayed response 
values of about 12, 60, and 174 for 50, 200, and 500 ppm 
acetone, respectively. The response and recovery times 
ranged from 9–30 s to 6–9 s, respectively, across different 
acetone concentrations. The sensor could detect acetone 
concentrations as low as 20 ppm, and its response line-
arly increased with acetone concentration up to 400 ppm  .  
The 0.4 wt% Y-doped  SnO2 nanofibers showed excel-
lent selectivity towards acetone over other gases such 
as ethanol, dimethylformamide, acetic acid, methanol, 
and ammonia. The response to acetone was significantly 
higher, being almost double that to ethanol and eight 
times higher than to dimethylformamide. The sensor 
also demonstrated good long-term stability, maintaining 
nearly constant signals over 60 days of testing at 500 ppm 
acetone   [76]. The Europium (Eu)-doped  SnO2 were pro-
posed as a highly sensitive acetone sensor. Undoped and 
Eu-doped  SnO2 nanofibers were synthesized using an 
electrospinning technique and subsequent calcination. 
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The crystal structure and morphological analysis showed 
that the nanofibers comprised crystallite grains with an 
average size of about 10 nm, and Eu ions were success-
fully doped into the  SnO2 lattice  . Compared to pure  SnO2 
nanofibers, Eu-doped  SnO2 nanofibers demonstrated 
significantly enhanced sensing characteristics towards 
acetone vapor. The sensor based on 2  mol% Eu-doped 
 SnO2 nanofibers showed the highest response (32.2 for 
100 ppm acetone), which was two times higher than that 
of the pure  SnO2 sensor at an operating temperature of 
280 ℃. These sensors also exhibited good sensitivity to 
acetone in sub-ppm concentrations, with a detection 
limit extending down to 0.3 ppm  . For pure  SnO2 sensors, 
the maximum response to 100  ppm acetone occurred 
at 300 ℃. However, for Eu-doped  SnO2 nanofiber sen-
sors, the maximum responses appeared at 280  ℃  . The 
responses of both pure and Eu-doped  SnO2 nanofibers 
increased linearly with the increase of acetone concen-
tration in the range of 10–500  ppm. Above 1000  ppm, 
the response rate slowed down, indicating that the sen-
sors became saturated at higher concentrations  . The sen-
sors based on Eu-doped  SnO2 nanofibers, especially the 
2  mol% Eu-doped  SnO2 sensor, exhibited much higher 
responses to acetone than to other tested gases, such as 
ethanol, methanol, acetic acid, DMF, and ammonia   [50]. 
In another study Hu et al., proposed hollow mesoporous 
 SnO2/Zn2SnO4 heterojunction and rGO decoration as a 
high-performance detection of acetone. The rGO-dec-
orated hollow mesoporous  SnO2/Zn2SnO4 composites 
were synthesized using a self-sacrificial template strategy 
and acid-assisted etching method. The detailed materials 
analysis revealed a hollow mesoporous architecture that 
provides a large specific surface area, enhancing reac-
tion active sites significantly  . Compared to solid  SnO2/
Zn2SnO4 composites, the hollow mesoporous structure 
of  SnO2/Zn2SnO4 sensing materials displayed a higher 
specific surface area, more internal space, and abundant 
channel structure. This effectively increased reaction 
active sites and accelerated the gas penetration and dif-
fusion process, significantly enhancing the sensing per-
formance towards acetone gas. The introduction of rGO 
into  SnO2/Zn2SnO4 was also a critical factor in enhanc-
ing gas-sensing performance by offering additional elec-
tron migration paths and facilitating electron transfer 
between oxide semiconductors  . The gas-sensitive prop-
erties of  SnO2/Zn2SnO4-based composites were inves-
tigated, including sensitivity, selectivity, and long-term 
stability. Selectivity tests for rGO-HM-SnO2/Zn2SnO4 
and other  SnO2/Zn2SnO4 composites were performed 
against various gases like acetone, ammonia, formalde-
hyde, methanol, toluene, ethanol, trimethylamine, and 
xylene at 200  ℃. The rGO-HM-SnO2/Zn2SnO4 sensor 
displayed the highest response towards acetone, being 

