
Journal of
Materials Chemistry A

REVIEW

Pu
bl

is
he

d 
on

 1
9 

Fe
br

ua
ry

 2
02

4.
 D

ow
nl

oa
de

d 
on

 0
2/

11
/2

02
5 

11
:3

2:
00

 P
M

. 

View Article Online
View Journal  | View Issue
Recent progress
Jiayue Wen

J
d
o
2
p
R
I
r
p
e
s

aState Key Laboratory of Advanced Wel

Technology, Harbin, 150001, China. E-ma

edu.cn; Tel: +86-451-86418359
bZhengzhou Research Institute, Harbin Inst

China

Cite this: J. Mater. Chem. A, 2024, 12,
6190

Received 12th December 2023
Accepted 5th February 2024

DOI: 10.1039/d3ta07687c

rsc.li/materials-a

6190 | J. Mater. Chem. A, 2024, 12, 6
in polyaniline-based
chemiresistive flexible gas sensors: design,
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Exposure to poisonous and hazardous gases such as NH3, NO2, and CO poses significant health risks. High-

performance flexible gas sensors are essential for wearable real-time hazardous gas monitoring. Polyaniline

(PANI) materials for gas sensing have advantages over conventional sensing materials like low working

temperature, simple manufacturing, low cost, and high flexibility, which is particularly well suited for

integrating into the developing Internet of Things to achieve real-time health monitoring or human–

computer interaction. However, the PANI gas sensors still need to be improved with respect to their

sensitivity, gas selectivity, or other aspects for practical applications. This article reviews three aspects

including the PANI gas sensing mechanism, the nanostructure of PANI materials, and mixtures of PANI

with other materials as flexible sensors. Nanostructures and nanomorphologies improved the sensor

response due to the higher surface-to-volume ratio and abundant adsorption sites. Many innovative

approaches to manufacturing composites allow the formation of heterojunctions at the interface to

achieve better performance than chemiresistive PANI gas sensors. The synthesis protocols, structure

engineering, underlying mechanisms, challenges, and future prospects of PANI sensors are also

comprehensively reviewed.
1. Introduction

With the rapid development of modern industry, large amounts
of ammonia (NH3), hydrogen sulde (H2S), nitrogen dioxide
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(NO2), and other toxic gases are released into the environment
surrounding us. According to the World Health Organization
(WHO) database from April 2022, billions of people still breathe
unhealthy air.1 For example, NO2 is associated with decreased
lung function, increased respiratory symptoms, asthma, emer-
gency room visits, hospital admissions, and premature deaths.
NH3 gas seriously endangers human health and can cause
uremia, liver cirrhosis, kidney failure, and many other diseases.2

Trimethylamine is an indicator for evaluating the degree of meat
spoilage.3 Humidity detectors, when integrated into functional
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masks, offer signicant potential for non-invasive disease diag-
nosis and wearable respiration monitoring.4 However, harmful
gases in low concentrations are oen colorless and odorless and
difficult to be felt by humans. Traditional gas sensors are also
large or not portable. Consequently, developing exible and
wearable toxic gas sensors is of critical importance.

Since the rst chemically reactive gas sensors were fabri-
cated using tin dioxide and zinc oxide in the early 1960s, metal
oxide semiconductor materials have been considered prime
candidates for gas detection.5 A variety of metal oxide gas
sensors including tin oxide (SnO2), zinc oxide (ZnO), cobalt
oxide (Co3O4), tungsten oxide (WO3), and iron oxide (Fe2O3)
have been used in a variety of academic and commercial
applications.6,7 However, these sensors typically need to operate
within a temperature range of 200–500 °C, which is not
conducive to low-cost miniaturization of sensor devices and
prevents sensors from being used in the emerging Internet of
Things (IoT) applications such as e-skin.

In recent years, conductive polymer (CP) gas sensors have
received increasing attention from researchers. Compared to
metal oxide semiconductor materials, conductive polymers
have been shown as room temperature highly sensitive mate-
rials for gas sensing. Besides, they have the advantages of low
manufacturing process temperature, adaptable printing depo-
sition processes, better exibility, and low density, whichmakes
conductive polymer materials promising for many emerging
elds such as the Internet of Things, e-skin, and human–
machine interaction. The most extensively studied conducting
polymers are polyaniline (PANI), polypyrrole (PPy), poly-
thiophenes (PTh), poly(3,4-ethylenedioxythiophene) (PEDOT),
polyacetylene (PA) and their derivatives.8–11

PANI used as a gas-sensitive material in chemiresistive or
heterostructure gas sensors, compared with other conductive
polymer materials, presents the following advantages:12–14 (a)
simple and reversible doping–dedoping chemistry state in the
presence/absence of the dopant molecule, (b) stable electrical
conduction properties, (c) high environmental stability, and (d)
the synthetic procedure is oen easy and convenient. When
doped PANI is exposed to reducing gases, such as NH3, the
resistance will increase. On the contrary, when undoped PANI is
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exposed to oxidizing gases, such as NO2, the resistance will
decrease. Obviously, an interfacial reaction occurs preferentially
between gas and PANI. Therefore, morphology also plays an
essential role in the gas sensing performance of PANI.

The disadvantages of the PANI material sensor are its poor
environmental stability, and low selectivity and reproducibility.
This is also a common problem for conductive polymer sensors.
PANI can be combined with other materials (metals, metal
oxides, carbon materials, MXenes, and MOFs) to improve 4S
(sensitivity, speed, selectivity, and stability). In many research
studies, better gas selectivity to detect NH3, H2, H2S, CO2, CO,
NO2, and volatile organic compounds (VOCs) has been
demonstrated in PANI composites.

In this context, we review the recent progress in PANI-based
gas sensors as shown in Fig. 1. Integrated manufacturing
technology of exible PANI gas sensing devices is introduced in
detail. The gas sensing response mechanism of PANI and its
composites is discussed rst. Novel and familiar synthesis
methods of different polymer structures (0D, 1D, 2D, and 3D)
are summarized. The current state-of-the-art gas sensor mate-
rial hybrids of PANI and inorganic materials are discussed.
2. Gas sensing mechanism
2.1. Gas sensing mechanism of PANI

A gas sensor can transform concentration signals of target gases
into physical signals, including voltage, current or resistance
outputs. When exposed to target gas analytes, the adsorption of
gas molecules on PANI causes real-time resistance changes.
Moreover, PANI exhibits excellent room-temperature gas
sensing properties towards various gases.15

American Nobel laureate Mac Diannid proposed the most
authoritative PANI molecular structure model. PANI chains
consist of two structural units, a reduced [–B–NH–B–NH–] repeat
unit and an oxidized [–B–N]Q]N–] repeat unit, in which B and
Q respectively denote the C6H4 rings in the benzenoid and
quinonoid forms, as shown in Fig. 2.16,17 Different redox states
can be converted to each other through specic redox reactions.
Only the PANI in the intrinsic state can obtain conductive
properties by doping, such as proton acid doping. As shown in
Fig. 2a, the protonated PANI chain is electrically conductive only
when x = 0.5 and y = 0.5, namely benzenoid : quinoid = 3 : 1. As
shown in Fig. 2b and c, PANI has the ability of fast and reversible
acid/base doping/dedoping. In acid or doped emeraldine salt
form, PANI is conductive. Conversely, PANI is insulating in the
dedoped form or emeraldine base form. Aer doping treatment,
PANI will change fromundoped insulating emeraldine base form
to fully doped conducting emeraldine salt, and the conductivity
will also increase from lower than 10−10 S cm−1 to higher than >1
S cm−1, as shown in Fig. 2d.18,19 Aer treatment with protonic
acid or other oxidants, electrons in the PANI chain will be
transferred to the oxidants, and the hole concentration in PANI
will increase, forming p-type conduction.

p-Type conductive polymer materials have more stable
chemical properties than n-type conductive polymer materials,
which makes p-doping CPs more popular in academic research
J. Mater. Chem. A, 2024, 12, 6190–6210 | 6191

https://doi.org/10.1039/d3ta07687c


Fig. 1 An overview of the nanostructured PANI gas sensors and chemiresistive or heterojunction-based PANI composite gas sensors.

Fig. 2 A general chemical structure of polyaniline and its repeating units. (a) A general chemical structure of polyaniline, (b) reduced repeating
unit, and (c) oxidized repeating unit. Reproduced from ref. 17 with permission fromMDPI, copyright 2013. (d) Protonation/deprotonation process
for the PANI sensing mechanism. Reproduced from ref. 18 with permission from Elsevier, copyright 2019.
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and practical applications. PANI is also considered a p-type
semiconductor material by default in this review.9

Many gases can change the redox state of PANI. When PANI
is exposed to oxidizing gases such as NO2, the NO2 reacts with it
6192 | J. Mater. Chem. A, 2024, 12, 6190–6210
to form the nitrogen dioxide anion (NO2
−). The electrons in

PANI are consumed, leading to an increase in hole concentra-
tion and a decrease in resistance. Acid gases such as HCl and
H2S can increase the proton concentration in PANI, which can
This journal is © The Royal Society of Chemistry 2024
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also reduce its resistance. In contrast, when reducing gases
such as NH3 interact with PANI, NH3 molecules pull away and
capture holes/protons from the amine group of PANI, which
makes the sensor resistance increase signicantly.20,21
2.2. Gas sensing mechanism of PANI composites

The combination of PANI and organic materials is mainly to
improve the solubility and dispersion, and at the same time
increase the contact area between the sensing material and the
gas to be measured. However the gas sensing mechanism of
PANI composites with inorganic materials is relatively more
complex. In particular, there is a heterojunction between PANI
and some semiconductor inorganic materials. Heterojunctions
usually signicantly enhance the gas sensing behavior of PANI
composites. Fig. 3a and b show the energy band change aer
PANl comes in contact with the n-type inorganic material. At the
contact interface, electrons diffuse from materials with high
Fermi energy levels to materials with low Fermi energy levels.
Eventually, the charge transfer creates a stable space charge
region (depletion region) at the interface. The width of the
depletion zone changes upon exposure to the target gas,
resulting in a signicant change in the resistance of the
composites. Once exposed to oxidizing gas (such as NO2), the
NO2 molecules would capture the electrons from the composite
reducing the thickness of the depletion layer, as shown in
Fig. 3c. In contrast, reducing gases (such as NH3) would capture
the protons from PANI, leading to an increase in the width of
the interfacial depletion region, as shown in Fig. 3d.9,22 This
Fig. 3 Sensing mechanism of p-type conducting polymers and n-type in
of the p-type conducting polymer and n-type material (a) before contact
and (d) after contact in reducing gas (NH3) ambient. Reproduced from r

This journal is © The Royal Society of Chemistry 2024
sensing mechanism is primarily used to explain the phenom-
enon of resistance changes in pure PANI materials when
interacting with the target gas.

