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Abstract: Gas sensors have received extensive attention because of the gas pollution caused by rapid construction of urbanization 
and industrialization. Gas sensors based on semiconductor metal oxide (SMO) have the advantages of high response, excellent 
repeatability, stability, and cost-effectiveness, and have become extremely important components in the gas sensor field. Materials 
with regular structures and controllable morphology exhibit more consistent and repeatable performance. However, during the 
process of material synthesis, because of the uncontrollability of the microcosm, nanomaterials often show irregularities, unevenness, 
and other shortcomings. Thus, the synthesis of gas sensors with well-aligned one-dimensional (1D) structures, two-dimensional 
(2D) layered structures, and three-dimensional (3D) hierarchical structures has received extensive attention. To obtain regular 
structured nanomaterials with desired morphologies and dimensions, a template-assisted synthesis method with low cost and 
controllable process seems a very efficient strategy. In this review, we introduce the morphology and performance of SMO 
sensors with 1D, 2D, and 3D structures, discuss the impact of a variety of morphologies on gas sensor performance (response 
and stability), and shed new light on the synthesis of gas sensing materials with stable structure and excellent performance.
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1  Introduction

Over recent decades, there has been a growing 

interest internationally in gas sensing to avoid environ‐

mental problems and human health damage. Based on 

the requirements for practical application, gas sensors 
need to have a rapid, accurate, and simple operation. 
Gas chromatography coupled to mass spectrometry 
and ion mobility spectrometry can satisfy some of these 
requirements.

However, these methods need a specific device, 
are complicated to operate, and are unsuitable for timely 
monitoring of harmful gases. Researchers have tried 
many strategies to develop various alternative types of 
gas sensors including optical sensors (Escobedo et al., 
2022), acoustic wave sensors (Zeng G et al., 2019), 
thermoelectric sensors (Masoumi et al., 2019), and 
electrochemical sensors (Li RF et al., 2020), but their 
high cost and only modest improvement in performance 
have limited further development. Thus, there is an 
urgent need to find portable, efficient, and low-cost gas 
detection technologies to meet the increasing demand.
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Resistive gas sensors are considered the most 
promising candidates for various applications due to 
their low cost and high efficiency (Liu W et al., 2018; 
Giampiccolo et al., 2019; Jo et al., 2021; Ogbeide et al., 
2022). Using appropriate materials permits the detec‐
tion of various gases, including formaldehyde, carbon 
monoxide, ethanol, and others (see supplementary ma‐
terials, Section 1.1). Recently, semiconductor metal 
oxide (SMO) has become one of the most attractive 
gas sensing materials because of its high response, 
outstanding repeatability, excellent stability, and cost-
effectiveness. For detailed performance parameters, 
see supplementary materials, Section 1.2. Table 1 lists 
some previous studies of resistive gas sensors based 
on semiconductor materials. The detection range is 
usually at ppm (1 ppm=1×10−6) levels, and cannot be 
higher or lower because of the need for gases to be 
adsorbed and desorbed on the surface of the materials. 
Therefore, their morphology, such as surface area, 
porosity, and dimensionality, plays a crucial role in the 
gas sensing process. For example, zero-dimensional 
(0D) quantum dots, one-dimensional (1D) nanowires, 
two-dimensional (2D) thin films, and three-dimensional 
(3D) microspheres have different gas diffusion paths 
and adsorption modes, leading to differences in their 
response time and limit of detection (LOD).

Template-assisted synthesis methods are an effi‐
cient way to obtain the desired uniform morphology 
and structure of nanomaterials. They can be broadly 
classified as hard- or soft-template-assisted methods. 
Hard templates are mainly inorganic substances, such 
as silicon dioxide or metal organic frameworks (MOFs). 
Soft templates are primarily organic materials, such 
as polyvinyl pyrrolidone (PVP) or polystyrene (PS) 
spheres. For example, Yuan HY et al. (2019) used MOFs 

as a template to prepare a CO and volatile organic 
compound (VOC) sensor based on hierarchical ZnO 
sheets. This method renders excellent and repeatable 
gas sensing performance. Using PS microsphere 2D 
colloidal crystal as a template, Xu et al. (2014) designed 
a SnO2 monolayer ordered porous films-based etha‐
nol sensor. Controlling the pore size can optimize the 
response and stability of a gas sensor. Using polyure‐
thane acrylate as a template, Seo et al. (2020) devel‐
oped a H2 sensor based on a self-powered Pd polyure‐
thane acrylate (PUA) nanomaterial. The sensor can 
transmit the detection results immediately to a phone 
over Bluetooth, which is very convenient.

In this review, we summarize recent reports on 
state-of-the-art research that converge on template-
assisted synthesis approaches for gas sensor nanoma‐
terials. We aim to provide a better understanding of 
gas sensors and guide the design of high-efficiency 
gas sensor nanomaterials. First, the fundamental con‐
cepts of SMO gas sensors are introduced, including 
the detection methods and the SMO sensing mecha‐
nism (see supplementary materials, Section 1.3), which 
is helpful to better understand the concepts and modi‐
fications of SMO sensors. In addition, we discuss the 
factors affecting the materials prepared by template 
methods, such as the classification and selection of 
templates (see supplementary materials, Section 2.1), 
the various synthesis methods (see supplementary 
materials, Section 2.2), and the impact of calcination 
temperature (see supplementary materials, Section 2.3). 
Then, several template-assisted synthesis strategies 
are discussed in detail, highlighting nanomaterials 
with different dimensionality. Finally, promising de‐
velopments in gas sensor technology are explained 
comprehensively.

