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Abstract

This mini-review examines the potential of polyaniline (PANI) composites in hydrogen sensing applications, emphasizing
the mechanisms underlying PANI-hydrogen interactions. It highlights the properties and synthesis methods of differ-
ent nanostructured pure PANI, PANI-carbon-based composites, and PANI-metal oxide-based composites, emphasizing
approaches and PANI’s hydrogen sensing performance. The review explores the electrical and morphological properties
of PANI and different hybrid materials’ nanocomposites, focusing on their enhanced sensitivity in hydrogen detection.
Additionally, it addresses challenges such as poor solubility and low thermal stability, while outlining future research
directions to advance this critical field.
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1 Introduction

Hydrogen, the lightest element in the universe, has immense potential as a sustainable and green energy source. Its
ability to act as a carbon-free alternative to fossil fuels positions hydrogen as a pivotal contributor to achieving net-zero
emissions by mid-century. When combined with fuel cell technology, hydrogen can serve as a reliable energy source [1,
2]. However, its high flammability, with ignition possible at concentrations as low as 4% in air, underscores the critical
need for early detection of hydrogen leaks during storage and transportation [1, 3].

As a conducting polymer (CP), Polyaniline (PANI) has garnered significant attention for its diverse applications across
various fields, primarily due to its unique electrical properties, environmental stability, and ease of synthesis [4, 5]. It is
prominently employed in sensors [6-9], where its high sensitivity allows for the detection of gases [10-12], biomolecules
[13], and other chemical species [14]. In the realm of energy storage [15, 16], PANI is used in supercapacitors and batter-
ies, enhancing charge storage capabilities thanks to its excellent conductivity [17]. Additionally, its mechanical flexibility
makes it suitable for flexible displays, wearable electronics, and electrochromic devices [18]. Furthermore, it serves as an
effective antistatic coating to protect sensitive electronic components from static electricity [19, 20].
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In recent years, the demand for rapid and accurate gas sensors has grown significantly, as evidenced shown in Fig. 1
by the increasing number of publications on polymer gas sensors from 2013 to 2023 (Web of Science). PANI’s intrinsic
properties—ease of synthesis, room-temperature stability, and sensitivity to surface charges—have driven efforts to
enhance its performance by forming hybrid composites with materials like metal oxides (e.g., V,O, TiO,, ZnO) [21-24].
These heterojunction structures improve gas sensing performance by providing effective charge transfer and enhanced
active sites for gas adsorption [25, 26].

Recent advancements in PANI-based hydrogen sensors have centered on developing nanostructured materials to
enhance sensitivity and selectivity. The current focus involves leveraging PANI nanofibers in various sensor configura-
tions [27, 28]. These nanofibers exhibit high performance in hydrogen detection due to their well-ordered structure and
significant surface-to-volume ratio, which facilitates efficient gas diffusion and adsorption [11, 29].

Studies have shown that highly ordered PANI nanofibers, particularly those deposited on gold or platinum electrodes,
operate effectively as resistive hydrogen sensors [30-32]. Additionally, researchers have explored PANI-based gas sen-
sors for detecting other gases, such as hydrogen sulfide, using advanced fabrication techniques like piezoelectric inkjet
and screen printing [33-36]. Notably, hybrid composites of PANI with graphene or palladium nanoparticles demonstrate
enhanced functionality, enabling the simultaneous detection of hydrogen and moisture [31, 37-39].

This review article represents the first specific review dedicated exclusively to PANI-based hydrogen sensors. It bridges
gaps in understanding how different materials interact with PANI to optimize hydrogen sensing properties. Unlike other
works that focus on limited synthesis techniques, this article compares multiple methods, offering a broader perspective
for researchers interested in material properties,providing a roadmap for optimizing PANI-based materials for sensor
applications.

1.1 PANI sensors’ mechanism

As a conductive polymer, PANI has different structures in different doping states, and this structural change will lead to
changes in the conductive properties, as shown schematically in Fig. 2, which shows the transition. PANI can undergo
reversible doping under acidic or basic conditions. In acidic environments, protonation of the imine nitrogen induces
charge carriers, increasing conductivity (0>1S cm™ Y in the doped state (emeraldine salt), while the un-doped state
(emeraldine base) exhibits very low conductivity (c<1x1 0 'Scm™) [21, 41].

PANI's strong propensity to form hydrogen bonds allows for self-assemble layer by layer manner [42]. This self-assembly
process can be enhanced by interactions with water-soluble compounds such as polyethers, polyalcohols, and cyclic
polyamides [43].

Figure 3 illustrates a possible mechanism of hydride formation between PANI and hydrogen. The process of hydride
formation between PANI and hydrogen involves several key steps. Upon exposure to hydrogen, the hydrogen molecules
interact with the amine nitrogen along the PANI backbone, leading to H, dissociation [24, 28, 29]. This interaction results
in the formation of N-H bonds between neighboring PANI chains, creating a polaron lattice [44, 45]. The charge transfer
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between these neighboring chains occurs as a result of this new formation, which will redistribute the polaron lattice
density increasing the charge carrier concentrations [28, 46].