It is worth noting that the heterojunction can be either a p–n
junction formed between p-type semiconductor PANI and an n-
type semiconductor material or a Schottky junction formed by
contacting p-type semiconductor PANI and a p-type semi-
conductor material. For example, a p–p junction can be formed
between gallium nitride (GaN) (p-type semiconductor) and PANI
(p-type conductive polymer) to achieve a gas sensing improve-
ment effect, as shown in Fig. 4.23 The interaction of NH3

molecules with chemisorbed oxygen anions returns the trapped
electrons to the surface of the gas sensing material, which will
broaden the hole depletion layer. This mechanism is usually
employed to explain the gas response when PANI forms a het-
erojunction with other semiconductors.
2.3. Computational research in PANI gas sensors

Computational studies have succeeded in elucidating the
reaction mechanism, binding strength, charge transfer as well
as other electronic and structural properties of the nano-
materials and the gas–sensor interaction. For PANI gas sensors,
the most common computer research methods are density
functional theory (DFT) and molecular dynamics (MD)
simulations.

Density functional theory is a research method based on
quantum mechanics. It can overcome the research blind spots
in traditional characterization methods and can accurately
organic material-based hybrid nanocomposites. Energy band diagram
, (b) after contact in air, (c) after contact in oxidizing gas (NO2) ambient,
ef. 22 with permission from Elsevier, copyright 2022.

J. Mater. Chem. A, 2024, 12, 6190–6210 | 6193
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Fig. 4 (a) and (b) The energy band diagram of PANI and p-type GaN before and after contact, respectively. (c) and (d) The energy band structure
of the PANI/p-type GaN heterojunction exposed to air and NH3, respectively. Reproduced from ref. 23 with permission from Elsevier, copyright
2023.
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obtain information such as the ground state energy, electronic
structure, and geometric conguration of the atomic-scale gas–
solid interface. DFT calculation is also a vital technique to reveal
the gas–solid interface reaction mechanism and surface
changes. For example, Amu-Darko et al.24 used DFT calculations
to investigate the electrical characteristics of In2O3/PANI
composites. The research results show that the wave peak near
the Fermi level has become signicantly broader, and the 4d
orbital of In has decreased, indicating that NO2 has a better
electrical adsorption effect on In2O3-PANI than O2. The
computational results also indicate that the NO2 molecule
adsorbs on the In atom surrounding PANI, reducing the
distance between O–In from 3.128 Å to 2.35 Å, indicating the
existence of adsorption between NO2 gas and In2O3-PANI.

Unlike the ground-state calculations of DFT, rst-principles
molecular dynamics simulations do not ignore the kinetic
energy of atoms. Thus, the inuence of temperature on the
system is included. Moreover, the time scale of its calculations
is much longer, thus a dynamic process in a short period of time
can be simulated. For instance, molecular dynamics simula-
tions were performed to understand how ammonia molecules
interact with HCl-doped PANI chains.25 Molecular dynamics
simulation results based on the PANI ammonia sensor show
that ammonia molecules in the system prefer to be adsorbed by
Cl− rather than by H+ or N+ in the HCl-PANI chain, which
facilitates the selection of precursor materials and the optimi-
zation of the synthesis process during the fabrication of next
generation PANI sensors.
3. Nanostructures of PANI gas
sensing materials

The nanostructure of PANI not only has an impact on sensing
responses but is also crucial for the fabrication of exible sensors.
6194 | J. Mater. Chem. A, 2024, 12, 6190–6210
Improvements in sensing performance are mainly due to struc-
tural effects, such as adequate contact of the sensing material
with the gas caused by the increase in specic surface area.
Simultaneously, nanoparticles are suitable for manufacturing ink
for exible printed sensors to enhance consistency and stability.
However, nanowires or two-dimensional PANI materials are very
suitable for manufacturing exible thin lm sensors.
3.1. 0D PANI nanomaterials

Nanoparticles have a high specic surface area and can interact
with gases in the environment to a greater extent, which is
conducive to improving the sensitivity of gas sensing. The PANI
nanoparticles are mostly synthesized by using micelles, emul-
sions, and inverse microemulsions and by dispersion poly-
merization. Individual PANI nanoparticle gas sensing materials
mostly appeared in early research because it is generally
believed that high-dimensional nanomaterials, such as nano-
wires or porous materials, have better sensing performance.
Matsuguchi et al.26 used polystyrene (PSt) microspheres as
a template to prepare core–shell structure PSt@PANI(x)
composite particles. The results show that the sensor response
becomes better as the particle size increases. In essence, the
three-dimensional space is constructed by PSt microspheres,
which enhances the reaction between NH3 molecules and PANI.

However, in a lot of studies on PANI nanoparticles,
researchers nd that PANI nanoparticles exhibit excellent
dispersion and stability in solution. Im et al.27 used DBSA as
a surfactant and a dopant at the same time and prepared PANI
nanoparticles with a diameter of 20–30 nm. The dispersion was
le standing for more than one year without precipitation. This
feature ts well with the performance requirements of the
printable ink that has been developed rapidly in recent years.
The PANI functional material is incorporated into the ink
system and the printed electronics additive manufacturing
This journal is © The Royal Society of Chemistry 2024
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process, which could avoid repeated silicon-based deposition,
lithography, and etching processes to fabricate light, thin, and
exible high-quality electronic sensors.20,28 For example, Fisher
et al.29 realized the fabrication of PANI gas sensors based on the
aerosol jet printing technology of additive manufacturing,
which showed fast response characteristics in the required
analysis range of 5–2000 ppm.
3.2. 1D PANI nanomaterials

One-dimensional PANI (1D PANI) gas sensing materials mainly
include the preparation of linear PANI nanomaterials by
chemical synthesis and the growth of PANI materials on one-
dimensional nanowires or nanober templates. Bittencourt
et al.30 suggested that the one-dimensional PANI sensing
material has a higher specic surface area, so the sensing
performance is better.

The dispersive synthesis method is commonly used to
quickly and efficiently synthesize large quantities of PANI
nanobers. By controlling the type and amount of surfactants,
the shape and size of PANI nanobers can be adjusted.31 The
synthesis process is usually carried out in the liquid phase, so it
is very convenient for in situ protonic acid doping of PANI to
adjust the gas sensing performance. As shown in Fig. 5a–c,
Fig. 5 (a and b) Dynamic response transients and the response/recover
mechanism of the PANI nanofiber sensor for NH3. Reproduced from ref.
procedure of PANI NFs. (e and f) Sensitivity of the PANI sensor as a functio
for toluene. Reproduced from ref. 33 with permission from IOP Publishing
Reproduced from ref. 30 with permission from John Wiley and Sons, c
Dynamic response of the sensor for ammonia concentrations from 50 t
from ref. 25 with permission from American Chemical Society, copyrigh

This journal is © The Royal Society of Chemistry 2024
Kulkarni et al.32 used ammonium persulfate as an oxidant and
hydrochloric acid as a dopant to prepare PANI nanober lms.
The diameters of prepared PANI nanobers were 40–50 nm. The
PANI nanober sensor demonstrated excellent selectivity with
11% response for 1 ppm concentration of NH3. As shown in
Fig. 5d–f, Kashyap et al.33 synthesized PANI nanobers by an in
situ chemical oxidative polymerizationmethod to detect toluene
gas. The 1D PANI nanobers had average diameters of 70–
80 nm, and the length was calculated to be 400–450 nm. The
better selectivity of the sensor had been observed since the CH3

group of toluene was tightly conjugated to the NH group of the
PANI nanobers through non-covalent interactions.

Electrospinning is another common method to fabricate
high-quality 1D PANI gas sensors. The electrospinning method
can produce uniform thin lms not only on at surfaces but
also on curved substrates. Compared with lms manufactured
by traditional processes, electrospinning ber lms have the
advantages of more porosity, larger surface area, better exi-
bility, and better uniformity. However, due to the poor solubility
of PANI and its brittleness, electrospinning of PANI is generally
not performed directly. A common strategy is to use electro-
spinning bers as templates on which PANI is polymerized to
form ber morphology, or 1D PANI bers can also be fabricated
using PANI blended with other polymers.34,35 For example, PANI
y time of the PANI nanofiber sensor. (c) Schematic of the gas sensing
32 with permission from Springer Nature, copyright 2019. (d) Synthesis
n of VOC gas concentration and dynamic sensitivity of the PANI sensor
, copyright 2014. (g) SEM images of the PVA/PANI homogeneous fibers.
opyright 2018. SEM images of (h) PA6 and (i) PA6/PANI nanofibers. (j)
o 250 ppm. (k) Selectivity of PA6/PANI nanofiber sensors. Reproduced
t 2021.