10 times higher than responses to other disturbing gases. 
This excellent selectivity can be attributed to the larger 
dipole moment of acetone molecules, which makes them 
easier to be adsorbed on the surface of the sensing mate-
rials, and their lower bond dissociation energy, which 
facilitates interaction with adsorbed oxygen species  [77]. 
SnO-SnO2 modified two-dimensional MXene  Ti3C2Tx 
proposed as a room temperature acetone sensor. In this 
work the author successfully synthesized a nanocom-
posite combining SnO-SnO2 (p–n junction) and  Ti3C2Tx 
MXene through a one-step hydrothermal method. The 
SnO-SnO2/Ti3C2Tx sensor exhibited a significantly 
improved gas sensing response to acetone at room tem-
perature, with a response value of 12.1, which was nearly 
11 and 4 times higher than those of pristine  Ti3C2Tx and 
pristine SnO-SnO2, respectively. The sensor also dem-
onstrated a short recovery time of 9  s and outstanding 
reproducibility  . The selectivity of the SnO-SnO2/Ti3C2Tx 
sensor was evaluated against other VOCs like ethanol, 
methanol, and toluene at concentrations ranging from 
10 to 100  ppm. The SnO-SnO2/Ti3C2Tx sensor showed 
significantly higher responsiveness to acetone compared 
to other VOC gases, indicating its high selectivity for 
acetone. The response to acetone was 3.4 times higher 
than that to methanol at 100  ppm, demonstrating its 
capability as a highly selective acetone gas sensing mate-
rial  . The sensing mechanism of the SnO-SnO2/Ti3C2Tx 
sensor is based on the gas adsorption/desorption pro-
cess that leads to variations in electrical resistance. The 
presence of the p–n junction and the high conductivity of 
the metallic phase of  Ti3C2Tx MXene in the SnO-SnO2/ 
 Ti3C2Tx sensor contributes to its enhanced sensing per-
formance [78].

The bare  SnO2 and terbium-doped  SnO2 yolk-shell 
spheres were synthesized through one-pot ultrasonic 
spray pyrolysis as shown in Fig.  1i [79]. Their acetone 
sensing characteristics were tested in both dry and wet 
atmospheres, with relative humidity ranging from 20 
to 80%. The bare  SnO2 sensor, despite showing high 
response and selectivity to acetone, experienced signifi-
cant deterioration in gas response and sensor resistance 
in the presence of humidity due to a water poisoning 
reaction. Conversely, the 5  Tb-SnO2 sensor was mini-
mally affected by humidity, maintaining its gas response 
and sensor resistance. The 5  Tb-SnO2 sensor demon-
strated a high response to acetone at 50 ppp with mini-
mal cross-responses to other interfering gases (Fig.  1ii). 
The humidity-independent gas sensing characteristics 
were attributed to the maintenance of the concentration 
of adsorbed oxygen species on the  SnO2 surface, facili-
tated by the regenerative surface refreshing effect of the 
 Tb3+/Tb4+ redox couple and surface OH groups (or water 
vapor). The proposed sensor is highly sensitive, selective, 
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and unaffected by humidity, which are suitable for the 
miniaturized and real-time analysis of exhaled breath 
for the diagnosis of diabetes . In another study hierarchi-
cally assembled with bimodal pore-loaded hierarchical 
 SnO2 spheres (PH-SnO2) were successfully synthesized 
through an electrostatic spraying method combined with 
a colloidal templating route using polystyrene beads.

These hierarchical  SnO2 spheres show enhanced gas 
sensing performance due to their high porosity. The syn-
thesized porous  SnO2 spheres were used as sensing lay-
ers for the detection of acetone and exhibited about a 
20% enhanced response compared to hierarchical  SnO2 
(H-SnO2) spheres without pores. The Pt-functionalized 
PH-SnO2 (Pt-PH-SnO2) spheres demonstrated signifi-
cantly improved acetone detection capabilities, show-
ing a response of 44.83 at 5 ppm compared to PH-SnO2 
spheres with a response of 6.61, as well as superior selec-
tivity (Fig.  2) [80]. The principal component analysis 
(PCA), of dense  SnO2 spheres, PH-SnO2 spheres, and 
Pt-PH-SnO2 spheres distinguished between four distinct 
gases, including acetone, toluene, hydrogen sulfide, and 
ammonia, at concentrations varying from 1 to 5  ppm, 
with clear separation between them as shown in Fig. 2c.