1.2 Nanostructure influence

In sensor applications, surface area is a critical parameter to consider, as it directly impacts the sensor’s adsorption and
response capabilities. PANI, as a CP, can be synthesized using various methods to achieve diverse nanostructures [47, 48].
Some of these nanostructures exhibit high surface areas, which provide abundant adsorption sites for gas molecules,
facilitating rapid interactions and responses [49, 50]. Consequently, in PANI-based composites, the nanostructure of the
material plays a pivotal role in determining its sensing performance.

Nanostructures such as nanofibers, nanowires, and nanotubes offer significantly higher surface-to-volume ratios
compared to bulk materials [50]. This feature improves molecule diffusion and results in robust sensor responses due
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Tablg 1 Comparison of Sensing materials H, gas concentration Sensitivity(%) Response References
sensing performance time(s)
in different PANI based
hydrogen gas sensors PANI/TIO, 2500 ppm 9.05 94 [23]
PANI/Sm,04 10,000-80,000 ppm 3.94 7 [25]
MWNT/PANI 500 ppm 2.1 150 [58]
MWCNTs/PANI 0.4 vol% 25 100 [59]
PANI hollow nanotubes 1-100 ppm 29 15 [12]
PANI thin film 1-100 ppm 20 65 [12]
PANI nanofiber 1-100 ppm 6 102 [12]
Ta'ble 2 Comparison of Synthesis method Nanostructure BET Surface References
dlffere_nt nanostructure PANI area(m¥/g)
materials’ surface area
Template PANI nanotubes 771 [60]
PANI nanospheres 67.9 [60]
PANI nanofibers 309 [60]
Interfacial polymerization PANI hollow nanotubes 35.2 [61]
PANI nanofibers 28.1 [61]
PANI nanospheres 13.9 [61]
PANI nanofibers 37-54.6 [62]
In situ polymerization PANI nanoparticles 53.1 [63]
Hydrogel PANI hydrogel 416 [64]

to the increased number of active adsorption sites [51]. Furthermore, the reduction of materials to nanoscale dimen-
sions often introduces novel properties, further enhancing the sensing characteristics of PANI-based composites [50].
For instance, Table 1 presents the performance of various PANI-based hydrogen sensors, highlighting the influence
of different nanostructures on sensitivity and response times. Hollow nanotubes exhibit the highest sensitivity (29%)
and a short response time (15 s) at low hydrogen concentrations (1-100 ppm), emphasizing the superior adsorption
and diffusion properties of their morphology [12].

Tailoring PANI’s nanostructure through methods such as interfacial polymerization, self-assembly, and electro-
spinning allows optimization of its gas-sensing performance [40, 52, 53]. Nanostructuralization using reactive ion
etching, for example, has been shown to increase the sensitive surface area and introduce functional groups, signifi-
cantly enhancing ammonia sensing performance [54]. One-dimensional (1D) nanostructures, such as nanotubes and
nanofibers, are particularly advantageous due to their high surface-to-volume ratios and tunable electrical properties.
The hollow, uniform structures of PANI nanotubes provide rich ion pathways and facilitate fast diffusion, improving
both electrochemical and sensing responses [55].

The synthesis method also plays a crucial role in determining the surface area and morphology of PANI nanostruc-
tures. Table 2 illustrates how different synthesis techniques influence the specific surface area of PANI nanostructures,
as measured by Brunauer-Emmett-Teller (BET) analysis. For example, PANI nanotubes synthesized using a template
method achieve a surface area of 77.1 m?/g, significantly higher than PANI nanofibers synthesized through interfa-
cial polymerization (28.1 m?%/g). These variations in surface area directly impact sensing performance, as materials
with higher surface areas provide more active sites for gas adsorption. Virji et al. [28] investigated the differences in
hydrogen gas sensing performance between commercial PANI films and PANI nanofibers (as shown in Fig. 4). Their
study demonstrates that hydrogen sensors based on nanostructured PANI are significantly more sensitive than those
using commercial PANI films.

Incorporating PANI with other nanomaterials further influence morphology and enhances its gas-sensing capabili-
ties. For instance, Pd-PANI-rGO nanocomposites demonstrate high sensitivity and selectivity to hydrogen gas at room
temperature [56], with performance attributed to the spillover effect from palladium, efficient hydrogen dissociation, and
the high surface area of the PANI-graphene oxide composite [56]. Similarly, electrospun PANI nanofibers are particularly
effective due to their superior surface area and efficient charge/ion transport [57].
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Fig.4 a SEM images of synthesis PANI nanofibers, b commercial PANI film, c response of commercial PANI film and PANI nanofiber films
exposed to 1% H, gas. Source: Reproduced with permission from Ref [28]. Copyright © 2006, American Chemical Society

All these findings demonstrate that the nanostructure of PANI plays a crucial role in its sensing performance by offering
a high specific surface area, facilitating improved molecular diffusion, and enhancing adsorption capabilities. Advances
in synthesis techniques allow precise control over PANI's morphology, enabling the development of high-performance
gas sensors.

2 PANI-based hybrid materials for advanced sensors

The enhancement of sensing properties in PANI-based sensors through the incorporation of additional materials, such
as metal oxides or carbon-based nanomaterials, has been a focal point of recent research. PANI's intrinsic properties,
including high conductivity, tunable morphology, and environmental stability, can be significantly improved when
combined with these nanomaterials. The resulting hybrid materials exhibit enhanced sensitivity, faster response times,
and improved selectivity in gas sensing applications.