J. Mater. Chem. A, 2024, 12, 6190–6210 | 6195
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and poly(vinyl alcohol) (PVA) can be co-electrospun together
(Fig. 5g).30 The process conditions such as the ratio between
PANI and the polymer, electrostatic spinning voltage, liquid
ow rate, and ambient temperature during the spinning
process not only affect the ber morphology but also directly
impact the response performance of the sensors.

Pang et al.25 prepared polyamide 6 (PA6)/PANI nanobers
using electrospun PA6 nanobers as a template, as shown in
Fig. 5h–k. The PA6/PANI nanober was fabricated by in situ
polymerization of aniline and hydrochloric acid (HCl) as
a dopant for PANI. Sensors showed stable dynamic response
curves with the increase of ammonia concentration from
50 ppm to 250 ppm. Sonwane et al.36 used a solution of poly-
vinylpyrrolidone (PVP) and the NiFe2O4 precursor to fabricate
electrospun nanobers. The collected nanobers were calcined
at 600 °C for 2 hours to prepare ferrite NiFe2O4 bers. NiFe2O4/
PANI composite nanobers were synthesized by in situ poly-
merization of the aniline monomer in the presence of as-
synthesized NiFe2O4 nanobers. Compared with PANI, the in
situ polymerized NiFe2O4/PANI composite nanobers exhibited
higher sensitivity to ammonia at room temperature. The
improvement in sensing performance is primarily attributed to
the fact that NiFe2O4 is an n-type semiconductor nanomaterial
that can form a p–n junction with p-type PANI, resulting in
a response value that is nearly three times higher than that of
the original PANI. Sensors showed a maximum sensing
response of 30.8 with a fast response/recovery time (15 s/21 s)
for 100 ppm of ammonia.

In addition, many fabrics are made of bers and can serve as
two-dimensional templates for sensors. Kim et al.37 utilized the
ltering layer of a mask, made of polypropylene bers (PP
bers), as a exible substrate to create PANI/Ti3C2Tx function-
alized mask sensors. These sensors are primarily designed to
monitor carbon dioxide and human respiration rates. The
resulting gas sensors exhibit a wide detection range (25–1500
ppm), reliable reproducibility, long-term stability, and excellent
exibility and selectivity. Their response to 500 ppm CO2 was
remarkable (15.2%), which is 6.5 times higher than that of
traditional Ti3C2Tx gas sensors and 2.4 times higher than that of
the original PANI.
3.3. 2D PANI nanomaterials

Two-dimensional PANI (2D PANI) nanostructures are the focus
of research for chemiresistive gas sensors due to their unique
2D geometry, nanoscale thickness, and ultra-high surface area.
The two-dimensional PANI nanomaterials, including nano-
sheets, nanolms, nanoplates, etc., have a thickness ranging
from a few nanometers to tens of nanometers, and their lateral
dimensions can reach several centimeters.

Electrochemical deposition is an effective method for
preparing 2D PANI thin lms on conductive substrates. The
deposition process affects the morphology of PANI and the
thickness of the lm, which in turn affects the gas sensing
performance. Korent et al.38 directly electrochemically depos-
ited PANI lms on commercial gold screen-printed electrodes
without using complex dopants and nanomaterials other than
6196 | J. Mater. Chem. A, 2024, 12, 6190–6210
hydrochloric acid as a dopant. As shown in Fig. 6a, the sensor
showed a limit of detection of 23 ppb and good sensitivities with
12.30% for 32–200 ppb and 4.27% for 200–1000 ppb, respec-
tively. Popov et al.39 prepared PANI, PEDOT, and PANI-PEDOT
composite lms through electrochemical deposition on the
surface of the ITO substrate. In this study, the conductivity and
sensitivity of the deposited lm increased when synthesizing
PANI in the presence of 3,4-ethylenedioxythiophene (EDOT).
The response time of the PANI-PEDOT lm was 6 times faster
than that of PANI lms deposited under similar electrochemical
polymerization conditions.

Spin coating is another common method for preparing
soluble polymer lms, but PANI cannot be dissolved in most
organic solvents. Although PANI can be dissolved in a small
amount in strong polar solvents such as dimethylformamide
(DMF), it is not enough to prepare uniform PANI lms by the
spin coating method. However, through the chemical copoly-
merization method, the solubility and operability of PANI can
be effectively improved, and more functionality can be given to
it. Copolymerization methods are usually gra or block. Ali
et al.40 incorporated PANI in a poly(methyl methacrylate)
(PMMA)/polystyrene (PS)/multi-walled carbon nanotube
(MWCNT) blended matrix and optimized the electrical proper-
ties as well. In addition to realizing the conventional NH3 gas
sensing function, the MWCNTs/PMMA in the sensor material
jointly improved the hydrophobicity of the material, enabling
PANI to exhibit a more excellent gas response at higher
humidity. Shaari et al.41 reviewed the preparation methods and
performance studies of PANI and the PMMA copolymer and
blended composites. Aer copolymerization or blending, the
solubility and mechanical properties of PANI composite mate-
rials are signicantly improved. However, the crystallinity of the
copolymer will decrease with the polymerization process, which
will have a negative impact on the electrical conductivity,
sensing properties, and photoelectric properties of the material.
Therefore, much work remains to be done for the optimization
of the above physical property.

Layer-by-layer (LBL) self-assembly is a simple and versatile
surface modication method in which the substrate is alter-
nately immersed in a polyanionic and polycationic solution to
prepare alternating composite lms consisting of two poly-
electrolytes.42 Graboski et al.43 used a spin-assisted layer-by-layer
assembly method to create PANI-based multilayer lms, which
resulted in signicantly improved chemical and electro-
chemical stability compared to the PANI homopolymer. In this
study, the LBL PANI multilayer lm presented the highest
roughness value, as shown in Fig. 6b. The LBL sensors exhibited
better response values and realized the distinction of 3 different
articial aromas (apple, strawberry, and grape). Zhu et al.44

prepared PANI lms functionalized with different surfactants
(SDBS, SDS, and LA) by the interface synthesis method, as
shown in Fig. 6c. The addition of surfactants made the structure
of the lm more regular, improved the crystallinity of the lm,
accelerated the movement of electrons in the PANI chain, and
improved the sensitivity and detection limit. In the research by
Zhang et al.,45 the surfactant monolayer was the key factor for
This journal is © The Royal Society of Chemistry 2024
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Fig. 6 (a) Scheme of preparing PANI-Au-SPE samples and PANI-Au-SPE sensor's response after exposing to different concentrations of gas.
Reproduced from ref. 38 with permission from MDPI, copyright 2021. (b) AFM 3D images of the gas sensors coated with PANI-in situ, PANI
interfacial/PSS LbL, and PANI-in situ/PSS LbL films. Reproduced from ref. 43 with permission from Elsevier, copyright 2018. (c) Synthetic
schematic diagram of PANI films and the mechanism of polymerization of aniline. Reproduced from ref. 44 with permission from Elsevier,
copyright 2022. (d) Synthetic procedure of q2D PANI and the reaction mechanism. Reproduced from ref. 45 with permission from Nature,
copyright 2019.
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the morphologies of 2D PANI. The synthesis procedure is
schematically illustrated in Fig. 6d.
3.4. 3D PANI nanomaterials

Three-dimensional PANI (3D PANI) materials have an inter-
connected three-dimensional network and a highly continuous
porous structure. Compared with 1D or 2D materials, the
interface reactions between gas molecules and 3D PANI nano-
structures are more abundant, which is benecial to improve
the sensitivity of gas sensors. Here we present several common
methods for the preparation of 3D PANI nanostructures.

Chemical polymerization is oen used for the synthesis of
PANI nanoparticles or nanowires because some surfactants can
form micelles in a liquid environment aer dissolution. Using
this so template method, the aniline polymerization process
will spontaneously generate a three-dimensional nanostructure.
This journal is © The Royal Society of Chemistry 2024
Most inorganic nanomaterials have a crystal structure.
Compared with organic materials, it is easier to prepare three-
dimensional nanocomposites. The inorganic 3D materials can
be used as a template to synthesize 3D PANImaterials with richer
morphology, and the p–n junction between inorganic materials
and PANI will further improve the sensing performance. Wang
et al.46 used quasi-graphite capsules (GCs) as templates to
synthesize an ultrathin 3D hollow GCs/PANI hybrid composite by
in situ polymerization. GCs had a capsule-like hollow/open
structure providing a large surface area for ammonia adsorp-
tion and enhancing the structural stability of hybrids. Due to the
large interfacial surface area of GCs/PANI, it was highly sensitive
to 10 ppm NH3 gas with a response and recovery time of 34 s and
42 s, respectively. Wang et al.47 synthesized a-Fe2O3 nanotubes by
an anion-assisted hydrothermal route, which has a smooth
surface and three-dimensional hollow structure. PANI was
J. Mater. Chem. A, 2024, 12, 6190–6210 | 6197
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uniformly coated on the surface of a-Fe2O3 by in situ chemical
oxidation polymerization. Li et al.48 synthesized ower-like WO3

materials as three-dimensional templates by a hydrothermal
method. The PANI@ower-like WO3 nanocomposite was also
synthesized by a facile chemical oxidation polymerization
method. The excellent NH3 sensing properties with a detection
limit of 0.5 ppm were attributed to its unique 3D structure and
the p–n heterojunction formed at the interface between PANI
and ower-like WO3.