Table 1  Summary of studies of semiconductor materials for gas sensing

Sensing material

rGO/CuCoOx

Pt@In2O3

ZIF-7/TiO2

GO/TiO2

Pd-BiVO4

ZnO

CeO2-WO3

Gas

NO2

Acetone

Formaldehyde

NO2

3‑hydroxy-2-butanone

NO2

Acetone

Temperature

RT

320 ℃

RT

RT

200 ℃

RT

250 ℃

Concentration/Response

1 ppm/64.76%

1 ppm/6.23

5 ppm/1350

1.75 ppm/3.14

10 ppm/103.7

1 ppm/29

0.5 ppm/1.31

τres (s)

250

11

9

35

12

22

34

LOD (ppb)

50

10

16

70

200

0.2

500

Reference

Ogbeide et al. (2022)

Liu W et al. (2018)

Jo et al. (2021)

Giampiccolo et al. (2019)

Chen et al. (2020)

Xia et al. (2020)

Yuan KP et al. (2020)

rGO: reduced graphene oxide; ZIF: zeolite imidazole framework; RT: room temperature; τres: response time; LOD: limit of detection. 1 ppm=1×
10−6; 1 ppb=1×10−9

946



Xun et al. / Front Inform Technol Electron Eng   2023 24(7):945-963

2  1D nanomaterials based on template-assisted 

methods

1D nanomaterials contain mainly nanorods (Nasir 
et al., 2014; Zhang B et al., 2021), nanofibers (Kim 
DH et al., 2019, 2020), or nanotubes (Xue et al., 2016; 
Sharma et al., 2021). The 1D geometric morphology 
provides abundant functional groups and a large spe‐
cific surface area, which is conducive to the construc‐
tion of materials with excellent chemical reactivity and 
mechanical properties. Also, 1D nanostructured mate‐
rials exhibit excellent electrical mobility, facilitating 
the transport of electrons, which is favorable for gas 
sensing performance. Studies of gas sensors based on 
1D nanomaterials materials generated by template-
assisted synthesis are summarized in Table 2.

Efficient template-assisted methods for synthe‐
sizing 1D nanomaterials have three common pathways. 
The first is a template-assisted electrospinning method, 
often used to synthesize hollow nanofibers. Tie et al. 
(2020) fabricated praseodymium-doped BiFeO3 hol‐
low nanofibers using an electrospinning technique for 
formaldehyde sensing, using PVP as a soft template 
(Fig. 1a). The sensor had an outstanding response 
of 30.1 to 100 ppm formaldehyde at 190 ℃ because 
the tubular nanomaterials have a large surface area and 
pore size (Fig. 1b). Similarly, Yang JQ et al. (2021) 
constructed Sn-doped NiO nanofibers using the same 
electrospinning method as used for a triethylamine 
(TEA) sensor. They found that the TEA response value 
was about 16.6 to 100 ppm and the as-prepared nano‐
materials had excellent moisture resistance (Fig. 1c). 
The experiments revealed that the surface state of the 
materials could be easily altered by the doped Sn due 
to the 1D structure. Furthermore, with apoferritin as 

the template, Shin et al. (2021) reported Na-doping 
and Pt nanoparticle (NP) decorating of WO3 nanofi‐
bers using an electrospinning process. The H2S sens‐
ing performance exceeded that of previous reports, 
reaching 780 at 1 ppm. The H2S concentration thresh‐
old for halitosis in the mouth was estimated with ex‐
cellent stability to be about 150 ppb (1 ppb=1×10−9) 
by this sensor. The device can be used for medical 
detection with an accuracy of 86.3% (Fig. 1d). The 
study indicated that the 1D structure played an impor‐
tant role in the outstanding response and selectivity 
for H2S. Sanger et al. (2018) used PVP nanofibers 
as a hard template to synthesize free-standing hollow 
aluminum-doped zinc oxide nanofibers. Compared with 
filled fibers (~6/3 min), hollow fibers showed slower 
response/recovery time (~11/10 min) and a higher re‐
sponse. The response/recovery time of gas NO2 sens‐
ing could be explained by the diffusion kinetics and 
penetration depth. They used finite-difference time-
domain (FDTD) simulation to calculate the distribu‐
tion of the active area field at different temperatures. 
Gas molecules are adsorbed only on the surface of 
nanomaterials. Thus, the gas NO2 cannot diffuse through 
the aluminum-doped zinc oxide (AZO) layer of filled 
fibers, resulting in a faster adsorption–desorption and 
response–recovery time. In contrast, the gas NO2 can 
pass through the tubes of hollow fibers and produce 
more collisions in the tube. Compared with the outer 
surface, the collision frequency is almost eight times 
higher inside the core at 25 ℃ (Figs. 1e and 1f). 
Therefore, hollow fibers have better gas sensing per‐
formance. This was the first time the gas response 
mechanism of hollow nanofibers had been proposed. 
The material showed an excellent sensing response 
to low concentration NO2 gas at room temperature, 

Table 2  Summary of studies of one-dimensional (1D) nanomaterials for gas sensing by template-assisted methods

Template

PVP

Apoferritin

MgO microrods

ZnFe2(C2O4)3

Shaddock peel

Absorbent cotton

Absorbent cotton

Absorbent cotton

Sensing material

BiFeO3

Pt-WO3

Co3O4

ZnFe2O4

Cd-SnO2

α-Fe2O3/Fe2(MoO4)3

ZnO

CuO/ZnO

Gas

Formaldehyde

H2S

Triethylamine

Acetone

Formaldehyde

H2S

H2S

H2S

Temperature (℃)

190

300

180

260

160

133

217

170

Concentration/Response

100 ppm/30.1

1 ppm/780

200 ppm/220%

100 ppm/52.8

100 ppm/51.11

10 ppm/12.69

10 ppm/85.04

500 ppb/2.19

τres (s)

19

10

13

1

28

3

8

27

Reference

Tie et al. (2020)

Shin et al. (2021)

Hu et al. (2022)

Li L et al. (2017)

Zhao RJ et al. (2020)

Wu et al. (2021)

Na et al. (2019b)

Na et al. (2019a)

τres: response time. 1 ppm=1×10−6; 1 ppb=1×10−9
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which depended on its high surface-to-volume ratio. 