Jang et  al. proposed a Highly Porous  SnO2 nanotubes 
functionalized with biomimetic nanocatalysts for direct 
observation of simulated diabetes [81]. This route com-
bines Oswald-ripening driven single-nozzle electro-
spinning with a sacrificial templating route including 
polymeric colloids and protein-templated catalysts in 
solution. The resulting sensor arrays can clearly distin-
guish the breath samples of healthy individuals from 
those simulating diabetic conditions, showing potential 
as diagnostic tools for diabetes through exhaled breath 
tests. The sensors have been optimized for acetone sens-
ing performance by adjusting the Pt catalyst content, 
indicating that well-dispersed and sub-nanoscale cata-
lytic nanoparticles can enhance sensing performance. 
The best sensing performances were observed with 0.08 
wt% Pt catalyst loaded porous  SnO2 NTs  . E-nose sensor 
arrays assembled with three different sensing layers were 
able to differentiate between simulated diabetic breath 
and healthy breath in the presence of interfering gases.

This innovation holds potential not only in health care 
for the diagnosis of diabetes but also in environmental 
monitoring applications. As shown in Fig. 3, PCA of the 
obtained sensor data indicates that distinction between 

Fig. 1 (i) a–c Morphological analysis of the 5 Tb–SnO2 yolk–shell spheres; d EDS elemental mapping of Sn, Tb, and O in 5 Tb–SnO2; e–g SEM 
and TEM images of 15 Tb–SnO2; and h EDS elemental mapping of Sn, Tb, and O in 15 Tb–SnO2. (ii) Gas sensing transients of the (a) pure  SnO2, (b) 
1 Tb–SnO2, (c) 5 Tb–SnO2, and (d) 15 Tb–SnO2 sensors to 20 ppm of acetone at 450 ℃ under dry and humid conditions (RH = 20, 50, 80%). Gas 
responses of (e) pure  SnO2, (f) 1 Tb–SnO2, (g) 5 Tb–SnO2, and (h) 15 Tb–SnO2 sensors to various gases (concentration: 20 ppm) at 350, 375, 400, 425, 
and 450 ℃ under dry condition. Reprinted from [79] with permission from American Chemical Society Copyright (2018) American Chemical
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the simulated diabetics breath and healthy people’s 
breath was clearly observed. 10 people exhaled breath 
samples and 10 simulated diabetic breath samples were 
categorized to two distinguishable clusters without any 
overlap. This result demonstrates that the outstanding 
sensor arrays using Pt-PS-SnO2 NTs, Pt-SnO2 NTs, and 
PS-SnO2 NTs with outstanding sensing properties have 
high potential for diagnosis of diabetes. Table 2 summa-
rize the acetone sensing characteristics of the  SnO2 based 
sensors incorporated with catalytic, metal nanoparticles, 
rGO and other metal oxide nanostructures.

The heterostructured  SnO2 nanocomposites have been 
proposed as effective acetone sensors. Figure  4a shows 
the high-performance acetone gas sensor based on 
ruthenium (Ru)-doped  SnO2 nanofibers. Kou et al. report 
on the enhanced gas-sensing properties of  SnO2 nanofib-
ers doped with ruthenium for acetone detection [84]. The 
study shows that 2 mol% Ru-doped  SnO2 nanofibers have 
a response 12 times higher to 100 ppm acetone compared 

Fig. 2 a Schematic images of acetone sensing mechanism of Pt‑PH‑SnO2 spheres, b base resistances of dense  SnO2 spheres, PH‑SnO2 spheres, 
and Pt‑PH‑SnO2 spheres, and (c) pattern recognition using principal component analysis (PCA) of simulated gases (1–5 ppm) with dense  SnO2 
spheres, PH‑SnO2 spheres, and Pt‑PH‑SnO2 spheres‑based sensors. Reprinted from [80] with permission from Elsevier  Copyright (2020) Elsevier

Fig. 3 Pattern recognition based on PCA using sensor arrays 
(PS‑SnO2 NTs, Pt‑PS‑SnO2 NTs, and Pt‑SnO2 NTs). Reprinted from [81] 
with permission from John Wiley and Sons  Copyright (2016) John 
Wiley and Sons
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Table 2 Acetone sensing characteristics of the  SnO2‑based gas sensors