In situ chemical or electrochemical polymerization on organic
3D substrates can also be used to prepare 3D structured PANI. As
Fig. 7 (a) Schematic demonstration of the BC/PANI-SSA/PAMPS compo
the schematic presentation of the proposed working method of co-d
copyright 2021. (b) SEM images of electrospun PS fibers and PANI-coat
Society of Chemistry, copyright 2019. (c) Fabrication procedure of the co
nanofiber structure of polyaniline. (f) Conversion of emeraldine salt to per
PANI before and after exposure to ammonia gas. Reproduced from ref. 5
GFs. (h) Schematic diagram of flexible gas sensors. (i and j) Selectivity an
sensors upon exposure to 100 ppm NH3. Reproduced from ref. 52 with

6198 | J. Mater. Chem. A, 2024, 12, 6190–6210
shown in Fig. 7a, Yang et al.49 in situ oxidatively polymerized PANI
on bacterial cellulose (BC) 3D network substrates. The composite
material sensor not only had a high specic surface area and 3D
network but also co-doped sulfosalicylic acid (SSA) and poly(2-
acrylamido-2-methyl-1-propane sulfonic acid) (PAMPS). SSA
served as the doping sites to prolong the conjugation length of
PANI to promote intrachain charge transport. PAMPS provided
numerous sulfonic acid groups resulting in the increase of
interchain conductivity. With the above synergistic effect, the
bacterial cellulose/polyaniline ammonia sensor achieves a fast
response/recovery time of 4.1 s/16 s for 50 ppm ammonia and
site, with enlarged boxes showing the interactions of BC and PANI, and
oping PANI. Reproduced from ref. 49 with permission from Elsevier,
ed PS fibers. Reproduced from ref. 50 with permission from the Royal
re/shell hollow polyaniline sensor. (d and e) SEM images of the hollow
nigraniline base upon exposure to NH3 and the energy band diagram of
1 with permission from IEEE, copyright 2019. (g) SEM images of 3D-(N)
d flexibility of the pure PANI and Ni NPs@3D-(N)GFs/PANI hybrid gas
permission from Elsevier, copyright 2019.

This journal is © The Royal Society of Chemistry 2024
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a low detection limit of up to 10 ppb. In another study, plasma-
treated functionalized electrospun polystyrene (PS) nanobers
were used as templates to fabricate 3D structured PANI sensors.
As shown in Fig. 7b, PANI and graphene-PANI were coated on
a PS membrane using an in situ chemical polymerization casting
method by Bhadra et al.50 It was observed that the thermal
stability of the nanocomposite sensor material was signicantly
enhanced. The exible membranes coated with polyaniline–
graphene/polystyrene nanocomposites could be used to fabricate
high-performance CO2 gas sensors with fast response time and
recovery time of both 65 s.

The principle of the sacricial template method is similar
to the above process, using a solvent to dissolve or corrode
the 3D template, leaving only the 3D PANI gas sensing
material. PS, SiO2, polymer nanobers, and many other
materials can be used as templates. As shown in Fig. 7c–f,
Safe et al.51 used electrospun polyacrylonitrile (PAN) as a hard
template. The PANI material was polymerized in situ on the
surface of PAN bers. Core/shell nanobers were washed with
DMF to remove the PAN core. Compared to PANI powder
sensors, the nanotubular structured PANI sensor with
a higher surface area to volume ratio and high porosity
allowed the sensor to reach a detection limit of 81 ppb for
ammonia gas.

The freeze-drying method is a common manufacturing
process of aerogels. Aerogels are light in mass and have a rich
porous structure inside. Combined with the oxidation polymeri-
zation process, the preparation of a three-dimensional structure
PANI aerogel can be realized conveniently. Tabr et al.52 used
a freeze-dryingmethod to prepare a 3D nitrogen-doped graphene-
based framework on which nickel nanoparticles were decorated,
and PANI was synthesized by in situ oxidative polymerization on
a exible thin substrate, as shown in Fig. 7g–j. Synergetic
behavior between both components manifested outstanding
sensitivity with 750.2 at 1000 ppm NH3. Tohidi et al.53 prepared
reduced graphene oxide (rGO)/PANI hybrid hydrogels and used
a freeze-drying method to prepare 3D networks. In this study, the
effect of the ratio of graphene and PANI on the sensing perfor-
mance was compared. The response of the 3D rGO/PANI (1 : 1)
hybrid sensor reached 17.4% for 100 ppm NH3, which was 44.7
times higher than that of a 3D rGO sensor.
4. PANI-based composite gas sensing
materials

In addition to improving the performance of PANI gas sensors
based on their morphology and structure, the composition of
PANI-based materials will also have a signicant impact on the
sensitivity, selectivity, and stability of the sensor. Here we review
recent progress in the composites of PANI and carbon
nanomaterials/metals/metal oxides/metal suldes/MXenes/
MOFs and analyze the role of composite materials in
providing active sites, increasing carrier concentration, and
constructing heterojunctions. A summary of the gas sensing
performance of different PANI-based composites is presented in
Table 1.
This journal is © The Royal Society of Chemistry 2024
4.1. PANI-carbon nanomaterial composites

Carbon nanomaterials have excellent physical and chemical
properties. For example, reduced graphene oxide has more gas
adsorption sites due to the oxygen functional groups attached to
graphene nanosheets.98–101 One-dimensional carbon bers can be
easily combined with cotton fabrics to develop exible and wear-
able gas-sensing devices.102,103Multi-walled carbon nanotubes have
high electrical conductivity and excellent mechanical properties.
To create high-efficiency gas sensors, research on carbon nano-
materials and PANI composites has attracted much attention.

Umar et al.104 synthesized PANI/Ag2O/GO composites with
a mixing method followed by an ultrasonication process, as
shown in Fig. 8a and b. The composites were then utilized as
a chemiresistive sensor for NO2 gas detection. Compared to the
pure PANI and PANI/Ag2O composites, the incorporation of GO
enhanced sensitivity from 2.5 and 3.25 to 5.85 for 25 ppm target
gas concentration. In many other studies, composites of rGO
and PANI have been conrmed to have better sensing perfor-
mance as well. Luo et al.105 successfully used an in situ poly-
merization technique to coat these composites on cotton
threads to construct room-temperature NH3 sensors. The
sensing mechanism of the composite material is believed to be
the p–p heterojunction between PANI and rGO, and PANI and
rGO formed p–p conjugates, which is benecial for the rapid
transport of carriers. Compared to the pristine rGO and PANI,
the response sensitivity of hybrid sensors with a heterostructure
increased by 4–5 times. As shown in Fig. 8c and d, Zhang et al.106

synthesized tin oxide/reduced graphene oxide/polyaniline
(SnO2/rGO/PANI) through in situ polymerization for a sub-ppb
H2S gas sensor at room temperature.

The three-dimensional structure of SnO2 hollow spheres and
the large specic surface area of graphene signicantly enhance
the PANI sensor's performance. Two different types of hetero-
junctions, at the surface of oxygen species adsorbed on the SnO2

and interface of the SnO2 and the PANI, respectively, lead to
better sensitivity. Moreover, p–n junctions formed by the rGO
and SnO2 hybrid interface further improved the sensing prop-
erties, so the sensing composites achieved a detection limit of
50 ppb. As shown in Fig. 8e, SnO2/rGO/PANI exible sensors
showed good stability and exing resistance aer 60 bending
cycles. Singh et al.107 reported a PANI/montmorillonite (MMT)-
rGO nanocomposite that exhibited excellent sensing response
to HCN gas detection. The addition of rGO signicantly
enhanced the sensitivity of the PANI/MMTmaterial to HCN gas,
increasing it from 0.89 ppm−1 to 1.1174 ppm−1. Due to the
advantages of high specic surface area, porous structure, and
high adsorption coefficient of MMT, the sensor automatically
recovered within 25 seconds.

Carbon nanotubes not only have excellent mechanical,
electrical, chemical, and low-temperature operational charac-
teristics, but they also have a large surface area and exhibit high
sensitivity to gases such as SO2, NO, NO2, NH3, H2, and
others.108 An interconnected mesoporous network structure will
be formed in the composite material of carbon nanotubes and
PANI. This also affects the conductivity characteristics of PANI/
CNTs composite materials, improving the transport rate of
J. Mater. Chem. A, 2024, 12, 6190–6210 | 6199
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Table 1 Comparison of the gas sensing response of different PANI-based composite gas sensors

Materials Structures Gas
Sensing
range (ppm)

Sensitivity
or response

Response
time/recovery
time (s) Reference

PANI/rGO Nanosheets NH3 0.3–15 13% (15 ppm) 96/1326 2
PANI/rGO Nanosheets NH3 0.046–50 15% (5 ppm) 75/— 54
PANI/nitrogen-doped
graphene quantum dots/In2O3