The study developed a new strategy using a template-

assisted synthesis method to prepare 1D nanostruc‐

tures for gas sensor applications.

The second pathway is the self-template method. 

Material is grown with the help of the template, and 

then the template is removed to obtain the 1D nano‐

material. With this approach, Baek et al. (2019) reported 

suspended nanowires (PdO, NiO, SnO2, and WO3) 

using suspended carbon nanotubes (CNTs) as a self-

template (Fig. 2a). A scanning electron microscope 

(SEM) image of a nanowire is shown in Fig. 2b. The 

nanowires show a 21.9% response to 2% air-diluted H2 

gas. The authors stated that the fabrication method could 

realize scalable processes without any contamination. 

In addition, Hu et al. (2022) designed hierarchical 

Fig. 1  Schematic of the basic setup for electrospinning (a), a scanning electron microscope (SEM) image of Pr-doped 
BiFeO3 (b), dynamic response curves of the sensors based on Sn-NiO to triethylamine (TEA) at 180 ℃ (c), correlation between 
H2S concentration measured and calculated by the Oral Chroma device (d), collision frequency versus temperature for the 
outer and inner surfaces of the hollow fiber (e), and interaction between the filled fibers and the hollow fibers (f)
(a) and (b) are reprinted from Tie et al. (2020), Copyright 2020, with permission from Elsevier; (c) is reprinted from Yang JQ et al. (2021), Copyright 
2021, with permission from Elsevier; (d) is reprinted from Shin et al. (2021), Copyright 2021, with permission from American Chemical Society; 
(e) and (f) are reprinted from Sanger et al. (2018), Copyright 2018, with permission from the authors, licensed under CC BY. DC: direct current; 
AZO: aluminum-doped zinc oxide. 1 ppm=1×10−6; 1 ppb=1×10−9
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Co3O4 microtubes using MgO microrods as a self-
template. Fig. 2c depicts the template synthesis pro‐
cess. TEA can be detected by the Co3O4 microtubes, 
which exhibit a low detection limit (1 ppm) and fast 
recovery time (13 s) to TEA at 180 ℃ (Fig. 2d). These 
sensors’ excellent performance is ascribed to their 
large surface area, rich oxygen vacancies, and suit‐
able pore size. Furthermore, Li L et al. (2017) syn‐
thesized a porous ZnFe2O4-based nanorod acetone 
sensor with a networked nanostructure using the 
ZnFe2(C2O4)3 as a self-template. The response time, re‐
covery time, and response to 100-ppm acetone were 1 s, 
11 s, and 52.8, respectively. The porous ZnFe2O4 nano‐
rods provide a large specific surface area (82.01 m2/g) 
and more active sites on the surface. Overall, the self-
template method is an excellent method for preparing 
1D nanomaterials.

In addition, some natural biomaterials have an ex‐
clusive hierarchical structure and offer a wide range of 
sources and minimal processing costs. Researchers can 
use common biomass resources as templates to create 
1D nanomaterials. Shaddock (pomelo) peels can be used 
as bio-templates to create a unique 1D structure. Zhao 
RJ et al. (2020) used shaddock peels as a plant template 

to make a formaldehyde sensor based on Cd-doped 
SnO2 nanofibers. The sensor had a strong selectivity 
and a high response (51.11 toward 100 ppm formalde‐
hyde). Using shaddock peels as a template to synthe‐
size 1D nanomaterials is a promising method. A popu‐
lar research area is using absorbent cotton as a tem‐
plate to create 1D nanomaterials. Gas transmission is 
assisted by the hierarchically porous tubular struc‐
ture inherited from absorbent cotton. In a recent 
study, Wu et al. (2021) used absorbent cotton as a tem‐
plate to synthesize an α-Fe2O3/Fe2(MoO4)3 microtubule 
based H2S sensor. The sensor has outstanding response 
and selectivity to trace H2S due to the synergy of 
inherent features of porous microtubules. In addition, 
Na et al. used absorbent cotton as a template to make 
hierarchically porous ZnO hollow nanotubes (Na et al., 
2019b) and porous CuO/ZnO heterostructural tubules 
(Na et al., 2019a) by impregnating them with a precur‐
sor salt solution by calcining at high temperatures. 
Fig. 3a depicts the bio-template synthesis process. 
The clean fiber microstructure of absorbent cotton and 
the high number of cross-linked NPs with small holes 
aggregated into the hexagonal hollow tubular structure 
are well preserved in the morphologies of ZnO hollow 

Fig. 2  Schematic showing the formation of suspended nanowires using a carbon nanotube (CNT) template (a), a scanning 
electron microscope (SEM) image of a nanowire remaining after calcination at 600 ℃ (b), schematic of the fabrication 
process for nanosheet-assembled Co3O4 microtubes (c), and dynamical response–recovery curve and response value of Co3O4 
to different concentrations of triethylamine (TEA) at 180 ℃ (d)
(a) and (b) are reprinted from Baek et al. (2019), Copyright 2018, with permission from Elsevier; (c) and (d) are reprinted from Hu et al. (2022), 
Copyright 2021, with permission from Elsevier. 1 ppm=1×10−6
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nanotubes (Fig. 3b) and CuO/ZnO tubules (Fig. 3e). 
Fig. 3c shows the nitrogen adsorption–desorption 
isotherms and pore size distribution of ZnO nano‐
tubes. The pore size of the nanotubes is centered at 
115 nm, with a specific surface area of 31 m2/g. The 
ZnO nanotube sensor has a high response to H2S with 
a good linear relationship for a concentration range of 
10‒1000 ppb (Fig. 3d). The sensor also has a rapid 
response time of 29 s when exposed to 50 ppb H2S 
gas. Figs. 3f and 3g show the sensing performance of 
a CuO/ZnO-based sensor to H2S, demonstrating high 
selectivity, a low detection limit of 10 ppb H2S (1.34), 

and a wide linear range. This new strategy based on 
the use of an absorbent cotton template allows for the 
creation of highly active NPs.