Materials Temp (ºC) Conc. (ppm) Response (s) Response/recovery 
times (s)

Ref

PdAu/SnO2 250 2 6.5 5/4 [82]

Au/  SnO2 220 5 3.1 0.9/21 [67]

Rh/  SnO2 200 50 60.6 2/64 [69]

Ru/  SnO2 hollow nanotubes 250 100 340 0.58/8.4 [83]

Ru/  SnO2 nanofibers 200 100 118.8 1/86 [84]

ZnSnO3/ZnO Hollow spheres 280 50 17.3 3/13 [85]

Solid  SnO2/ZnSnO3 spheres 290 100 15 12/118 [86]

double‑shell hollow  SnO2/ZnSnO3 spheres 290 100 30 9/122 [86]

Ce‑SnO2 nanoparticles 270 50 50.5 17/38 [75]

Co‑SnO2 350 1000 1637 75/‑ [87]

SnO2/ZnO heterostructure 300 100 85 19/9 [88]

SnO2/Au‑doped  In2O3 core–shell nanofibers 300 100 12 2/9 [89]

SnO2‑rGO 35 10 2.19 107/146 [90]

Pt‑SnO2 nanofibers 170 100 104.26 107/90 [91]

TiO2/SnO2 heterostructure 280 100 13.7 2/60 [92]

Pd@ZnO‑SnO2 400 5 10.12 16/36 [93]

Hollow  SnO2 nanobelt 260 5 6.7 38/9 [56]

RGO‑SnO2 NFs 350 5 10.0 28/100 [51]

Pt‑SnO2 NFs 400 3 7.12 30/20 [94]

Pt‑SnO2 NTs 350 1 25 40/60 [95]

Pt‑PS_SnO2 NTs 350 1 34.8 ‑/‑ [63]

Fig. 4 Various nanostructures‑based acetone sensors. (a1, a2) Ruthenium (Ru)‑doped  SnO2 nanofibers [Reprinted from [84] with permission 
from Elsevier. Copyright (2020) Elsevier]. (b1, b2) Hierarchical assembly of  SnO2 nanorods on spindle‑like α‑Fe2O3 [Reprinted from [49] 
with permission from Elsevier. Copyright (2021) Elsevier]. (c1, c2) Catalyst‑free highly sensitive  SnO2 nanosheet [Reprinted from [66] with permission 
from American Chemical Society. Copyright (2020) American Chemical.]. (d1, d2) α‑Fe2O3/SnO2 nanoball arrays [Reprinted from [96] with permission 
from John Wiley and Sons. Copyright (2020) John Wiley and Sons.]. (e1, e2)  Co3O4/SnO2 yolk‑shell nanofibers [Reprinted from [34] with permission 
from Elsevier. Copyright (2024) Elsevier]. (f1, f2) metal–organic framework‑derived  SnO2‑ZnO [Reprinted from [37] with permission from Elsevier. 
Copyright (2023) Elsevier]. (g1, g2) Co‑catalyzed  SnO2 nanospheres [Reprinted from [73] with permission from Elsevier. Copyright (2020) Elsevier]. 
(h1, h2) Pt catalyst decorated  SnO2 porous nanofibers [Reprinted from [91] with permission from Elsevier. Copyright (2022) Elsevier] and (i1, i2) 
hollow hierarchical  TiO2‑SnO2‑TiO2 composite nanofibers Reprinted from [47] with permission from Elsevier  Copyright (2021) Elsevier
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to pure  SnO2 nanofibers. The enhanced sensing response 
of the proposed sensor is attributed to improvements 
in gas sensing performance due to changes in elec-
tron concentration and oxygen component distribution 
from Ru incorporation. Liu et  al. proposed a hierarchi-
cal assembly of  SnO2 nanorods on spindle-like α-Fe2O3 
for enhanced acetone gas-sensing performance (Fig. 4b) 
[49]. The study reveals that  SnO2-functionalized  Fe2O3 
heterostructure nanospindles exhibit enhanced sensitiv-
ity and selectivity for acetone gas detection compared 
to pure  Fe2O3, demonstrating approximately 4.3 times 
greater sensitivity to acetone at an optimal working tem-
perature of 280 ℃. The response and recovery times for 
these sensors are also rapid, significantly improving the 
practical utility of the proposed sensor. Kim et  al. pro-
posed catalyst-free highly sensitive  SnO2 nanosheet gas 
sensors for trace-level detection of acetone (Fig. 4c) [66]. 
Wang et  al. demonstrate the construction of hierarchi-
cal α-Fe2O3/SnO2 nanoball arrays with superior acetone 
sensing performance (Fig.  4d) [96]. The α-Fe2O3/SnO2 
nanoball arrays exhibit superior sensing performance 
compared to pure  SnO2 [34]. The α-Fe2O3/SnO2 sensor 
shows notable sensitivity, selectivity, and a wide detection 
range for acetone, making it highly effective for detecting 
low acetone concentrations. The enhanced performance 
is attributed to the hierarchical nanostructure and the 
synergistic effect of the α-Fe2O3/SnO2 composition. In 
another study, the construction of  Co3O4/SnO2 yolk-shell 
nanofibers for acetone gas detection presents signifi-
cant findings in gas sensor technology (Fig. 4e) [37]. The 
 Co3O4/SnO2 yolk-shell nanofibers exhibit an outstand-
ing response of approximately 216 to 100 ppm acetone at 
350 ℃, coupled with an ultrafast response time of about 
0.62  s. The sensors demonstrate remarkable selectivity 
for acetone and excellent stability in both humidity and 
long-term use. Other exotic nanostructures based on 
metal–organic framework-derived  SnO2-ZnO (Fig.  4f ), 
Co-catalyzed  SnO2 nanospheres (Fig.  4g) [73], Pt cata-
lyst-decorated  SnO2 porous nanofibers (Fig. 4h) [91], and 
hollow hierarchical  TiO2-SnO2-TiO2 composite nanofib-
ers (Fig.  4i) [47] with increased active-sites and charge 
transfer have also been proposed as effective acetone sen-
sors. These findings demonstrate the potential of using 
such heterostructures and composite materials in devel-
oping effective acetone sensors for various applications.