Nanober NH3 0.6–2 15.2% (1 ppm) — 55

PANI/CNTs Fiber NH3 0.5–70 452% (70 ppm) 93/36 56
PANI/CNTs Fiber NO2 10–50 65.9 (50 ppm) 5.2/3.2 57
PANI/MWCNTs Film NH3 0.01–40 ppm 11.8 (40 ppm) —/236 58
PANI/MWCNTs Film H2 0.4% 24% (4000 ppm) 48/55 59
PANI/MWCNTs Fiber NH3 0.2–100 92% (100 ppm) 9/30 60
PANI/MWCNTs Film NH3 4–1000 40% (30 ppm) 18/46 61
PANI/MWCNTs Film NH3 5–1000 429% (25 ppm) 213/98 62
PANI/activated charcoal Nanoparticles Methanol 50–200 43% (200 ppm) 25/305 63
PANI/hollow C/In2O3 Nanober NH3 0.6–2 18.2 (1 ppm) — 64
PANI/TiO2/Au Film NH3 1–50 123% (50 ppm) 52/122 65
PANI/SnO2 Nanocomposite NH3 0.01–100 29.8 (100 ppm) 125/167 18
PANI/SnO2 Nanotube NH3 20–100 35.4 (100 ppm) — 66
PANI/SnO2 Film H2 6000 42% (6000 ppm) 11/7 67
PANI/Cu-doped SnO2 Web-like nanobers NH3 0.01–100 25.3 (50 ppm) 52/121 68
PANI/Ni@ZnO Film NO2 5–100 75% (100 ppm) 82/399 69
PANI/ZnO Film NO2 20 611 (20 ppm) 130/210 70
PANI/Ag-decorated ZnO Nanorods NH3 5–120 50% (50 ppm) 23/58 71
PANI/Ce/ZnO Nanoparticles Liqueed

petroleum gas
30–330 80% (100 ppm) 157/154 72

PANI/ZnO Hollow sphere NH3 0.5–100 6 (10 ppm) 140/136 73
PANI/Fe2O3 Film NO2 20 229 (20 ppm) 141/228 74
PANI/Fe2O3 Nanosheet NH3 0.5–10.7 54% (0.5 ppm) — 75
PANI/GO/PANI/ZnO Film NH3 25–500 38.31% (100 ppm) 30/— 76
PANI/CuFe2O4 Nanocomposite NH3 1–50 27.37% (5 ppm) 84/54 77
PANI/WO3 Hollow sphere NH3 0.5–100 6.25 (10 ppm) 136/130 78
PANI/WO3 Film NO2 2–30 60.19 (30 ppm) — 79
PANI/WO3 Nanocomposite H2 1–100 2.62% (5 ppm) 200/225 80
PANI/CeO2 Nanohybrid NH3 10–100 93% (100 ppm) 8/482 81
PANI/TiO2 Nanocomposite NH3 0.5–100 5.4 (100 ppm) 100/232 82
PANI/In2O3 Nanosheet NO2 0.3–100 12.8 (3 ppm) 17.28/91.26 24
PANI/V2O5/Pb3O4 Powder CO 100–2 25 000 23.82% (100 ppm) 34/37 83
PANI/CuO Nanoparticle H2S 2–25 25% (8 ppm) 36/71 84
PANI/MoS2 Nanosheet NH3 0.5–2 — 14/16 85
PANI/MoS2/Pt Nanocomposite NH3 0.25–500 16.64 (50 ppm) 15/103 86
PANI/WS2 Fiber NH3 50–200 81% (200 ppm) 260/790 87
PANI/black phosphorus Two-dimensional material NH3 1–4000 About 2.5 (50 ppm) 28/46 88
PANI/Ti3C2Tx MXene composites Ethanol 50–200 41.4% (200 ppm) 0.4/0.5 89
PANI/Ti3C2Tx Nanobers NH3 5–100 55.9% (20 ppm) — 90
PANI/V2C MXene composites NH3 0.3–10 27% (5 ppm) 3/8 91
PANI/g-C3N4 Nanocomposites NH3 0.5–200 19.5 (200 ppm) 134/624 92
PANI/g-C3N4 Nanosheet NO2 8–108 92% (108 ppm) — 93
PANI/SnO2/Zn2SnO4 Porous nanosphere NH3 0.5–100 20.4 (100 ppm) 46/54 94
PANI/NiCo2O4 Nanorod NH3 0.5–20 4.67 (20 ppm) 25/59 95
PANI/NiCo2O4 Nanobers NH3 1–500 337 (100 ppm) 55/80 96
PANI/PEO Fiber H2S 1–10 5% (1 ppm) 120/250 97
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charge carriers and increasing the number of active sites, ulti-
mately enhancing gas sensing performance. Roy et al.109

synthesized PANI-MWCNT composites through in situ poly-
merization for rapid detection of CO at room temperature. The
PANI-MWCNTs exhibit a higher response for 500 ppm CO
among the test gases towards saturated 2-propanol, acetone,
ethanol, methanol, ammonia, etc. In particular, the selectivity of
the sensor to CO is better than that of ammonia.
6200 | J. Mater. Chem. A, 2024, 12, 6190–6210
As shown in Fig. 8f–h, Ma et al.110 used ethylenediamine
(EDA) for the surface treatment of PET bers and then put them
into MWCNT dispersion. The carboxyl groups (–COOH) on the
surface of MWCNTs will adsorb to the exposed amino groups (–
NH2) on the surface of PET. The electrons quickly transport
from PANI to MWCNTs. Gas sensing properties for ammonia
and adhesion performance between the sensing materials and
exible substrates have been improved simultaneously.
This journal is © The Royal Society of Chemistry 2024
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Fig. 8 (a) Schematic for the synthesis of PANI, Ag2O nanoparticles, PANI/Ag2O nanoparticles, and PANI/Ag2O/GO composites. (b) Proposed gas
sensing mechanism of the fabricated PANI/Ag2O/GO nanocomposite-based NO2 gas sensor. Reproduced from ref. 104 with permission from
Elsevier, copyright 2021. (c) SEM images of in situ polymerized SnO2/rGO/PANI samples. (d) Mechanism diagram of the SnO2/rGO/PANI
nanocomposite toward H2S gas. (e) Response of the flexible sensor towards 500 ppb H2S after some bending cycles. Reproduced from ref. 106
with permission from Elsevier, copyright 2019. (f) The NH3 sensing mechanism of PET-NH2-MWCNTs/PANI. (g) The response to various gases,
and (h) the response time to 50 ppm NH3 for PET-MWCNTs/PANI and PET-NH2-MWCNTs/PANI sensors. Reproduced from ref. 110 with
permission from Elsevier, copyright 2021.
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4.2. PANI-metal composites

Many metal nanoparticles (MNPs) have been combined with
PANI to improve gas-sensing properties. For example, Ag, Au,
Pd, Pt, Cu, Ni, and many other metal nanomaterials have been
reported. These hybrid nanocomposites incorporate the
advantages of both the metal nanoparticles and PANI.

Metal nanoparticles typically exhibit high electrical conduc-
tivity. The combination of metal nanoparticles with PANI can
directly modify the electrical properties of the composite mate-
rial, thereby enhancing its gas response sensitivity. Metal nano-
particle modication can accelerate the charge transfer between
PANI and gas molecules, further improving the sensing perfor-
mance and stability. In addition, because certain metals exhibit
better absorption characteristics for a specic gas, their combi-
nation with PANI can enhance the selectivity of gas sensors.111

Ag nanoparticles have high conductivity and excellent
stability. Adhav et al.112 synthesized PANI-Ag nanocomposites by
This journal is © The Royal Society of Chemistry 2024
an in situ oxidative polymerization method using ammonium
persulphate as an oxidizing agent. In this process, Ag nano-
particles synthesized using an ultrasonic processor were added.
The presence of Ag nanoparticles improved the conductivity of
the formed PANI-Ag nanocomposite and shortened the
response time of the developed sensor. The sensor showed
a quick response and recovery time (30 s/120 s) towards
ammonia at 1–100 ppm concentration.

Nasresfahani et al.113 synthesized Au/PANI nanocomposites
by the ultrasound mixing of emeraldine salt PANI and different
amounts of Au nanoparticles colloidal solution. When the Au
NPs were introduced into PANI, these NPs were thought to act as
active sites for CO gas molecule adsorption. The 2.5%-Au/PANI
sensor possessed a high response (14% to 1000 ppm) and low
detection limit (33 ppm) for CO gas, which is mainly due to the
catalytic properties and high surface energy of Au nanoparticles.
As shown in Fig. 9a–c, Chen et al.114 reported core–shell
J. Mater. Chem. A, 2024, 12, 6190–6210 | 6201
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Fig. 9 (a) Schematic illustration of PANI-Au@SiO2 sensor fabrication. (b) SEM images of the synthesized Au@SiO2 NCs. (c) Dynamic response
recovery of the PANI-Au@SiO2 sensor to 10–1000 ppb concentration of NH3. Reproduced from ref. 114 with permission from Elsevier, copyright
2022. (d) SEM images for the prepared films with PANI and Pd doped SnO2. Interaction of H2 with (e) SnO2 (f) SnO2-Pd (g) PANI and (h) PANI-
SnO2-Pd (black = carbon, grey = hydrogen, red = oxygen, purple = zinc, white = silver, blue = nitrogen, dark blue = palladium). Reproduced
from ref. 115 with permission from Elsevier, copyright 2021.
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Au@SiO2 nanocrystal doped PANI materials prepared via
a simple droplet-evaporation self-assembly process for exible
NH3 sensors. The fabrication schematic illustration of the PANI-
Au@SiO2 sensor is shown in Fig. 9a. Core–shell microstructure
and –OH functional groups distributed on the surface of
Au@SiO2 nanocrystals realized ppb-level NH3 detection. During
this process, small Au NPs with catalytic activity promoted the
absorption/desorption of hydrogen atoms.

As shown in Fig. 9d, Pippara et al.115 reported a composite lm
based on SnO2 nanosheets with PANI doped with palladium (Pd)
fabricated by a hydrothermal synthesis technique. As shown in
Fig. 9e–h, DFT calculations were used to obtain the most ener-
getically stable geometry of the sensor and address the adsorption
mechanisms of the H2 gas molecule. Pd acts as a catalyst for the
dissociation of H2 gas molecules into H atoms and forms PdHx.