As a common laboratory item, cellulose filter 
paper can be used as a template to synthesize 1D nano‐
materials. Ivanova et al. (2020) demonstrated a method 
for preparing porous SnO2 films using a simple wet-
chemical technique (Fig. 4a) and a cellulose filter paper 
as a template. The sensor based on a porous SnO2 film 
(Fig. 4b) has outstanding sensing response and a fast 
response to CO (3 s) at a low operating temperature 
(Fig. 4c). Candle soot has a fractal structure with a large 

Fig. 3  Schematic of the process for synthesizing porous hollow nanotubes (a), a scanning electron microscope (SEM) image of 
a ZnO nanotube (b), nitrogen adsorption–desorption curve and pore size distribution of a ZnO gas sensor (c), response–recovery 
characteristics and responses of a ZnO gas sensor to H2S at 217 ℃ (d), an SEM image of a CuO/ZnO heterostructural 
tubule (e), response of a CuO/ZnO gas sensor to different gases at 217 ℃ (f), and response–recovery characteristics and 
the responses of a CuO/ZnO gas sensor to H2S at 170 ℃ (g)
(a) and (e)‒(g) are reprinted from Na et al. (2019a), Copyright 2019, with permission from Elsevier; (b)‒(d) are reprinted from Na et al. (2019b), 
Copyright 2019, with permission from American Chemical Society. 1 ppb=1×10−9
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surface area and excellent water/oil repellency, making 
it a good template for making 1D nanomaterials.

The 1D nanomaterials synthesized using a tem‐
plate have a large specific surface area and provide a 
large number of active reaction sites, which acceler‐
ates the resistance change. This type of material has 
a lot of potential in terms of applications.

3  2D nanomaterials based on template-assisted 

methods

Carrier migration and heat diffusion are confined 
to the planes in 2D nanomaterials. 2D nanomaterials 
are appropriate for the production of gas sensors due 
to their large specific surface area, excellent carrier 
mobility, and large number of adsorption sites. The po‐
tential of 2D nanomaterials should not be overlooked. 
However, fabricating 2D nanomaterials using a simple, 
pollution-free, and low-cost process remains a signifi‐
cant challenge. There are many ways to create 2D 
materials (Sun et al., 2014; Tan and Zhang, 2015). The 
synthesis of gas sensors based on 2D nanomaterials 
using a template-assisted method is relatively rare now‐
adays, but their performance is excellent (Ma et al., 
2020; Wen et al., 2023). Hence, innovative methods for 
preparing 2D nanomaterials prepared by templates 
are worth investigating. Studies of gas sensors based 
on 2D nanomaterials generated by template-assisted 
synthesis are summarized in Table 3.

For example, Sabri et al. (2018) developed a po‐
rous TiO2 acetone sensor, made by depositing TiO2 

shells on a soot template. The fabrication process is 
shown in Fig. 5a. TiO2 layers maintained the distinc‐
tive integrated structure that soot templates provide 
(Fig. 5b). Under ultraviolet (UV) illumination, the TiO2-
based sensor has a low detection limit of 10 ppb, a 
high reaction rate, and strong selectivity performance 
(Fig. 5c), demonstrating the potential of applications 
for non-invasive lung cancer exhalation diagnosis. Bio‐
mass material can be used as a suitable template for fab‐
ricating 2D nanomaterials. A common biological tem‐
plate that can be used to create 2D materials is the leaf. 
Using tree leaves as templates, Liu WX et al. (2023) 
synthesized Fe2O3 nanosheets with a wide pore distribu‐
tion. Their microstructural characteristics help increase 
gas response. Liu XJ et al. (2022) developed a p-xylene 
sensor based on 2D hierarchical CeO2 nanosheets 
using tree leaves as a template. The template material 
features a unique cross-linked NP structure with high 
crystallinity, large specific surface area, and consistent 
pore size distribution.

2D materials can also be prepared from common 
high molecular weight polymers, such as PS spheres. 
When PS spheres are horizontally stacked on a PS 
plane, they can be used as templates to prepare high-
quality and uniform 2D materials. Using PS spheres 
as templates, Lu et al. (2017) showed a promising 
method to improve the sensing performance. The 
organic field effect transistor-based sensors showed 
better NH3 detection performance than materials with‐
out templates. Luong et al. (2021) used PS spheres as 
a template to make a PdCo NP/polymethyl methacry‐
late (PMMA) nanomaterial-based H2 room temperature 

Fig. 4  Schematic of the process for fabricating SnO2 thin films (a), a scanning electron microscope (SEM) top-view image of 
SnO2 thin films (b), and response of the cellulose nanocrystal (CNC)-templated SnO2 CO sensor to CO gas at 350 ℃ and 
50% relative humidity (RH) (c)
Reprinted from Ivanova et al. (2020), Copyright 2020, with permission from American Chemical Society. EISA: evaporation-induced self-assembly. 
1 ppb=1×10−9
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sensor (Fig. 6a). Fig. 6b shows a cross-sectional SEM 
image of the NPs. At room temperature, the sensor 
has a very fast response time (0.85 s) and excellent 
protection against various interfering gases (CH4, 
CO2, and CO) (Figs. 6c and 6d). Yi et al. (2019) devel‐
oped a NO2 sensor based on the heterojunction of 
W-NiO nanoigloos that evolved morphologically using 
PS spheres as a template. This sensor shows excellent 
response and selectivity to NO2 gas. In addition, thick 
film structures can be synthesized. Li C et al. (2019) 
prepared a H2S sensor based on ordered porous BiVO4 
multilayer thick films using PS spheres as templates 
(Fig. 6e). BiVO4 films have honeycomb-like micro‐
structures that are highly ordered and close-packed. 
A sample with a diameter of 200 nm provides the larg‐
est number of active sites and a large surface area, 
enhancing the use of the entire structure and ensur‐
ing a fast response and recovery rate (Fig. 6f), a low 
detection limit (62.5 ppb), and excellent sensor selec‐
tivity (Fig. 6g).