This improvement arises from the synergistic effects between PANI and the incorporated nanomaterials. These effects
include enhanced charge transfer kinetics, increased surface area for gas adsorption, and modified electronic properties
of the sensing material, as shown in Table 3. Various studies have demonstrated the superior performance of PANI-based
hybrid materials in detecting gases such as ammonia, hydrogen, and volatile organic compounds (VOCs) [5-7, 11]. Table 4
provides a comparative overview of the approximate costs per gram for various materials commonly used in sensing
applications. It underscores the significant cost differences among these materials, which play a critical role in material
selection, particularly when considering budget constraints and specific application requirements. These cost variations
are essential for assessing the feasibility of large-scale production and implementation, as they directly influence the
overall cost of developing sensing technologies.

Sections 2.1 and 2.2 provide a detailed discussion of:

2.1 PANI with carbon-based nanomaterial composites;

2.2 PANI with metal oxide nanomaterial composites.

Table 3 Performance enhancement of PANI-based gas sensors with various nanomaterials

Property Nanomaterial References
Enhanced conductivity and sensitivity Graphene, carbon nanotubes, metal and metal oxides (e.g., ZnO, TiO,) [23, 29, 65-67]
Increased surface area Nanostructured materials, including graphene and hybrid composites [65, 68-73]
Synergistic effects n-type nanomaterials such as graphene, metal oxides [67,74,75]
Improved stability and selectivity Metal oxides, graphene, other functional nanomaterials [76,77]
Flexibility and processability Flexible substrates combined with nanomaterials such as graphene and [69, 78]

other composites
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Table 4 Fgmparative taple Material Approximate
summarizing the approximate cost (per
costs. per gram for the gram)
specified materials
Polyaniline (PANI) $1-$5
Polypyrrole (PPY) $1-$5
Polythiophene (PTh) $5-510
PEDOT $10-520
Single-walled carbon nanotubes (SWCNT) $100-5500
Multi-walled carbon nanotubes (MWCNT) $50-$100
Graphene $50-$100
Titanium dioxide (TiO,) $0.10-%0.50
Tantalum $2-$5
Samarium oxide (Sm,0s) $10-520
Tin oxide (SnO,) $0.50-%1
Palladium oxide (PdO) $50-$100
Zinc oxide (ZnO) $0.10-%0.50

These sections highlight the improvements, mechanisms, and synthesis approaches for these hybrid materials.
2.1 Nanocarbons/PANI materials

Nanocarbon/PANI composites represent a significant advancement in hydrogen sensing technologies due to their
enhanced conductivity, selectivity, and sensitivity. These materials leverage the unique properties of conducting polymers
and carbon nanostructures, such as carbon nanotubes (CNTs) and graphene [59, 74], to improve sensor performance. The
integration of nanocarbons into PANI matrices results in composites that exhibit increased surface area and improved
electron transfer capabilities, which are critical for effective gas sensing. These composites respond to hydrogen gas
through changes in electrical resistance, which is facilitated by the adsorption of hydrogen molecules on the nanocar-
bons and their subsequent interaction with the PANI matrix [56, 58]. Studies have shown that incorporating multi-walled
carbon nanotubes (MWCNTs) [58] and reduced graphene oxide (rGO) [56] into PANI not only enhances the material’s
conductivity but also significantly boosts its sensitivity and response time to hydrogen gas at room temperature. These
advances make nanocarbon/PANI composites highly promising for developing high-performance, room-temperature
hydrogen sensors.

2.1.1 Sensing performance

2.1.1.1 SWCNT/PANI Shrivastava et al. [58] synthesized PANI through the chemical oxidative polymerization of aniline,
and used ultrasonication to mix PANI with SWCNT to form target material. The sensing performance of SWCNT/PANI and
MWCNT/PANI composites, as shown in Fig. 5, highlights that these hybrids demonstrate significant improvements in
gas detection capabilities. The integration of SWCNTs with PANI enhances the composite’s sensitivity and response time
due to the high surface area and excellent electrical properties of SWCNTs. This results in a more effective interaction
between the gas molecules and the sensing material. Similarly, the use of MWCNTs in the PANI matrix also contributes to
improved sensing performance. The MWCNT/PANI composites exhibit a robust sensing response attributed to the mul-
tiple conductive pathways provided by the MWCNTs, which facilitate efficient charge transfer and gas adsorption. Both
SWCNT/PANI and MWCNT/PANI composites demonstrate superior sensitivity, selectivity, and rapid response times in gas
sensing applications compared to pure PANI, making them highly suitable for advanced gas sensor technologies [58].