4.3. PANI-metal oxide composites

The metal oxides introduced in this section mainly refer to those
materials with semiconductor characteristics, including WO3,
CeO2, SnO2, ZnO, NiO, Co3O4, In2O3, V2O5, CuO, TiO2, and so
on.24,116–125 Most metal oxides show obvious gas sensing charac-
teristics, but the working temperature is usually high. Aer being
combined with PANI, the sensitivity, stability, and repeatability
of the sensors can be improved. Moreover, the enhancement in
sensor performance is primarily attributed to the formation of
a p–n junction between metal oxides and PANI.126
6202 | J. Mater. Chem. A, 2024, 12, 6190–6210
Tungsten oxide (WO3) is an n-type semiconductor sensing
material with a wide bandgap, which exhibits sensing responses
to various toxic gases.127 However, its main drawbacks include
high operating temperature and lack of selectivity for the target
gas. As shown in Fig. 10a, Kulkarni et al.128 developed PANI-WO3

hybrid nanocomposites by an in situ chemical oxidative poly-
merization process on a exible PET substrate. The impedance
spectroscopy technique was used to investigate the interaction
between the exible PANI-WO3 sensor and the target gas. As
shown in Fig. 10b, exible sensors demonstrated excellent
response reproducibility at different bending angles. The PANI-
WO3 hybrid exible sensor showed a maximum response of
121% and excellent response stability of 83% towards 100 ppm
NH3 gas at room temperature (Fig. 10b and c). Fan et al.129

synthesized WO3 nanoplates by the intercalation and top-
ochemical conversion process and developed an ultrasonic
spray-assisted in situ polymerization. WO3@PANI nano-
composites exhibited a plate-like morphology and the PANI
nanocrystals were tightly coated on the WO3 surfaces. As shown
in Fig. 10d–f, the formation of the p–n heterojunction between
PANI and WO3 further enhanced the gas sensitivity. Therefore,
the WO3@PANI nanocomposites exhibited a high response of
34 upon exposure to 100 ppm NH3 at room temperature.

During the chemical polymerization process of PANI, in situ
doping is typically conducted in a protonic acid solution envi-
ronment, which may cause corrosion toward metal oxides.
This journal is © The Royal Society of Chemistry 2024
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Fig. 10 (a) TEM images of PANI-WO3 hybrid nanocomposites. (b) Response properties of PANI-WO3 nanocomposite flexible sensors at different
bending angles towards 100 ppm NH3. (c) Dynamic resistance changes of the flexible PANI-WO3 hybrid sensor towards 1–100 ppm of NH3.
Reproduced from ref. 128 with permission from Elsevier, copyright 2019. (d) Reaction of PANI and NH3. (e and f) Energy band diagrams of PANI,
WO3, and the WO3@PANI heterojunction. Reproduced from ref. 129 with permission from Elsevier, copyright 2020. (g) Photograph of a flexible
PANI-CeO2 sensor. (h) The dynamic resistance changes of the PANI-CeO2 flexible sensor after different bending cycles towards 10 ppm and
50 ppm NH3. (i) Response for ultra-low concentration NH3 of the PANI-CeO2 film sensor. Reproduced from ref. 130 with permission from
Elsevier, copyright 2018. (j–l) SEM images of PANI-ZnO@GPA. (m and n) Changes in the resistance of PANI-ZnO@GPA when exposed to
formaldehyde vapor and linear relationship between the response and the concentration. Reproduced from ref. 143 with permission from
American Chemical society, copyright 2022.
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However, CeO2 exhibits relatively good corrosion resistance and
stability. As shown in Fig. 10g–i, Liu et al.130 prepared a resistive-
type exible ammonia sensor through an in situ self-assembly
strategy of PANI-CeO2 on a exible polyimide substrate. The
CeO2 nanoparticles played a crucial role in constructing the
microscopic morphology of composite materials and improving
PANI's protonation and oxidation degrees. The PANI-CeO2

exible sensors exhibited outstanding chemiresistive charac-
teristics in the presence of ultra-low concentration NH3 (16
ppb). Liu and Xu et al.131 developed CeO2@PANI nanomaterials
with abundant and stable oxygen vacancies using a straightfor-
ward hydrothermal method combined with hydrogen plasma
treatment. This treatment generated a signicant number of
This journal is © The Royal Society of Chemistry 2024
oxygen vacancies on the surface of the CeO2 and PANI hetero-
structure, markedly improving the NH3 response behavior.
Compared to the corresponding nanocomposites without
hydrogen plasma treatment, the response to 100 ppm NH3 was
signicantly heightened, increasing from 165% to 670%, and
even achieving a 24% response to as low as 50 ppb NH3.

SnO2, an n-type wide band gap semiconductor metal oxide
with high mobility of electrons and high chemical and thermal
stability, is considered a promising candidate for the fabrica-
tion of PANI composite sensors in many research studies.132–134

To further optimize the sensing performance, some metal
particles and carbon nanomaterials are also doped into PANI/
SnO2 sensing composites.135–137 Aliha et al.138 reported the SnO2/
J. Mater. Chem. A, 2024, 12, 6190–6210 | 6203
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PANI nanocomposite material for selective detection of
ammonia at room temperature. Different from the traditional
deposition method of PANI on SnO2, a new way of in situ
deposition–precipitation of SnO2 on PANI was used in this
research. In the synthesis of SnO2/PANI nanocomposites, the
materials were dried at 80 °C for 12 h and then calcined in air at
400 °C for 1.5 h. PANI did not degrade completely even at 400 °
C. During heating, PANI crosslinking occurred and the thermal
stability of the polymer increased, which made the response of
8 wt% PANI composites 37 times higher than that of pure SnO2.

As a gas sensing material, PANI/ZnO nanohybrids have also
been conrmed to exhibit the advantages of lower detection
limits, faster response times, and more stable sensing
signals.139–142 As shown in Fig. 10j–l, Wang et al.143 loaded PANI/
ZnO nanohybrids on a self-formed natural grapefruit peel aer-
ogel (GPA) to weaken the agglomeration tendency. The three-
dimensional porous structured aerogel sensors could success-
fully detect formaldehyde at the 10–1000 ppm level and with
a sensitivity of 0.134% ppm−1 (Fig. 10m and n).

In addition, the doping of Ag2O in PANI can enhance the
selectivity and sensitivity of the sensor. Farea et al.144 used in situ
polymerization technology to prepare Ag2O-doped PANI
composite materials. The incorporation of Ag2O nanoparticles
into PANI signicantly increased the response rate (97% for 500
ppm) and reduced the response and recovery times (37 s/41 s) of
the sensor.
4.4. PANI-metal sulde composites

The mechanism of metal suldes enhancing the gas sensing
performance of PANI is similar to that of metal oxides. They can
form heterojunctions with PANI, thereby improving the gas
sensing performance. Additionally, the improvement in sensing
performance can be attributed to the fact that transition metal
dichalcogenides (TMDs) mostly possess a two-dimensional
layered structure, which has the advantages of a large surface-
to-volume ratio, nanoscale thickness, easy surface functionali-
zation, and excellent device integration compatibility.145

For example, molybdenum disulde (MoS2), as a typical
TMD, has good gas-sensitive properties, but the sheet layer
tends to form a tightly stacked structure during the formation
of gas-sensitive networks, which is not conducive to sufficient
contact between MoS2 and the gas molecule. To solve the
above problems, Liu et al.146 prepared PANI/MoS2 nanosheets/
SnO2 nanotubes via electrostatic spinning, a hydrothermal
route, and an in situ polymerization technique for the room
temperature detection of ammonia. Due to the energy-gap
difference between the PANI and MoS2 species, a p–n hetero-
junction can be formed at the interface between the n-type
MoS2 nanoplates and p-type PANI nanocrystals. When PANI/
MoS2/SnO2 came in contact with ammonia molecules, NH3

captured the proton from PANI and further widened the
depletion layer. In addition, electrospun SnO2 hollow nano-
tubes prevented the stacking of MoS2 and provided a high
specic surface area. The gas sensor exhibited a response
signal of 10.9 towards 100 ppm NH3 at room temperature and
a low detection limit of 200 ppb.
6204 | J. Mater. Chem. A, 2024, 12, 6190–6210
Liu et al.147 prepared a porous PANI/WS2 nanocomposite lm
to detect ppm-level NH3 gas under a humid atmosphere. The
performance of the PANI/WS2 sensor was related to the content
of WS2. Through intentional adjustment of the WS2 loading (1.5
mg), the PANI/WS2 sensor showed an improvement in the
sensing response, response–recovery feature, and operational
robustness.

In addition, CdS is a direct band gap II–VI semiconductor
with a band gap of 2.42 eV at room temperature. Akbar et al.148

provided a chemical co-dispersion technique to develop CdS
decorated PANI nanocomposites for NH3 detection. The PANI/
CdS sensor showed a much faster recovery speed compared to
pure PANI.
4.5. PANI-MXene composites

MXenes, a new two-dimensional inorganic compound discov-
ered in 2011, are generally composed of transition metal
carbides, nitrides, or carbonitrides with a thickness of several
atomic layers. It is usually synthesized by selectively etching the
group A element from the MAX phase compound, where M
represents the transition metal, X represents carbon or
nitrogen, and the group A element can include aluminum,
gallium, silicon, and other elements. Due to the presence of
hydroxyl or terminal oxygen on the surface of MXene materials,
they have the metal conductivity of transition metal carbides.
MXenes have been widely used in elds such as humidity
sensing, energy storage, and solid-state batteries.149,150

The composite of PANI or other conducting polymers with
MXenes to form nanocomposites is an effective strategy for the
preparation of high-performance gas sensors.89 In addition, the
formation of heterojunctions or Schottky junctions at the
interface of MXenes and PANI is the reason for the improve-
ment in gas sensor sensitivity.151

Ti3C2Tx, a common MXene material, is a promising candi-
date for PANI/MXenes gas sensors.152,153 As shown in Fig. 11a
and b, PANI/Ti3C2Tx hybrid sensitive lms were synthesized on
exible Au interdigital electrodes (IDEs) by an in situ self-
assembly method and successfully employed for sensing
ammonia gas by Li et al.154 PANI doped with protonic acid had
a higher work function than Ti3C2Tx. PANI combined with
Ti3C2Tx to form Schottky junctions with hole depletion regions
at the interfaces. Therefore, when exposed to NH3, the
conductivity of PANI decreased and the conduction pathway
became narrower. The sensor exhibited excellent NH3-sensing
properties in 20–80% relative humidity (RH) environments at
a temperature range of 10–40 °C. Furthermore, the hybrid
sensor on the PI substrate shows excellent mechanical exibility
properties shown in Fig. 11c. Wen et al.155 fabricated PANI:PSS/
Ti3C2Tx composites for conductometric exible ammonia gas
sensors. Similarly, the formation of the Schottky junction at the
interface between PANI:PSS and Ti3C2Tx improved gas sensing
performances for these lm sensors.