Other metal oxide semiconductor-based acetone sen-
sors with enhanced sensing characteristics along with fast 
response and recover time also reported. Among them, 
 WO3 and ZnO has received considerable attention.  WO3 
a with a band gap of approximately 2.6 eV, is increasingly 
recognized in the field of gas sensing technology, particu-
larly for VOCs detection. This recognition is attributed to 
 WO3’s exceptional gas sensing characteristics, its notable 

electrical properties, and its inherent non-toxicity, mak-
ing it a viable candidate for environmental and health 
monitoring applications.  WO3 exhibits a series of stable 
phase transitions at different temperature ranges, each 
phase offering distinct advantages for gas detection. 
Notably, the monoclinic  WO3 phase is the predominant 
crystal structure in bulk  WO3 at or above ambient tem-
peratures. This has spurred extensive research into this 
particular phase due to its favorable properties for gas 
sensor development. A significant body of work in sen-
sor technology has leveraged this monoclinic  WO3 phase 
to engineer sensors capable of detecting a wide array of 
gases. However, the orthorhombic  WO3 phase, often 
denoted as β-WO3, is especially noteworthy for its acute 
sensitivity and selectivity in detecting acetone at ppb 
concentrations. This heightened sensitivity can be largely 
attributed to the intrinsic electric dipole moment char-
acteristic of the β-phase. This feature enhances the inter-
action between β-WO3 and analytes with high dipole 
moments, such as acetone, thereby amplifying the sen-
sor’s response to these specific compounds.