2.1.1.2 MWCNT/PANI Bafandeh et al. [79] synthesized MWCNT/PANI composites via chemical oxidative polymerization
with acid sulfonic camphor (CSA) as a strong acid for protonation of EB PANI, incorporating MWCNTs at concentrations
of 1,2, and 4 wt% (Fig. 6). The MWCNTSs were individually dispersed in 5 ml of chloroform through ultrasonication for 2 h,
followed by their integration into pure PANI using ultrasonication, resulting in samples designated as P1(PANI+ 1 wt%of
MW(CNT), P2(PANI + 2 wt% of MWCNT), and P3(PANI+4 wt% of MWCNT).
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Fig.5 a The comparison of response and resistance in PANI samples before and after exposure to 2% hydrogen gas; bSchematic diagram
of sensing electrode; ¢ Resistance changes of composite in 2% H,; d Response of composite in 2% H,. Source: Reproduced with permission
from Ref [58]. Copyright © 2009 Elsevier B.V. All rights reserved

Figure 6 illustrates the significant enhancements in gas detection capabilities of these composites. The incorporation
of MWCNTs into the PANI matrix leads to a composite with improved sensitivity and response for 0.4 vol% hydrogen gas
sensing. The high surface area and excellent electrical conductivity of MWCNTSs facilitate efficient charge transfer and
gas molecule adsorption, resulting in a more effective sensing response. Additionally, the multiple conductive pathways
provided by MWCNTs enhance the overall conductivity of the composite, further boosting its sensing performance.
Compared to pure PANI, the MWCNT/PANI composite exhibits superior performance in detecting gases [79].

These findings align with other studies that have demonstrated the enhanced gas sensing properties of MWCNT/PANI
composites. For instance, research [59] has shown that increasing the CNT content in CNT/PANI composites improves
electrical properties and reduces the optical bandgap, contributing to better sensing performance. Furthermore, Bafan-
deh et al. [79] demonstrated that MWCNT/PANI nanocomposite films maintain good stability over a three-month period,
indicating their potential for long-term gas sensing applications. Hence, the integration of MWCNTSs into the PANI matrix
significantly enhances the composite’s gas sensing capabilities, making it a promising material for detecting various
gases with high sensitivity and selectivity.

2.1.2 Sensing performance based on graphene/PANI

Graphene is a promising material for enhancing the sensing performance of PANL. Its high surface area, planar structure,
superior conductivity, and synergistic interactions with PANI contribute to more effective sensor integration. Unlike
the synthesis processes for SWCNT/PANI and MWCNT/PANI composites, Al-Mashat et al. [29] developed a graphene/
PANI nanocomposite by mixing aniline and graphene prior to polymerization, followed by ultrasonication to achieve
uniformity.

The resulting nanocomposite (Fig. 7) exhibited a significant enhancement in sensitivity compared to its individual
components, attributed to the synergistic interaction between graphene’s high surface area and electrical properties
and PANI’s responsive characteristics. Specifically, the graphene/PANI nanocomposite-based sensor demonstrated
a sensitivity of 16.57% towards a 1% hydrogen gas concentration (Fig. 7a), outperforming sensors made solely from
graphene or PANI nanofibers. This improved performance is primarily due to the effective integration of graphene,

@ Discover



Review
Discover Nano (2025) 20:68 | https://doi.org/10.1186/511671-025-04231-9

(a) (b)

244
‘ —— MFC Pressure gage
Vacuum
Chamber r
| o

-

Power supply

H:2
= Multimeter

Sensitivity(%)

PANI P1 P2 P3

Sample

15000 p~

Response

Resistance(mohm)
]

100 z:o 300 0 100 200 300
time(s) time(s)

Fig. 6 asensitivity of different samples: pure PANI, P1: PANI+ 1% of MWCNT, P2:PANI+2% of MWCNT, P3: PANI+4% of MWCNT; b Schematic
diagram of gas sensing setup; ¢ Resistance changes of PANI films in 0.4 vol.% H,. d Corresponding dynamic responses recovery of PANI thin
filmsin 0.4 vol.% H,. Source: Reproduced with permission from Ref [79]. Copyright © 2023, Bafandeh, Nastaran; Solaymani, Shahram. This
article is distributed under a Creative Commons Attribution (CC BY) license

which provides a conductive network that supports the dispersion and stabilization of PANI, thereby enhancing
interactions with hydrogen molecules.

The XPS spectrum of the graphene/PANI nanocomposite (Fig. 7b) reveals detailed information about the carbon
(C) and nitrogen (N) environments, which are critical due to their role in the electronic and structural characteristics
of the composite. The C1s spectrum typically shows peaks that can be attributed to different carbon states related
to both graphene and PANI. For instance, you might see a peak at around 284.6 eV corresponding to C-C bonds
(indicative of graphene), and other peaks that suggest the presence of C-N bonds, which are characteristic of PANI.
This differentiation helps confirm the successful integration of PANI onto the graphene sheets.

In practical applications, graphene/PANI sensors utilize a conductometric sensing mechanism, measuring changes
in resistance upon exposure to hydrogen gas. This configuration benefits from the nanocomposite’s morphology,
where PANI uniformly covered the graphene sheets, forming a consistent structure that increases the active surface
area available for gas interactions (as shown in Table 5), and facilitating efficient charge transfer between PANI and
graphene. This synergistic effect leads to improved sensing performance in gas detection.
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Fig.7 aThe sensitivity of different samples: graphene/PANI, PANI nanofibers, Graphene; b XPS peak for the graphene/PANI nanocomposite;
c The sensing responses of the graphene/PANI; d The sensing responses of PANI nanofibers. Source: Reproduced with permission from Ref.
[29] Copyright © 2010, American Chemical Society

Table 5 BET surface area

Samples BET surface area Pore volume (cm?/g) Pore diameter (nm)
analyses of PANI and (m2/g)
graphene/PANI [80]
PANI 38.6154 0.139096 13.39647
Graphene/PANI 41.5321 0.194556 20.15315

2.2 Metal oxide/PANI materials
2.2.1 PANI-metal oxides hybrid nanocomposite for hydrogen gas sensors

In the field of hydrogen gas detection, researchers have focused on utilizing PANI and metal oxides to develop sensi-
tive and selective gas sensors. Various studies have been conducted to enhance the detection capabilities of these
materials specifically for hydrogen gas [81-83].