Salt crystals can also be used as templates to syn‐
thesize 2D materials. Yang XY et al. (2022) reported 
a method for creating crystalline porous CeO2/SnO2 
nanosheets using salt crystals (such as KCl and KBr) 
as a template. The sensors based on this material have 
outstanding 3-hydroxy-2-butanone gas sensing perfor‐
mance. Using scalable carbonate crystals as a template, 
Xie et al. (2021) prepared the unique Si-WO3−x with 
a large available surface area and abundant oxygen 
vacancies. The nanosheets are simple to assemble into 
a nanoflower structure, and the ultra-thin structure 
helps enhance their ability to detect acetone.

4  3D nanomaterials based on template-assisted 

methods

3D nanomaterials generally have a large specific 
surface area, a stable structure, and good gas diffusion, 
making them ideal for use as gas sensitive materials. 

Fig. 5  Schematic of the fabrication process of a soot template TiO2 gas sensor (a), different magnification scanning electron 
microscope (SEM) images showing the uniformity and thickness of the surface of a SnO2 sensor device (b), and dynamic 
response curve of the SnO2 gas sensor to different acetone concentrations (c)
Reprinted from Sabri et al. (2018), Copyright 2018, with permission from Elsevier. UV: ultraviolet; CVD: chemical vapor deposition. 1 ppm=1×10−6

Table 3  Summary of studies of two-dimensional (2D) nanomaterials for gas sensing by template-assisted methods

Template

Sponge

rGO

Filter paper

Soot

Tree leaves

Tree leaves

PS spheres

PS spheres

Salt crystals
Salt crystals

Sensing material

In2O3

ZnFe2O4

SnO2

TiO2

CeO2

Fe2O3

W-NiO

BiVO4

CeO2/SnO2

Si-WO3−x

Gas

Cl2

Acetone

CO

Acetone

P-xylene

Butanone

NO2

H2S

3-hydroxy-2-butanone
Acetone

Temperature (℃)

200

220

350

325

170

170

300

75

160
175

Concentration/Response

3 ppm/2353.4

50 ppm/64.9

90 ppm/2.4

12.5 ppm/98.7%

1 ppm/16.5

100 ppm/25.8

5 ppm/200

5 ppm/4.9

50 ppm/623
50 ppm/119

τres (s)

53

23

3

12

74

5

2

5

29
21

Reference

Ma et al. (2020)

Wen et al. (2023)

Ivanova et al. (2020)

Sabri et al. (2018)

Liu XJ et al. (2022)

Liu WX et al. (2023)

Yi et al. (2019)

Li C et al. (2019)

Yang XY et al. (2022)
Xie et al. (2021)

rGO: reduced graphene oxide; PS: polystyrene; τres: response time. 1 ppm=1×10−6
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Template-assisted synthesis methods have the potential 
to produce 3D nanomaterials. Carbonaceous templates 
(Shin and Lee, 2016), SiO2 spheres (Huang et al., 2013; 
Lin et al., 2017), PS spheres (Zhu et al., 2018; Fei 
et al., 2020), and MOFs (Liang et al., 2019; Zhao C 
et al., 2021) are all suitable templates for 3D nanoma‐
terial (Fig. 7). Studies of gas sensors based on 3D nano‐
materials generated by template-assisted synthesis are 
summarized in Table 4.

4.1  Carbonaceous templates

A carbonaceous template has a high degree of 
rigidity, making it an ideal self-template that is fre‐
quently used to construct spherical structures. The mor‐
phology of the replacement is stable after calcination, 

and the particle size can be controlled. The carbon 
comes from a variety of low-cost sources, such as glu‐
cose and sucrose (Yao et al., 2017; Cheng et al., 2021). 
For instance, Wang Q et al. (2021) used a hydrother‐
mal technique to develop an acetone gas sensor based 
on egg yolk-shell Sb2O3/WO3 using carbon spheres 
as a template. This sensor has an ultrafast sensing re‐
sponse and recovery time of 4 s/5 s to 100 ppm ace‐
tone. Xiong et al. (2018) synthesized multi-shelled 
ZnCo2O4 yolk-shell spheres and used glucose as a car‐
bon source. The sensor has a 38.2 reaction to 500 ppm 
acetone and a response time of 19 s. Furthermore, 
Zheng YY et al. (2021) developed a xylene sensor based 
on multi-shelled NiCo2O4 hollow spheres (HSPs) using 
a simple post-annealing procedure with carbon spheres 

Fig. 6  Schematic of the process for fabricating PdCo NP/PMMA nanomaterials (a), a cross-sectional scanning electron 
microscope (SEM) image of NPs (b), response of PdCo NPs to 2% H2, 2% H2+5% CH4, 2% H2+5% CO2, and 2% H2+0.2% 
CO (c), the standard deviation from 2% H2 (d), schematic of the procedure for preparation of an ordered porous BiVO4 
gas sensor (e), characteristic curves toward 30 ppm H2S (f), and response of gas sensors based on different thickness to 25 ppm 
of different gases (g)
(a)–(d) are reprinted from Luong et al. (2021), Copyright 2021, with permission from the authors, licensed under CC BY 4.0; (e)–(g) are reprinted 
from Li C et al. (2019), Copyright 2019, with permission from Elsevier. NP: nanoparticle; PMMA: polymethyl methacrylate; PS: polystyrene. 
1 ppm=1×10−6
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as templates (Fig. 8a). The structure of NiCo2O4 is 
regular and uniform, with the heating rate controlling 
the number of shells. The NiCo2O4 double-shelled hol‐
low spheres (DHSs) shown in Fig. 8b are formed at a 
heating speed of 10 ℃/min. The fabricated material 

has a large surface area (93.5 m2/g) and provides 
more reactive sites, which can expedite the diffusion 
of xylene gas molecules (Fig. 8c). The results from 
gas-sensing showed that the NiCo2O4 DHS-based 
sensor has an excellent capability to sense xylene, 