Furthermore, layered MXenes have unique structural
properties and conductive mechanisms for gas sensing. When
MXenes are exposed to target gases, changes in their conduc-
tivity occur due to interlayer expansion caused by gas molecule
This journal is © The Royal Society of Chemistry 2024
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insertion between layers. The resistance of the interlayer
expanded MXenes will increase due to the blocked electron
transport outside the surface. This effect is similar to the trend
of resistance change of PANI in a target gas atmosphere.
Therefore, Wang et al.156,157 proposed PANI nanober-
supported Nb2CTx nanosheets to detect environment/breath
Fig. 11 (a) Energy level alignments and conductivity pathway of the
absorption. (b) XPS N 1s spectrum of PANI/Ti3C2Tx. (c) Stability test of the
different bending times. Reproduced from ref. 154 with permission fro
Nb2CTx nanosheets. (e) Depletion layer and conductivity pathway chang
sensing mechanism, morphology, and humidity influence of the Nb2CTx
with permission from Elsevier, copyright 2021. (i and j) Schematic diagram
Selectivity, response/recovery time and repeatability of the PSS/ZIF-C/P
copyright 2022.

This journal is © The Royal Society of Chemistry 2024
NH3 at room temperature. As shown in Fig. 11d, the ultra-
thin 2D Nb2CTx nanosheets were synthesized through hydro-
uoric acid (HF) etching and the tetrapropylammonium
hydroxide (TPAOH) intercalation process. As shown in Fig. 11e,
a depletion layer formed at the heterojunction interface
between PANI and Nb2CTx. The thickness of the depletion
hybrid PANI/Ti3C2Tx sensitive films before and after NH3 molecule
PANI/Ti3C2Tx flexible sensor under different bending angles and after
m Elsevier, copyright 2020. (d) Synthesis process of the ultrathin 2D
es of the Nb2CTx/PANI film before and after NH3 adsorption. (f–h) Gas
/PANI sensor for high humid NH3 detection. Reproduced from ref. 156
of the preparation process and TEM images of PSS/ZIF-C/PANI. (k–m)
ANI sensor. Reproduced from ref. 161 with permission from Elsevier,

J. Mater. Chem. A, 2024, 12, 6190–6210 | 6205
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Fig. 12 A year-by-year increase in the number of publications on PANI gas sensors in 1999–2023 (Source: Web of Science, Search key: PANI gas
sensors or polyaniline gas sensors).
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layer will be signicantly affected by the ammonia concentra-
tion in the surrounding environment. As shown in Fig. 11f–h,
the hydrogen bonds between Nb2CTx nanosheets and PANI
would also be helpful to reduce the active sites for water
molecules, which will improve the sensing performance of the
Nb2CTx/PANI sensor in a high humidity environment.
4.6. PANI-MOF composites

Metal–organic frameworks (MOFs) are a new class of organic–
inorganic hybrid crystalline porous coordination polymers
composed of positively charged metal ions connected with
organic ligands, which have outstanding features such as high
porosity, adjustable structure, and easy modication. Further-
more, their structure and functionality can be adjusted through
molecular modication. As a result, gas molecules can be
selectively adsorbed onto the active sites of MOFs.158 A strong
interfacial interaction between MOFs and PANI dramatically
enhances gas sensing performance. Additionally, the composite
material alleviates the issues of poor chemical stability and
dispersion of MOF materials.158

Mashao et al.159 developed PANI doped with a cobalt-based
zeolitic benzimidazolate framework material (CoZIF). The
PANI-CoZIF metal–organic framework composite material was
applied in electrochemical hydrogen gas sensing. The compos-
ites showed high sensitivity and fast response time, while they
can be used as an electrocatalytic material for hydrogen
production via the hydrogen evolution reaction (HER).

Lin et al.160 fabricated amicrochannel tube NH3 sensor based
on PANI modied with UiO-66 MOFs via a dynamic liquid
deposition method. By improving the hydrophilicity of aniline
oligomers, the additive of UiO-66 induced the formation of
a porous structure. The gas sensing response of PANI/UiO-66
nanobres increased up to 25.4 for 100 ppm NH3 and 20% for
10 ppb NH3. The composites also exhibit excellent reversibility
and a fast response/recovery time (25 s/14 s).

As shown in Fig. 11i and j, Zhang et al.161 synthesized PSS/
ZIF-C/PANI composites via MOF template-carbonization and
in situ polymerization for ammonia gas detection. The adsorp-
tion sites and voids in the unique porous carbon structure
derived from ZIF-8 provided support for PANI and PSS anion
6206 | J. Mater. Chem. A, 2024, 12, 6190–6210
chains, which was conducive to the complete contact of target
gas molecules with the sensing lm and accelerated the
adsorption/desorption rate. Sensors showed high response/
recovery capability (28 s/17 s) (Fig. 11k–m).
5. Conclusions and perspectives

PANI and its composite materials show huge development
potential in the eld of gas sensing. In this paper, the gas sensing
mechanism of chemiresistive PANI and heterojunction-based
PANl composites is rst introduced. Nanomaterials exhibit
a high surface area ratio, which makes nano gas-sensitive
materials exhibit excellent gas sensing properties. This paper
reviews the synthesis methods and manufacturing processes of
0D, 1D, 2D, and 3D PANI and their composites. Nano gas-
sensitive materials possessed faster response/recovery time,
relatively steady response/recovery curves, remarkable durability
and reproducibility, and ultra-low detection limits. Subse-
quently, this article summarises the sensors of hybrid materials
composed of PANI and carbon materials, metals, metal oxides,
metal suldes,MXenes,MOFs, etc. The review illustrates a variety
of preparation methods for PANI composite materials. Many
ingenious designs of PANI gas sensors, such as the construction
of three-dimensional nanostructures or the formation of heter-
ojunctions between composite materials, are thought to signi-
cantly improve gas sensing performance. The number of articles
published on PANI gas sensors has gradually increased since
1999 (Fig. 12).

Based on the aforementioned advantages, PANI composite
materials exhibit substantial application potential in several
areas:

1. Detection of toxic and hazardous gases, preventing harm
to human health from gas leaks or environmental pollution.

2. Monitoring exhaled gases related to human diseases, such
as renal diseases, facilitating early detection or prevention of
the diseases.

3. Sensing humidity or carbon dioxide, enabling real-time
monitoring of human activity and physiological states.

However, polyaniline gas sensors still face numerous tech-
nical challenges that need to be overcome:
This journal is © The Royal Society of Chemistry 2024
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1. From the perspective of material synthesis, the research
on the synthesis of soluble PANI derivatives still needs to be
carried out.

2. Addressing the issue of diminished sensitivity in sensors
operating under high-temperature and high-humidity condi-
tions is crucial. This advancement is key to achieving stable
sensor performance in complex environmental settings.

3. Developing PANI gas sensors for gases other than NH3. For
instance, the sensitivity of PANI composites towards gases like
CO and H2S is signicantly lower compared to NH3. Enhancing
this sensitivity can broaden the application scope of PANI
composite material gas sensors.

4. Addressing the problem of performance degradation of
PANI gas sensors aer long-term exposure to the environment,
including both the reduction in sensor repeatability and the
natural degradation of sensor performance.

5. The integration of PANI sensors with other types of
sensors is also a critical area for development. This includes the
integration of PANI sensors with various gas sensors, as well as
with other sensor types, such as stress sensors, temperature
sensors, and proximity sensors. Furthermore, integrating PANI
gas sensors with energy devices for self-powering and wireless
signal transmission is also an urgent research direction.

More research is needed in these areas.
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N. Redon, J.-L. Wojkiewicz and C. Duc, Sensors, 2021, 21,
169.

39 A. Popov, B. Brasiunas, L. Mikoliunaite, G. Bagdziunas,
A. Ramanavicius and A. Ramanaviciene, Polymer, 2019,
172, 133–141.

40 S. Saad Ali, A. Pauly, J. Brunet, C. Varenne and A. L. Ndiaye,
Sens. Actuators B Chem., 2020, 320, 128364.

41 H. Abu Hassan Shaari, M. M. Ramli, M. N. Mohtar, N. Abdul
Rahman and A. Ahmad, Polymers, 2021, 13, 1939.

42 P. B. D. Firda and J.-W. Jeon, ACS Appl. Polym. Mater., 2022,
4, 4850–4859.

43 A. M. Graboski, E. Galvagni, A. Manzoli, F. M. Shimizu,
C. A. Zakrzevski, T. A. Weschenfelder, J. Steffens and
C. Steffens, Food Res. Int., 2018, 113, 309–315.

44 C. Zhu, Y. Xu, T. Zhou, L. Liu, Q. Chen, B. Gao and T. Zhang,
Sens. Actuators B Chem., 2022, 365, 131928.

45 T. Zhang, H. Qi, Z. Liao, Y. D. Horev, L. A. Panes-Ruiz,
P. S. Petkov, Z. Zhang, R. Shivhare, P. Zhang, K. Liu,
V. Bezugly, S. Liu, Z. Zheng, S. Mannsfeld, T. Heine,
G. Cuniberti, H. Haick, E. Zschech, U. Kaiser, R. Dong
and X. Feng, Nat. Commun., 2019, 10, 4225.