Metal oxides, including ZnO, Sn0O,, TiO,, and WO,, have been used extensively in the field of gas sensors due to
their remarkable chemical stability, large surface areas, and active surface sites that are capable of adsorbing gases
effectively [23, 24, 84, 85]. However, because of their limited selectivity and high working temperatures, they fre-
quently experience problems. Combining PANI with metal oxides leverages the distinct advantages of both materials,
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resulting in enhanced gas sensing capabilities. This synergy leads to improved sensitivity, enhanced selectivity, and
reduced operating temperatures [85].

2.2.2 Preparation methods of PANI-metal oxide hybrid nanocomposites

Several techniques for synthesizing composites of PANI and metal oxides are available:

The sol-gel method is employed to synthesize metal oxides, which are subsequently combined with PANI using
electrochemical deposition. This methodology enables precise control over the composite structure. Mashao et al. [86]
synthesized PANI by polymerizing aniline using ammonium persulfate (APS) as the oxidizing agent. They then prepared
a zinc-based zeolitic benzimidazolate framework (ZnZIF) by reacting zinc chloride with benzimidazole. The PANI-ZnZIF
composite was then created through in-situ oxidative polymerization of aniline in the presence of ZnZIF, resulting in a
nanocomposite material.

Srivastava et al. [87] synthesized a TiO,/PANI composite by conducting in-situ chemical oxidative polymerization of
aniline in the presence of colloidal TiO, nanoparticles, using APS as the oxidant. The preparation method described by
Nasirian et al. [88]involves synthesizing TiO, nanoparticles by adding titanium tetrachloride, followed by gel formation
and calcination to obtain anatase or rutile-phase TiO, nanocomposites. In the sol-gel technique, hydrolysis and conden-
sation are critical processes for achieving the desired characteristics of metal oxides. Pure PANI and PANI/TiO, nanocom-
posites (PTeNCs) were synthesized using in-situ chemical oxidative polymerization of aniline with APS as the oxidant.

Moghaddam et al. [89] synthesized a PANI/titania nanocomposite by dispersing titania nanoparticles into an aniline
solution. APS solution was then added dropwise at a low temperature. The titania content was varied by adjusting the
quantity of titania in the aniline solution prior to polymerization. The resulting nanocomposite was doped with 10-cam-
phor sulfonic acid and applied onto epoxy glass substrates with Cu-interdigitated electrodes via spin-coating to create
sensors.

Srivastava et al. [90] synthesized PANI using in-situ oxidative polymerization, where aniline is chemically oxidized
to form PANI. They then applied a spin-casting technique to deposit thin layers of PANI onto finger-type copper (Cu)
interdigitated electrodes, enhancing the sensor’s surface area for gas interaction. A thin layer of tantalum (Ta) was sub-
sequently coated onto the PANI films to create Ta/PANI composite chemiresistor sensors, combining the conductive
properties of PANI with the reactivity of Ta for improved hydrogen gas sensing. The composite films were later exposed
to high-energy Au*'? ion irradiation at varying fluences, allowing the researchers to investigate how different levels of
ion exposure affect the films’ structural and electrical properties, ultimately influencing their gas sensing performance.
Similarly, the PANI/Sm,0s; nanocomposite was synthesized using an in-situ chemical oxidation polymerization technique
[25]. Sm,03 microspheres were dispersed in an aniline solution at a low temperature, and APS solution was gradually
added to form a dark green PANI/Sm,0; nanocomposite.

Incorporating Pd into composite systems significantly enhances functionality. For instance, Pd plays a crucial role in
PANI/SnO,/Pd nanocomposite films, particularly for hydrogen sensing applications [84]. Palladium nanoparticles act as
catalysts for hydrogen molecule dissociation into hydrogen atoms, forming PdHx. The Pd nanoparticles facilitate electron
transfer with SnO,, while hydrogen atoms within the Pd lattice scatter electrons. Furthermore, PdO nanoparticles have
been utilized to improve the sensing properties of PANI-based nanocomposites for hydrogen detection [91]. Adding
PdO nanoparticles to the PANI matrix increases electron density and barrier width, improving sensitivity and response to
hydrogen gas at ambient temperature. The preparation process involved oxidative polymerization of aniline in a solution
containing PdO nanoparticles and APS as the oxidizing agent. The nanocomposite powders obtained are transformed
into a conductive state through doping with CSA, which facilitates the conversion of PANI to its conductive emeraldine
salt form, significantly enhancing its conductivity. And the resulting powder is deposited as thin films on ITO-coated
glass substrates. These films served as hydrogen sensing elements, eliminating the need for expensive interdigitated
electrodes.