Fig. 7  Structure, scanning electron microscope (SEM) image, and gas sensing performance of various semiconducting metal 
oxide 3D nanostructures prepared by glucose (a), SiO2 spheres (b), polystyrene (PS) spheres (c), and zeolite imidazole framework 
(ZIF)-8 (d)
(a) is reprinted from Zheng YY et al. (2021), Copyright 2021, with permission from Elsevier; (b) is reprinted from Gao et al. (2020), Copyright 
2020, with permission from American Chemical Society; (c) is reprinted from Hung et al. (2020), Copyright 2020, with permission from Elsevier; 
(d) is reprinted from Li Z et al. (2020), Copyright 2020, with permission from American Chemical Society. 1 ppm=1×10−6; 1 ppb=1×10−9

Table 4  Summary of studies of three-dimensional (3D) nanomaterials for gas sensing by template-assisted methods

Template

Carbon spheres

Carbon spheres

SiO2 spheres

PS spheres

PS spheres

ZIF-67

ZIF-8

ZIF-8

Sorghum straw

Maize straw

Sensing material

NiCo2O4

Sb2O3/WO3

Pt-SnO2

BiVO4

Sb-ZnFe2O4

Au-Co3O4

In/ZnO

PdO-ZnO-In2O3

NiO-ZnO

ZnO:Ni

Gas

Xylene

Acetone

H2S

H2S

N-butanol

Acetone

NO2

Triethylamine

N-butanol

Acetone

Temperature (℃)

240

200

250

75

250

190

300

250

330

340

Concentration/Response

100 ppm/23.3

100 ppm/49.8

1 ppm/10.8

5 ppm/4.9

100 ppm/35.5

100 ppm/14.5

1 ppm/185.8

50 ppm/386

100 ppm/54.4

100 ppm/68

τres (s)

15.4

4

192.4

5

4

319

1055

1

4

6

Reference

Zheng YY  et al. (2021)

Wang Q et al. (2021)

Bulemo et al. (2018)

Li C et al. (2019)

Lv et al. (2020)

Li Z et al. (2021)

Li Z et al. (2020)

Guo et al. (2021)

Zeng QR et al. (2020)

Zhang XM et al. (2017)

PS: polystyrene; ZIF: zeolite imidazole framework; τres: response time. 1 ppm=1×10−6
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including a fast response and recovery characteristic, as 
well as a high cycle repeatability and long-term stability 
(Figs. 8d and 8e).

4.2  SiO2 spheres template

Like carbon spheres, SiO2 is commonly used as a 
template to manufacture 3D porous hollow materials 
(Huang et al., 2013; Lin et al., 2017). The material is 
wrapped around the surface of the SiO2 spheres for 
growing, giving the structure uniformity and stability 
inherited from the template. As a result, researchers 
focused their efforts on synthesizing 3D nanomaterials 
using SiO2 as a template for the construction of gas 
sensors. For example, Bulemo et al. (2018) used SiO2 
as a template to prepare a Pt-SnO2 core-shell structure 
based hollow sphere sensor by an electrospray method. 
The SiO2 was then etched away with NaOH solution 
to obtain SnO2 hollow spheres with small crystallites 
(15.5 nm) and a large specific surface area (124.8 m2/g). 
The synthesis process is shown in Fig. 9a. The Pt-SnO2 
core-shell is now considered an appropriate sensitive 
material for use in H2S detection of halitosis. Using 

SiO2 spheres as a template, Gao et al. (2020) designed 
a H2 sensor with a Pd-modified PdO hollow shell 
(HS). Changing the concentration of NaBH4 allows 
adjustment of the particle size and density of Pd NPs 
on the surface of the PdO DHSs, preventing Pd NP 
agglomeration (Fig. 9b). A transmission electron micro‐
scope (TEM) image of PdO HSs is shown in Fig. 9c. Be‐
cause of its homogeneous structure, it offers strong detec‐
tion performance at low H2 concentrations of 1 ppm 
(Fig. 9d) and remains stable for several months. Further‐
more, the sensing performance of Pd/PdO HSs can be 
reactivated through oxidation and NaBH4 reduction.

4.3  High molecular weight polymer templates

High molecular weight polymers, such as PS 
spheres (Kim S et al., 2021; Wang H et al., 2022) and 
PMMA (Zhang LH et al., 2017; Tammanoon et al., 
2020), have the advantages of uniform size, easy re‐
moval, and self-assembly, making them suitable for 
the preparation of regular 3D nanomaterials, such 
as hollow spherical structural nanomaterials and 3D 
inverse opal (3DIO) structural materials. For example, 

Fig. 8  Schematic of the formation of NiCo2O4 DHSs (a), a field emission scanning electron microscope (FESEM) image of 
NiCo2O4 DHSs (b), nitrogen adsorption and desorption isotherms of NiCo2O4 nanomaterials (c), response and recovery time 
of NiCo2O4 DHSs (d), and repeatability and long-term stability of NiCo2O4 DHSs to 100 ppm xylene (e)
Reprinted from Zheng YY et al. (2021), Copyright 2021, with permission from Elsevier. 1 ppm=1×10−6
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Park et al. (2020) developed a SnO2 hollow sphere 
based sensor with dual selectivity using PS spheres as 
templates. Sensors based on Au-SnO2 nanomaterial were 
prepared by layering Au clusters on the inner or outer 
shell surface of a SnO2 HS, allowing for the selective 
detection of xylene or ethanol by adjusting the configu‐
rational distributions of Au catalysts. The Au@SnO2 
sensor has a good response of 624.8 to 5 ppm p-xylene 
at 275 ℃, while the SnO2@Au sensor has a good re‐
sponse of 504.5 to 5 ppm ethanol at 275 ℃ (Fig. 10). 
The study demonstrated the potential of nanomaterials 
with novel gas selectivity for indoor air quality moni‐
toring applications.