For instance, Kim et  al. discusses the acetone sensing 
characteristics of Apo-Pt@HP  WO3 nanofibers (Fig. 5i). 
The sensors were tested under various operating temper-
atures (300–450 ℃) and different loading concentrations 
of Apo-Pt nanoparticles in a highly humid atmosphere 
(90% RH). The sensor functionalized with 0.05 wt% Apo-
Pt NPs exhibited the highest response at a lower temper-
ature of 350 ℃ due to the catalytic action of the Pt, which 
reduced the activation energy required for the surface 
reaction. The 0.05 wt% Apo-Pt@HP  WO3 NFs showed a 
high response  (Ra/Rg = 88.04 ± 3.18) at 5 ppm of acetone, 
significantly outperforming other sensors and demon-
strating a 15.9-fold to 26.4-fold improvement [97]. The 
minimum detectable concentration for these NFs was 
0.4  ppm with a response of 2.1. Additionally, these NFs 
exhibited remarkable selectivity towards 5  ppm acetone 
when compared to other interfering gases such as hydro-
gen sulfide, toluene, ethanol, carbon monoxide, ammo-
nia, and methane at 350 ℃. The improved acetone sensing 
properties are attributed to structural and catalytic 
effects, such as an increased surface-to-volume ratio and 
hierarchical interconnectivity of porosity. Furthermore, 
the Apo-Pt@HP  WO3 NFs showed excellent acetone 
selectivity confirmed by PCA, which clustered acetone 
molecules distinctly from other biomarkers, indicating 
the potential of these sensors for non-invasive breath 
sensor platforms for selective detection of specific bio-
marker molecules (Fig. 5ii). Sensors fabricated from  WO3 
nanosheets and g-C3N4/WO3 composites were tested at 
various temperatures to determine the optimal operating 
temperature [98]. It was observed that the 1 wt% g-C3N4/
WO3 sensor exhibited a maximum response of 35 to 
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100  ppm acetone at 340 ℃, which is about three times 
higher than that of  WO3 nanosheets at the same tem-
perature, indicating that g-C3N4/WO3 materials enhance 

acetone detection performance  . The g-C3N4/WO3 com-
posites demonstrated better selectivity compared to 
other loading amounts, with the 1 wt% g-C3N4/WO3 

Fig. 5 (i) Schematic illustration of the sacrificial templates assisted electrospinning fabrication process for hierarchically porous  WO3 NFs 
functionalized by Apo‑Pt NPs, SEM images of (b‑i) as‑spun W precursor/PVP composite NFs, (c) dense  WO3 NFs after calcination, and (d) magnified 
image of (c), SEM images of (e) as‑spun W precursor/PVP composite NFs embedded with MWCNTs, (f)  MP_WO3 NFs after calcination, and (g) 
magnified image of (f). SEM images of (h) as‑spun W precursor/PVP composite NFs embedded with MWCNTs, PS colloids and Apo‑Pt NPs, (i) 
Apo‑Pt@HP_WO3 NFs after calcination, and (j) magnified image of (i). (ii) Pattern recognition based on principal component analysis (PCA) using 
sensor arrays (Apo‑Pt@HP_WO3 NFs,  HP_WO3 NFs and  MP_WO3 NFs) for (a) selectivity and (b) diagnosis of simulated acetone breath. Reprinted 
from [97] with permission from Elsevier  Copyright (2018) Elsevier
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sensor exhibiting at least seven times higher response to 
acetone than to other interfering gases, which could be 
attributed to the ε-phase  WO3 in the composite having 
a strong interaction with polar acetone molecules  . The 
response and recovery times for sensors based on  WO3 
nanosheets and g-C3N4/WO3 composites were around 
5 s. Li et al. have employed ruthenium (Ru)-loaded  WO3 
nanoparticles to detect acetone vapor. The acetone sens-
ing response manifested by the Ru-loaded  WO3 sensors 
was significantly augmented compared to that of pristine 
 WO3, achieving a markedly reduced detection threshold 
as low as 0.5 ppm. Notably, a 1 wt% Ru loading on  WO3 
demonstrated the most pronounced response, achieving 
a resistance ratio  (Ra/Rg) of approximately 7.3 at an oper-
ational temperature of 300 ℃ for the detection of 1.5 ppm 
acetone vapor [99]. Chen et al. investigated the gas sens-
ing properties of  WO3/Pt-decorated rGO nanocomposite 
sensors. They reported that the sensor exhibited a maxi-
mum response of 12.2 upon exposure to 10 ppm of ace-
tone vapor at an operating temperature of 200 ℃ [100]. 
Shen et  al. synthesized iron and carbon co-doped  WO3 
with a hierarchical walnut-like morphology to enhance 
selectivity for acetone vapor detection. The resulting sen-
sor demonstrated an enhanced response ratio  (Ra/Rg) of 
approximately 17 at an operating temperature of 300 ℃ 
when exposed to 10  ppm of acetone in a configuration 
where the doping ratio of Fe to  WO3 was 0.992 atomic 
percent (at1%) [101]. Righettoni et al. fabricated the che-
mosensors using synthesized pure and Si-doped  WO3 
nanoparticles, aiming to perform quantitative analysis 
of acetone under dry air and 90% RH conditions. The 
sensor’s response to ppb of acetone at a temperature of 
400 ℃ in dry air was recorded as 4.63, which was sig-
nificantly higher compared to its response (0.7) to 90% 
RH. Nevertheless, an increase in relative humidity to 
90% led to a reduction in the sensor’s response, falling to 
68% of the response observed for 600 ppb acetone in dry 
air. This observation signifies the substantial impact of 
humidity in diminishing the sensor’s sensitivity. Despite 
this, the sensor exhibited a rapid response capability to 
acetone concentrations as low as 20 ppb even under high 
RH conditions [102].