2.3 Gas sensing principle of hybrid conducting polymer-metal oxide nanocomposites

Hybrid nanocomposites consisting of conducting polymers and metal oxides have become highly useful materials for
gas sensing applications, thanks to their exceptional combination of characteristics. To fully understand the gas-sensing
concept of these hybrid materials, one must examine the interactions between the molecules of gas and the composite
material and also the subsequent changes in the material’s electrical properties.
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PANI-based metal oxide composites, specifically PANI/ZnO composites, have demonstrated potential in gas sensing
applications, particularly in the detection of hydrogen gas [83]. The simulations demonstrate a significant enhancement
in the sensitivity of SnO, to H, gas molecules after combining it with Pd. Similarly, the sensitivity of PANI to H, gas mol-
ecules is considerably improved after combining it with SnO,. Among all the films, the SnO,/Pd film exhibits the highest
sensitivity at room temperature, reaching approximately 540% for a gas concentration of 0.4%. In addition, Ag-SnO,
nanofibers were produced using the electrospinning approach. The 2% Ag-SnO, composite exhibited superior stability,
minimal response time, and rapid recovery time in comparison to both pure SnO, and other composites across all hydro-
gen gas concentrations. The sensing mechanism of Ag-doped SnO,/PANI nanofibers can be explained by the formation
of a depletion layer between the p-type PANI and the n-type Ag-SnO, [52, 92]. Furthermore, nanofibers consisting of
PANI and aluminium doped tin oxide (Al-SnO,/PANI) have been produced using the electrospinning approach for the
purpose of sensing hydrogen gas. When exposed to hydrogen gas at a concentration of 1000 ppm, the nanofibers of
the AI-SnO,/PANI composite showed a high level of sensitivity at 48 °C. Additionally, the response and recovery times
of the composite nanofibers were faster compared to those of pure SnO, [93].

A study was conducted to investigate the gas sensing capabilities of TiO, nanotube arrays. TiO, nanostructures are
considered ideal functional materials for hydrogen gas sensing due to their exceptional chemical stability, large surface
area, non-toxicity, and compatibility with various sensing methods. Among the many semiconductor metal oxides, TiO,
nanostructures have proven to be particularly efficient. The study revealed that TiO, nanotube arrays exhibit a signifi-
cant response and suitable selectivity toward H, gas at an operating temperature of 300 °C [94]. PANI can enhance the
transfer of electric charge between the gas molecules and other constituents of the composite material. The hydrogen
gas detecting mechanism of the porous PANI tube-like/TiO, nano-heterostructure (PPTH) is based on the chemisorp-
tion of H, gas molecules onto the material’s surface, resulting in alterations in the sensor’s electrical conductivity. The
interaction between H, and the PPTH structure leads to alterations in the concentration and mobility of charge carriers
inside the material, resulting in a detectable change in resistance [23]. This change in resistance acts as a signal for the
presence of hydrogen gas, with higher sensitivity showing the sensor’s capacity to detect low amounts of hydrogen.
Nasirian et al. [88]. conducted research on the influence of various titania phases on the hydrogen gas sensing proper-
ties of PANI/TiO, nanocomposite. The study determines that the distinct stages of titania (anatase and rutile) have a
substantial impact on the ability of PANI/TiO, nanocomposites to detect hydrogen gas. Rutile TiO, has stronger thermal
stability and a lower band gap than other phases, allowing for increased charge carrier mobility and interaction with
hydrogen molecules. The addition of rutile in the nanocomposite improves its specific surface area and porosity, result-
ing in more active sites for gas adsorption and reaction. It was found that sensors with 40 wt% rutile TiO, nanoparticles
exhibited a reproducible response to 0.8 vol% hydrogen gas at room temperature [87, 89]. On the other hand, the
inclusion of anatase TiO, nanoparticles into the PANI matrix might promote the development of an n-p heterojunction,
hence improving charge carrier transport and electron transfer between the two materials. When exposed to hydrogen
gas, this interaction reduces resistance while increasing conductivity because the TiO, nanoparticles provide alternative
paths for electron transport. Furthermore, the well-dispersed anatase nanoparticles increase the surface area for gas
adsorption, which improves interaction with hydrogen molecules [95]. Additionally, the increase in resistance is likely
caused by the improved alignment (better packing) of anatase TiO, nanoparticles as well as PANI matrix compared to
rutile nanoparticles and PANI matrix.

Farooqi et. al. developed a composite material known as PANI Zinc Oxide (PANI-ZnO), which results in a substantial
enhancement in the interaction energy between the composite sensor and hydrogen molecules. The investigation
revealed that the composite sensor exhibited a binding affinity of around 42.8 kcal/mol with hydrogen gas, indicating
a robust interaction energy [83]. The heightened interaction between components causes alterations in the electrical
configuration and conductive properties of the substance, leading to heightened sensitivity to hydrogen gas. In addi-
tion, the composite sensor exhibited nearly double the level of interaction energy with hydrogen in comparison to other
substances, including ethanol, methanol, and acetone. The results emphasize the efficacy of the PANI-ZnO composite
sensor in detecting hydrogen gas, indicating its potential as a material for hydrogen sensing in the monitoring and
treatment of industrial effluents.