46 H. Wang, S. Nie, H. Li, R. Ali, J. Fu, H. Xiong, J. Li, Z. Wu,
W.-M. Lau, N. Mahmood, R. Jia, Y. Liu and X. Jian, ACS
Sens., 2019, 4, 2343–2350.

47 L. Wang, H. Fu, H. Liu, K. Yu, Y. Wang and J. Ma,Mater. Res.
Bull., 2018, 107, 46–53.

48 S. Li, P. Lin, L. Zhao, C. Wang, D. Liu, F. Liu, P. Sun,
X. Liang, F. Liu, X. Yan, Y. Gao and G. Lu, Sens. Actuators
B Chem., 2018, 259, 505–513.

49 L. Yang, X. Xu, M. Liu, C. Chen, J. Cui, X. Chen, K. Wu and
D. Sun, Sens. Actuators B Chem., 2021, 334, 129647.

50 J. Bhadra, A. Popelka, A. Abdulkareem, Z. Ahmad, F. Touati
and N. Al-Thani, RSC Adv., 2019, 9, 12496–12506.
6208 | J. Mater. Chem. A, 2024, 12, 6190–6210
51 A. M. Safe, F. Ahmadi Tabar, A. Nikfarjam, F. Sharif,
H. Hajghassem and S. Mazinani, IEEE Sens. J., 2019, 19,
9616–9623.

52 F. Ahmadi Tabr, F. Salehiravesh, H. Adelnia, J. N. Gavgani
and M. Mahyari, Talanta, 2019, 197, 457–464.

53 S. Tohidi, M. Parhizkar, H. Bidadi and R. Mohamad-Rezaei,
Nanotechnology, 2020, 31, 415501.

54 J. Chang, X. Zhang, Z. Wang, C. Li, Q. Hu, J. Gao and
L. Feng, ACS Appl. Nano Mater., 2021, 4, 5263–5272.

55 S.-Z. Hong, Q.-Y. Huang and T.-M. Wu, Polymers, 2021, 13,
3676.

56 G. Wu, H. Du, Y. L. Cha, D. Lee, W. Kim, F. Feyzbar-
Khalkhali-Nejad, T.-S. Oh, X. Zhang and D.-J. Kim, Sens.
Actuators B Chem., 2023, 375, 132858.

57 W. Zhang, S. Cao, Z. Wu, M. Zhang, Y. Cao, J. Guo, F. Zhong,
H. Duan and D. Jia, Sensors, 2020, 20, 149.

58 C. Zhu, T. Zhou, H. Xia and T. Zhang, Nanomaterials, 2023,
13, 1158.

59 N. Bafandeh, M. M. Larijani and A. Shaekhani, Polym.
Bull., 2020, 77, 3697–3706.

60 D. Maity and R. T. R. Kumar, ACS Sens., 2018, 3, 1822–1830.
61 M. Eising, C. E. Cava, R. V. Salvatierra, A. J. G. Zarbin and

L. S. Roman, Sens. Actuators B Chem., 2017, 245, 25–33.
62 L. Kumar, I. Rawal, A. Kaur and S. Annapoorni, Sens.

Actuators B Chem., 2017, 240, 408–416.
63 M. Kumar, S. Sharma, R. Pal, B. Vidhani and Supreet, Sens.

Actuator A Phys., 2023, 353, 114210.
64 S.-Z. Hong, Q.-Y. Huang and T.-M. Wu, Sensors, 2022, 22,

1570.
65 C. Liu, H. Tai, P. Zhang, Z. Ye, Y. Su and Y. Jiang, Sens.

Actuators B Chem., 2017, 246, 85–95.
66 A. Jia, B. Liu, H. Liu, Q. Li and Y. Yun, Front. Chem., 2020, 8,

383.
67 N. D. Sonwane, M. D. Maity and S. B. Kondawar, Mater.

Today: Proc., 2019, 15, 447–453.
68 L. Guo, W. Liu and C. Wang, Appl. Surf. Sci., 2023, 630,

157529.
69 S. Jain, N. Karmakar, A. Shah and N. G. Shimpi, Mater. Sci.

Eng., B, 2019, 247, 114381.
70 R. K. Sonker, B. C. Yadav, A. Sharma, M. Tomar and

V. Gupta, RSC Adv., 2016, 6, 56149–56158.
71 N. Karmakar, S. Jain, R. Fernandes, A. Shah, U. Patil,

N. Shimpi and D. Kothari, ChemistrySelect, 2023, 8,
e202204284.

72 D. Selvakumar, K. P. Sonu, G. Ramadoss,
R. Sivaramakrishnan, R. Jayavel, M. Eswaramoorthy,
K. Venkateswara Rao and A. Pugazhendhi, Chemosphere,
2023, 314, 137492.

73 T. Tohidi, S. Tohidi and R. Mohammad-Rezaei, J. Mater.
Sci.: Mater. Electron., 2020, 31, 19119–19129.

74 R. K. Sonker and B. C. Yadav, J. Taiwan Inst. Chem. Eng.,
2017, 77, 276–281.

75 Y. Li, H. Zhao, H. Ban and M. Yang, Sens. Actuators B Chem.,
2017, 245, 34–43.

76 R. S. Andre, F. M. Shimizu, C. M. Miyazaki, A. Riul,
D. Manzani, S. J. L. Ribeiro, O. N. Oliveira,
This journal is © The Royal Society of Chemistry 2024

https://doi.org/10.1039/d3ta07687c


Review Journal of Materials Chemistry A

Pu
bl

is
he

d 
on

 1
9 

Fe
br

ua
ry

 2
02

4.
 D

ow
nl

oa
de

d 
on

 0
2/

11
/2

02
5 

11
:3

2:
00

 P
M

. 
View Article Online
L. H. C. Mattoso and D. S. Correa, Sens. Actuators B Chem.,
2017, 238, 795–801.

77 X. Wang, L. Gong, D. Zhang, X. Fan, Y. Jin and L. Guo, Sens.
Actuators B Chem., 2020, 322, 128615.

78 S. Li, A. Liu, Z. Yang, L. Zhao, J. Wang, F. Liu, R. You, J. He,
C. Wang, X. Yan, P. Sun, X. Liang and G. Lu, Sens. Actuators
B Chem., 2019, 289, 252–259.

79 W. He, Y. Zhao and Y. Xiong, ACS Omega, 2020, 5, 9744–
9751.

80 V. Chaudhary, R. K. Talreja, Sonu, S. Rustagi, R. Walvekar
and A. Gautam, Int. J. Hydrog. Energy, 2024, 52, 1156–1163.

81 R. N. Dhanawade, N. S. Pawar, M. A. Chougule,
G. M. Hingangavkar, T. M. Nimbalkar, G. T. Chavan,
C.-W. Jeon and V. B. Patil, ChemistrySelect, 2023, 8,
e202204750.

82 C. Zhu, X. Cheng, X. Dong and Y. M. Xu, Front. Chem., 2018,
6, 493.

83 A. Sunilkumar, B. S. Khened, B. Chethan, V. Prasad,
M. G. Kotresh, T. M. Sharanakumar and V. S. Veena,
Inorg. Chem. Commun., 2023, 150, 110476.

84 B. Zhang, F. Shang, X. Shi, R. Yao, F. Wei, X. Hou, W. Li and
J. Zhang, ACS Appl. Nano Mater., 2023, 6, 18413–18425.

85 H. Parangusan, J. Bhadra, R. A. Al-Qudah, E. C. Elhadrami
and N. J. Al-Thani, Nanomaterials, 2022, 12, 4423.

86 X. Tian, X. Cui, Y. Xiao, T. Chen, X. Xiao and Y. Wang, ACS
Appl. Mater. Interfaces, 2023, 15, 9604–9617.

87 R. K. Jha, M. Wan, C. Jacob and P. K. Guha, New J. Chem.,
2017, 42, 735–745.

88 Z. Wu, L. Liang, S. Zhu, Y. Guo, Y. Yao, Y. Yang, S. Gu and
Z. Zhou, Nanomaterials, 2021, 11, 3026.

89 L. Zhao, K. Wang, W. Wei, L. Wang and W. Han, InfoMat,
2019, 1, 407–416.

90 R. Yang, J. Zhang, J. Liu, G. Li, Y. Qiao, X. Zhang, J. Gao and
H. Lu, Sens. Actuators B Chem., 2023, 134128.

91 X. Wang, D. Zhang, H. Zhang, L. Gong, Y. Yang, W. Zhao,
S. Yu, Y. Yin and D. Sun, Nano Energy, 2021, 88, 106242.

92 P. Li, H. Xu, F. Liu, J. Shi, X. Gao and J. Li, ACS Appl. Nano
Mater., 2023, 6, 5145–5154.

93 M. Khalifa and S. Anandhan, Nanotechnology, 2021, 32,
485504.

94 A. Liu, C. Wang, X. Yang, F. Liu, S. Li, J. Wang, R. You,
Z. Yang, J. He, L. Jiang, X. Yan, P. Sun and G. Lu, Sens.
Actuators B Chem., 2020, 317, 128218.

95 D. Zhang, Y. Yang, Z. Xu, D. Wang and C. Du, J. Mater.
Chem. A, 2022, 10, 10935–10949.

96 N. D. Sonwane and S. B. Kondawar, Mater. Lett., 2021, 303,
130566.

97 S. Mousavi, K. Kang, J. Park and I. Park, RSC Adv., 2016, 6,
104131–104138.

98 F. S. Hadano, A. E. X. Gavim, J. C. Stefanelo, S. L. Gusso,
A. G. Macedo, P. C. Rodrigues, A. R. bin Mohd Yusoff,
F. K. Schneider, J. F. de Deus and W. José da Silva,
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