ZnO is yet another favored metal oxide in gas detec-
tion research. For instance, Wang et  al., proposed ZnO 
nanosheets incorporated graphene oxide nanocom-
posites for highly effective acetone vapor detection. 
Compared to undoped ZnO nanostructures and ZnO 
nanosheets alone, the ZnO/GO nanocomposite sen-
sor exhibited enhanced gas response, faster response-
recovery times, and improved selectivity. The optimal 
operating temperature for the sensor was determined to 
be 240 ℃. Additionally, the ideal mass fraction of GO in 
the ZnO/GO nanocomposites was found to be 10 wt%. 

Under these optimized conditions, the ZnO/GO nano-
composites sensor achieved a response value of 35.8 
to 100  ppm of acetone. The superior sensing properties 
of the nanocomposites are attributed to their unique 
2D–2D composite structure, combining the rigidity of 
ZnO with the flexibility of GO. The 2D morphology 
of the nanocomposites contributes to a large effective 
surface area, which significantly enhances the sensor’s 
response. Additionally, the rich functional groups in GO 
aid in the adsorption of gases, further improving the sen-
sor’s performance [103].  Hierarchically structured ZnO 
spheres were prepared via a solvothermal technique. The 
dandelion-mimicking ZnO spheres exhibited a response 
of 33 toward 100  ppm acetone at 300 ℃. The response 
time of the sensor was found to be 3 s. The gas detector 
also exhibited a pronounced selectivity towards acetone. 
Such high selectivity correlated with acetone’s promi-
nent dipole moment (2.88 D) in relation to other gases, 
enhancing its adhesion potential on ZnO’s polar (002) 
facets, resulting in robust selectivity for acetone [104]. In 
another study, the ZnO nanorod thin films on pre-depos-
ited  SiO2/ Si substrates were proposed for acetone sens-
ing. The ZnO nanorod-based sensor exhibited excellent 
sensing performance for acetone at an operating tem-
perature of 300 ℃. The sensor demonstrated the ability 
to detect acetone concentrations as low as 1  ppm. The 
response time of the sensor was approximately 5  s, and 
the recovery time was about 15 s. Porous Pt-doped  In2O3 
NFs based sensors were used for acetone sensing. This 
increased surface area, combined with the catalytic prop-
erties of Pt, facilitates the formation of Pt-In2O3 Schottky 
barriers. These features, in conjunction with the nanofib-
ers’ porous architecture, enabled the sensitive detection 
of acetone gas concentrations as low as 10 ppb at 180 ℃. 
The sensor demonstrated rapid gas sensing kinetics, evi-
denced by swift response and recovery times of 6  s and 
9 s, respectively [105]. Similarly other exotic nanostruc-
tures based on  TiO2 [106],  Co3O4 [107], NiO [108],  Fe2O3 
[109], etc. also have been proposed for the acetone sens-
ing analysis.