Palladium (Pd) and palladium-based alloys have been extensively studied as H, sensors because of their rapid reaction
and exceptional sensitivity to H, gas, even at ambient temperatures [96, 971. In addition, Pd was employed for the decora-
tion of the polymer. The preparation process entails the synthesis of Pd-decorated nanoporous poly(aniline-co-aniline-
2-sulfonic acid):poly(4-styrenesulfonic acid)(PANI-co-ASA):PSS) nanostructures[98]. Palladium(ll) chloride is used as a
catalyst to detect hydrogen by generating compounds with sulfonic acid groups (Fig. 8). Also, ammonium bicarbonate is
used to stimulate the creation of pores when heated, so increasing the surface area facilitates better hydrogen transport.
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Fig.8 a Potential mechanisms for molecular interactions between Pd-decorated copolymer and H, gas molecules, b Dynamic responses of
copolymer to H, (5 to 100 ppm), c response of copolymer to different gases. Source: Reproduced with permission from Ref [98]. Copyright ©
2013, Royal Society of Chemistry

The Pd-decorated P(ANI-co-ASA):PSS nanostructure interacts with H, gas molecules by two primary methods:
hydrogen bonding with amine nitrogen positions along the polymer backbone and absorption by neutral Pd nano-
particles connected to the nanostructure. These interactions have the effect of facilitating charge transfer and resis-
tivity changes, which in turn increases the sensitivity of the nanostructures to the detection of H, gas (Fig. 8a). The
presence of nanoporous structures resulted in enhanced electron transport when exposed to H, gas, as a result of
the greater surface area available for interaction with H, molecules. As a result, the nanoporous device exhibited
consistent baseline resistance across a broad range of H, concentrations, in contrast to the pristine and Pd-decorated
non-porous samples (Fig. 8b). The sensors utilizing P(ANI-co-ASA):PSS nanostructures exhibited a response time of
under 90 s, with the initial resistance returning to normal within around 40 s. The swift reaction and recuperation
demonstrated the effectiveness of the nanostructures in detecting hydrogen gas.

Heterostructure materials have attracted researchers’ attention for gas sensing applications because of their dis-
tinctive chemical and electrical properties, which improve the sensitivity and response characteristics of the sensing
device. Arora et.al [91] have created composites of PdAO and PANI by a one-pot in-situ wet chemical assembly pro-
cedure. A thin coating of pure PANI, PANI with 5% PdO, and PANI nano-composites with 10% PdO are placed onto a
glass substrate covered with an ITO layer using a sputtering process. The proposed heterostructure device exhibits
significant sensitivity to hydrogen concentrations of 1%, 3%, 10%, and 20%.
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To summarize, the study on PANI and metal oxides for hydrogen gas detection showcases notable progress in the
creation of highly sensitive and specific gas sensors. The cited research showcase the potential of PANI-based materials
in gas sensing technologies, namely for detecting hydrogen gas. This opens up possibilities for developing efficient and
dependable gas sensors for a range of industrial and environmental monitoring purposes.

3 Challenges and prospects

The hydrogen sensors based on PANI have several advantages such as room-temperature operation and excellent elec-
tronic properties, easy fabrication, and low cost, compared to conventionally used metal oxide semiconductor (MOS)
materials [84, 99]. However, PANI has several drawbacks compared to MOS, including (1) low hydrogen sensitivity, (2)
poor thermal stability, and (3) limited solubility.

Pure PANI has poor sensitivity so it can’t be used alone as a gas sensor[100]. In their work, Pippara et al. [84] reported
that pure PANI films showed the least sensitivity when interacted with H, gas, compared to SnO, film, SnO, + Pd compos-
ite, and SnO,/PANI nanocomposite. The gas sensing mechanism in PANI is due to the reduction of the imine (=N-) and
amine (-NH-) groups with H, molecules. The resistance of the polymer film decreases with the protonation of the N atom.
Whereas, in SnO,/PANI nanocomposite SnO, is an n-type and PANI is a p-type material. Under the normal atmospheric
condition oxygen gets absorbed on the SnO, surface by occupying oxygen vacancies that are formed during the hydro-
thermal synthesis. The adsorbed oxygen molecules capture the free electrons in the conduction band of n-type SnO,,
and form (O~, 0?7) species. This leads to improvement in gas sensing property, as it increases the number of active sites
for adsorption of gas molecules. In this gas sensing mechanism, H, molecules react with adsorbed oxygen species, and
form free electrons alongside water molecules. These free electrons recombine with the holes which are major charge
carrier species in p-type PANI. The overall charge neutralization reduces the number of charge carriers, and increases
the resistance of the material.

It's prominent that gas adsorption is a key process in the sensing process alongside redox reactions. In their work,
Kroutil et al. [101] tested different morphology of PANI layers for gas detection, and found that while adsorption is favored
at room temperature, increasing temperature up to 80 °C shifts the equilibrium to the direction of gas desorption. In
contrast, the sensing performance based on redox reactions tends to increase with higher temperature, due to increased
reaction speed [99]. However, PANI is an organic compound, and can’t withstand high temperatures at 200-500 C as
opposed to MOS. Therefore, low thermal stability is another limitation of PANI based sensors.