Because of their ease of self-assembly, high mo‐
lecular weight polymers are frequently used to pre‐
pare 3DIO structures (Zheng XZ et al., 2020; Wang 
L et al., 2022). The well-aligned interconnected porous 
structure of 3DIO provides more active sites and gas 
diffusion channels. By sacrificing self-assembly sulfo‐
nated PS spheres, Lv et al. (2020) created an n-butanol 
sensor based on 3DIO ZnFe2O4 spheres. The large 
number of active sites provided by the macroporous 

structure accelerates gas molecule diffusion and reac‐
tion, resulting in a response time of 4 s to 100 ppm n-
butanol at 250 ℃. Wang TS et al. (2019) used sulfo‐
nated PS spheres as a template to fabricate 3DIO 
Ga-In2O3 microsphere-based formaldehyde sensors 
(Fig. 11a). Fig. 11b shows an SEM image of 3DIO 
Ga-In2O3 microspheres. The sensor achieves a high 
response (48.8) to 100 ppm formaldehyde and excel‐
lent gas sensing performance in the low concentration 
range due to its unique morphology (Figs. 11c and 11d). 
Hung et al. (2020) prepared a sandwiched 3DIO hier‐
archical structure ZnO-based H2 sensor using electro‐
phoresis and electrochemical deposition techniques. 
The sensor responds to 1.21 to 7.5 ppm H2. Using 
PMMA as a template, Yang S et al. (2020) developed 
a H2S sensor based on the long-range ordered 3DIO 
MOF ZnO@Au/WO3. The skeleton of the WO3/ZnO@ 
Au is visible, and the structure is macroporous. The 
MOF ZnO@Au/WO3 based sensor demonstrated an 
excellent response to H2S (175 to 10 ppm target gas) 
at 170 ℃ due to the compositional designs and ratio‐
nal structure.

Fig. 9  Schematic of the process for synthesizing Pt-SnO2 hollow spheres (a), PdO double-shelled hollow spheres (DHSs) treated 
with NaBH4 (b), a transmission electron microscope (TEM) image of PdO hollow shells (HSs) (c), and real-time response of 
PdO HS-based H2 sensor at 25 ℃ and relative humidity (RH) of ∼50% (d)
(a) is reprinted from Bulemo et al. (2018), Copyright 2018, with permission from American Chemical Society; (b)–(d) are reprinted from Gao et al. 
(2020), Copyright 2020, with permission from American Chemical Society. NP: nanoparticle. 1 ppm=1×10−6
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4.4  Metal organic framework (MOF) templates

An MOF is a type of hybrid organic–inorganic 
material. Intramolecular pores generate a 3D expansion 
of space through self-assembly of organic ligands 

and metal ions or clusters through coordination bonds. 

MOFs have a large specific surface area and a lot of 

active sites because of their porosity. In addition, the 

material ’ s relatively high crystallinity and ordered 

Fig. 10  Schematic of pure SnO2, SnO2@Au, and Au@SnO2 hollow spheres and their gas sensing performance (ethanol, p-xylene, 
toluene, benzene, and formaldehyde)
Reprinted from Park et al. (2020), Copyright 2020, with permission from American Chemical Society

Fig. 11  Schematic illustrating the fabrication of IO-In2O3 and Ga-doped IO-In2O3 microspheres (a), a scanning electron 
microscope (SEM) image of IO-(Ga0.2In0.8)2O3 (b), dynamic sensing transients to 0.05–5 ppm formaldehyde (c), and response 
time and recovery time to 0.05–100 ppm formaldehyde (d)
Reprinted from Wang TS et al. (2019), Copyright 2019, with permission from American Chemical Society. 1 ppm=1×10−6
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periodic arrangement help improve the receptor func‐
tion. Therefore, the use of MOFs as templates to build 
3D porous gas sensing materials has become popular in 
the field of gas sensors (Jang et al., 2017; Li Q et al., 
2018).

Because of its well-rhombohedral structure, a 
zeolite imidazole framework-67 (ZIF-67) is a viable 
self-template for creating hollow nanostructures. For 
instance, Li Z et al. (2021) constructed an acetone 
sensor based on Au-loaded Co3O4 porous hollow nano‐
cages using ZIF-67 as a template. The sensor’s high 
response of 14.5 to 100 ppm acetone and low limit of 
1 ppm at 190 ℃ is attributed to its uniform structure. 
Koo et al. (2018) also used ZIF-67 as a template to 
prepare NO2 sensors out of WS2 nanoplates coated 
with Co and an N-doped dodecahedral hollow carbon 
nanocage (HCNC), which has a polyhedron structure. 
Fig. 12a depicts the growth mechanism. The hollow 
polyhedron nanocage structure is shown in the TEM 
image of the WS2_Co-N-HCNCs heat calcined at 
700 ℃ (Fig. 12b). At room temperature, the sensor 
has the desired response (8.2% to 5 ppm) and NO2 selec‐
tivity (Fig. 12c). The study demonstrated the poten‐
tial for application of MOF templates in gas sensing.

ZIF-8 is also a suitable option for the fabrica‐
tion of gas-sensitive materials. Li Z et al. (2020) de‐
signed NO2 sensors based on In-doped ZnO porous 
hollow cages using ZIF-8 as a template. The sensor has 
a great response range (3.7 to 10 ppb) and a calculated 
detection limit of 0.2 ppb. Guo et al. (2021) used ZIF-8 

as a template to create high-response TEA sensors based 
on PdO-ZnO-In2O3 nanofibers. Gas sensing perfor‐
mance was much improved due to the uniform struc‐
ture of the ZIF-8 template and the catalytic capacity 
of PdO, which includes a fast response time (1 s) and 
a low detection limit (100 ppb).