Limitation of the nanostructures‑based breath 
sensors
Nanostructure-based breath sensors, employed exten-
sively for biomarker detection in medical diagnostics and 
other applications, encounter numerous scientific chal-
lenges. An important issue is the discrimination of tar-
get gas molecules amidst a complex milieu of other gases 
in human breath, such as water vapor, carbon dioxide, 
and various VOCs, which can confound the detection of 
specific biomarkers. The attainment of high sensitivity 
is critical, particularly at low target gas concentrations, 
to ensure precise diagnoses. Certain disease markers 
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exist at exceptionally low concentrations, necessitat-
ing the capability of sensors to discern gas levels in the 
ppb range or even at parts-per-trillion (ppt). Moreover, 
managing humidity levels presents a significant obsta-
cle, given the substantial moisture content in human 
breath. The prevalent water vapor can markedly impact 
the efficacy of metal oxide sensors, typically resulting 
in diminished sensitivity and selectivity. The long-term 
stability and repeatability of these sensors are vital for 
dependable diagnoses. Over time, metal oxide sensors 
are prone to response drift due to aging, thermal fluctua-
tions, and exposure to diverse gases. Many metal oxide 
sensors necessitate operation at elevated temperatures to 
function optimally, which can increase power consump-
tion, potentially rendering them less suitable for portable 
or wearable devices. The propensity of these sensors to 
react to multiple gases introduces issues of cross-sensi-
tivity, where responses to non-target gases could impede 
accurate target gas detection. Developing compact, port-
able, and integrated systems that retain high performance 
is an arduous but necessary task for their practical and 
broad application. Fabricating high-quality, consistent, 
and cost-effective sensors is imperative for their com-
mercial success, particularly in contexts requiring dis-
posable or single-use breath analysis tools. Furthermore, 
compliance with health and safety standards, especially 
in medical diagnostics, is crucial. This encompasses con-
siderations of biocompatibility and non-invasiveness. To 
surmount these challenges, ongoing research in materi-
als science, nano-engineering, and signal processing is 
being pursued, aiming to amplify the performance and 
utility of metal oxide-based breath sensors across various 
domains.

Conclusion
The exploration of metal oxide-based breath sensors 
reveals a promising yet challenging landscape in the 
realm of gas sensing technology, particularly for medical 
diagnostics. These sensors, leveraging the properties of 
materials like  SnO2,  WO3, ZnO,  In2O3, etc. have shown 
significant potential in detecting biomarkers in human 
breath, crucial for diagnosing various health conditions. 
Innovations such as doping with various materials have 
enhanced their sensitivity and selectivity, crucial for 
detecting acetone at very low-concentration compounds. 
Key achievements in this field include the successful syn-
thesis of high-surface-area nanocomposites, the ability 
to operate at lower temperatures, and improvements in 
response and recovery times. These advances address 
some of the fundamental challenges such as selectivity 
in complex gas mixtures, sensitivity at low concentra-
tions, and the influence of humidity. The future of nano-
structure based breath sensors lies in further improving 

sensitivity, selectivity, and stability. Research is ongoing 
to develop sensors that can detect low concentrations of 
gases with high accuracy and in complex environments. 
The integration of artificial intelligence for data analy-
sis and the exploration of new materials and fabrication 
techniques continue to drive the field forward.

Outlook
Looking forward, the field of nanostructured-based 
breath sensors is poised for significant advancements, 
although key challenges remain. Continuous efforts are 
needed to further improve the selectivity and sensitivity 
of these sensors, especially in the presence of complex 
gas mixtures and varying humidity levels. The integra-
tion of advanced materials, like graphene and other 2D 
materials, could offer new pathways to overcome these 
challenges. Miniaturization and integration into port-
able devices remain crucial for the widespread applica-
tion of these sensors, especially in personal healthcare 
and real-time monitoring. The development of low-cost, 
high-performance sensors compatible with portable elec-
tronics will be a significant step towards this goal. In the 
realm of manufacturing and commercialization, achiev-
ing consistency in sensor production and maintaining 
low costs are essential for broader adoption. Additionally, 
ensuring compliance with health and safety standards, 
particularly in medical applications, will remain a prior-
ity. From a research perspective, the exploration of novel 
materials and nano-engineering techniques holds prom-
ise. The application of machine learning and advanced 
signal processing methods could further enhance the 
performance and applicability of these sensors. The inte-
gration of sensor technology with wireless communica-
tion and IoT devices opens new frontiers for real-time 
health monitoring and environmental sensing. In conclu-
sion, nanostructure-based breath sensors have already 
shown substantial promise in medical diagnostics and 
environmental monitoring. With ongoing research and 
technological advancements, these sensors are set to play 
a pivotal role in the future of healthcare and smart sens-
ing technologies.
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