Another challenge faced by pure PANI gas sensors is poor solubility of CPs. PANI salt, emeraldine hydrochloride, is gen-
erally not soluble in common organic solvents. It was reported to be soluble only in concentrated sulfuric acid solution,
and soluble in organic solvents such as chloroform, dimethylsulfoxide (DMSO), and xylene upon mixing with function-
alized protonic acids such as CSA and dodecylbenzenesulfonic acid (DBSA) [102]. This factor limits PANI's compatibility
with advanced fabrication techniques and restricts its ability to blend with functional additives. Many gas sensors rely
on composite materials or coatings enhanced with nanoparticles or catalysts, but PANI's insolubility makes it challeng-
ing to achieve uniform mixtures or high-quality films. Additionally, this issue increases production complexity and costs,
making it less feasible for large-scale manufacturing and commercial applications. Addressing solubility challenges is
essential to improve PANI's adaptability and performance in sensor technologies.

3.1 Prospects

During the past decade, PANI manifested great potential for application in hydrogen gas sensing. Hybridization, or form-
ing hybrid materials [103] of PANI with conventionally used metal oxide can improve the sensitivity of composite due
to the synergistic effect, and overcome the limitations of pure PANI[100]. In their work, Pippara et al. [84] present a new
type of SnO,, PANI, and Pd hybrid films as promising ultra-high sensitive gas sensors. Pd doped PANI-SiO, films showed
the highest ratio of sensitivity to total cycle time, which is the sum of response time and recovery time. The generation of
more active sites for H, gas adsorption through the large precise surface area and microstructure of SnO, increases the
sensing performance of hybrid composite. Additionally, Pd nanoparticles act as a catalyst by dissociating H, molecules
into H atoms and PdH(x), for the adsorption of H, molecules onto the PANI-SiO, surface.

The conductivity of PANI like any other CP depends on the ability to transfer charge carriers along the polymer back-
bone, and for the carriers to hop between polymer chains. Thus, alteration of these processes directly affects the conduc-
tivity of PANLI. For this reason, different nanostructured forms of PANI, including nanorods, nanowires, and nanofibers are
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of particular interest due to their increased surface area that allows faster diffusion of gas molecules into the gas sensor
structure. For instance, Virji et al. [104] showed that thin films composed of PANI nanofibers exhibit faster response times
and greater sensitivity than those produced by conventional methods. This improvement is attributed to more efficient
charge transfer pathways and a higher density of active sites in the nanostructures. Moving forward, a promising prospect
lies in the design of tailored nanostructures that optimize conductivity, mechanical stability, and diffusion efficiency.
Further exploration of hybrid systems that combine PANI nanostructures with nanoparticles or two-dimensional mate-
rials like graphene could significantly enhance the performance of gas sensors. These advancements open the door to
the development of ultra-sensitive, selective, and robust hydrogen gas sensors.

Overall, the high conductivity and unique doping mechanism, as well as room temperature sensing capability of PANI
over conventionally used metal oxides, which require increased temperature to work, renders it to be a very promising
material for hydrogen gas sensors. For this reason, PANI based sensors consume much less energy, and are superior
for the development of low power sensors. Additionally, the flexibility of CPs, including PANI makes it a highly suitable
material for integration into flexible devices over MOS. This property is especially practical for long-life sensor devices.
Despite this, pure PANI based sensors still suffer from instability, weak sensing ability, and poor solubility. To overcome
these limitations, significant work was put into hybridization of PANI with other inorganic materials, such as graphene,
carbon nanotubes, metals, or metal oxides [99]. The synergistic effect of combining PANI with inorganic material leads
to increased stability and sensing properties of composite, through reinforced adsorption and electronic interactions.
Despite considerable research advancements, there are still concerns regarding gas selectivity, stability, and sensing
response that hinder the practical application of PANI. Further efforts are required to resolve these issues and enhance
PANI's suitability as sensors for real-world use.

4 Conclusion
This review highlights the significant advancements in the development of PANI-based hydrogen sensors, emphasiz-

ing the role of hybrid materials, nanostructured morphologies, and advanced synthesis techniques in enhancing their
performance. The key findings of the study are summarized as follows:

4.1 Electrical properties
PANI and its hybrids demonstrate enhanced conductivity, particularly when combined with graphene, metal oxides,

or carbon nanotubes. The composites exhibit significantly higher sensitivity and reduced resistance changes during
hydrogen detection at room temperature.

4.2 Nanostructural influence
Morphological tailoring of PANI nanostructures (nanofibers, nanotubes, and nanospheres) significantly increases the

surface area, as evidenced by BET analysis. PANI nanotubes achieved a surface area of 77.1 m?%/g, resulting in superior
gas adsorption properties.

4.3 Sensing performance

Hybrid materials like PANI/ZnO and PANI/SnO, exhibit faster response and recovery times, with sensitivity reaching up
to 29% at 15 s for PANI hollow nanotubes at 1-100 ppm hydrogen concentrations.

4.4 Synergistic effects in composites

Incorporation of palladium nanoparticles into PANI-based composites catalyzes hydrogen dissociation, enhancing the
detection capabilities through a spillover mechanism.
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4.5 Surface area and morphology

Graphene/PANI composites display improved gas adsorption due to synergistic effects and increased active surface
areas, as confirmed by XPS analysis and pore diameter measurements (e.g., 20.15 nm for graphene/PANI vs. 13.4 nm for
pure PANI).

Future research should address remaining challenges in stability, selectivity, and response time to fully exploit the
potential of PANI-based sensors. Continued innovation in the synthesis and integration of PANI with advanced materials
will enable the development of highly efficient and reliable hydrogen sensors, contributing to safer hydrogen storage
and utilization in various industries.
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