Using {[Zn5(L)2(H2O)5]·7(DMA)·10(H2O)n} (HPU-
15) as a template, Li HJ et al. (2020) developed a 
diamond-shaped CuO/ZnO NP based methanol sen‐
sor. When exposed to methanol gas, the sensor per‐
formed admirably. The ZnO material based HPU-15 
template, which is easily controlled, could be applied 
as a stable and selective sensing material.

4.5  Other templates

Other templates could be used to fabricate 3D 
nanomaterials with a complicated structure, resulting 
in a large specific surface area. Some common mate‐
rials like plant templates (Zeng QR et al., 2020; Hong 
et al., 2022) and plant polyphenols (see supplemen‐
tary materials, Sections 3), can be used as a template. 
Biomass with large holes and a stable internal struc‐
ture, such as branches and straw, can also be applied, 
after treatment, as templates to generate 3D nanoma‐
terials. For example, maize straw can be used as a 
template because it has a low cost, is readily avail‐
able, and has a naturally porous structure. Zhang XM 
et al. (2017) used maize straw as a template to syn‐
thesize hierarchical structure ZnO:Ni NPs for an ace‐
tone sensor. The sensor demonstrated a high response 

Fig. 12  Schematic of the process for synthesizing WS2_Co-N-HCNCs (a), a transmission electron microscope (TEM) image of 
WS2_Co-N-HCNCs-700 (b), and dynamic response curves of the sensors to 1‒5 ppm NO2 (c)
Reprinted from Koo et al. (2018), Copyright 2018, with permission from WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. 1 ppm=1×10−6
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and a fast response time/recovery time. Similarly, Teng 
et al. (2020) used low-cost poplar branches as a tem‐
plate to prepare a high-performance ppb-level H2S 
sensor based on porous α-Fe2O3 tubules. The produc‐
tion process and the porous layered α-Fe2O3 tubule 
device are shown in Fig. 13a. As shown in Fig. 13b, 
the nanolamellar α-Fe2O3 supplants the porous hierar‐
chically micro-tubular structure of the branch in the 
SEM image of samples calcined at 600 ℃ (Fe-600). 
The Fe-600 showed the greatest reaction to H2S due 
to its unique hollow porous tubular structure inher‐
ited from the template (Fig. 13c). Fig. 13d shows that 
the nanolamellar α-Fe2O3 based sensor has the poten‐
tial to determine decay of pork by detecting the con‐
centration of H2S.

The regular morphology and structure of 3D nano‐
materials synthesized by templates are useful for im‐
proving the sensing performance of gas sensors. First, 
the hollow and porous 3D nanostructures promote gas 
molecule transfer and dramatically accelerate reaction 
rates. Second, the highly regular and homogeneous 
structure of NPs greatly increases the repeatability and 
long-term stability of gas sensors, extending their useful 

life. Finally, the large specific surface area provides 
more active sites, and the numerous gas diffusion chan‐
nels aid gas diffusion, thereby improving detection 
accuracy. Based on these factors, 3D nanomaterials syn‐
thesized by templates have a lot of promise and might 
be widely used in gas sensing in the future.

5  Conclusions and outlook

In this review, the research progress of gas sen‐
sors based on template-assisted synthesis methods in 
recent years is summarized, including 1D, 2D, and 
3D nanomaterials, as well as the morphology and prop‐
erties of these materials synthesized by different tem‐
plates, such as biomass, carbonaceous, and polymeric 
materials. For 1D nanomaterials, semiconductor nano‐
materials prepared using the template-assisted method 
have a uniform morphology and complex surface struc‐
ture, excellent gas diffusion, and a large number of 
active sites, efficiently accelerating the reaction rate, 
increasing the gas detection ability of the gas sensor, 
and ensuring long-term stability and repeatability. This 

Fig. 13  Schematic of the synthesis process and sensing device of porous α-Fe2O3 tubules (a), a scanning electron microscope 
(SEM) image of Fe-600 (b), response/recovery curve to different concentrations of H2S (c), and real-time detection of the H2S 
concentration of pork at different time intervals (d)
Reprinted from Teng et al. (2020), Copyright 2019, with permission from Elsevier. 1 ppm=1×10−6; 1 ppb=1×10−9
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shows that using the template-assisted synthesis method 
to increase the gas sensing capability of SMO NPs is a 
viable option. However, it is worthwhile to consider 
how the synthesis process and material selection could 
be improved to further enhance performance. For 
the future development of template-assisted synthesis 
methods, several important questions should be con‐
sidered. First, many materials fabricated using a tem‐
plate can respond effectively, but the price of some tem‐
plate materials is high, which significantly increases 
the cost. Second, in many cases, the template treatment 
procedure is sophisticated and time-consuming. Fur‐
thermore, different surface treatments and reaction 
circumstances may change the template’s fundamen‐
tal capacity to guide material growth on the surface. 
Finally, the physicochemical features of the templates 
themselves can influence material production, leading 
to unexpected gas response test results. In terms of 
practical application, the template-assisted method will 
become more intuitive and convenient.

The field of gas sensors has made substantial use 
of the template-assisted synthesis technique. Looking 
ahead, the components of the template will develop 
toward high performance and low cost. For instance, 
the potential of biomass material, which is in line with 
the development path, cannot be overlooked as an 
inexpensive and environmentally beneficial resource. 
It could resolve many issues with the template-assisted 
method at this time due to its uniform structure and 
straightforward treatment process. However, compared 
to the usual template materials like MOFs and PS 
spheres, there has been little research on biomass mate‐
rial. Thus, there are still many important potential chal‐
lenges in developing a strategy of combining template-
assisted methods and recently discovered biomass mate‐
rials suitable for creating gas sensors, and this strategy 
merits additional research. The development of template-
assisted methods is likely to benefit from the discovery 
of new biomass materials in the future. Using template-
assisted methods, particularly using biomass material as 
a template, will become an important strategy to create 
SMO-based gas sensors with low cost, low power con‐
sumption, and high performance in real time.
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