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ABSTRACT 

Hybrid organic–inorganic nanocomposites have attracted considerable attention owing to their enhanced sensitivity 

toward oxidizing and reducing gases and their potential for sustainable sensing technologies. In this study, a novel 

PANI@ZnO/Fe₃O₄ hybrid nanocomposite film was synthesized through chemical oxidative polymerization for high-

performance ammonia sensing under ambient conditions. The incorporation of ZnO and Fe₃O₄ nanoparticles into the PANI 

matrix resulted in measurable changes in the structural, optical, and thermal characteristics of the hybrid nanocomposite. The 

successful formation of the hybrid nanocomposite was confirmed through X-ray diffraction (XRD), Fourier transform 

infrared spectroscopy (FTIR), UV–Vis spectroscopy, and thermogravimetric analysis (TGA). The optical band gap decreased 

from 3.18 eV for pure PANI to 2.79 eV for the PANI@ZnO/Fe₃O₄-5 nanocomposite, indicating improved charge transfer 

characteristics. Among the fabricated sensors, the PANI@ZnO/Fe₃O₄-5 sensor exhibited the highest sensing response of 

approximately 215% toward 300 ppm NH₃, with a sensitivity of 0.727 % ppm⁻¹ (R² = 0.9989) over the investigated 

concentration range of 50–300 ppm and rapid response and recovery times of about 11 s. The sensor also demonstrated 

excellent selectivity against interfering gases, including CO, CO₂, H₂S, and ethanol, together with good long-term stability 

and humidity tolerance. The enhanced sensing performance may be associated with interactions among PANI, ZnO, and 

Fe₃O₄ nanoparticles and the resulting changes in the sensing behavior toward NH₃. These findings demonstrate the potential 

of PANI@ZnO/Fe₃O₄ hybrid nanocomposites as sustainable materials for advanced environmental monitoring and room-

temperature ammonia sensing applications. 
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1. INTRODUCTION 

Ammonia (NH₃) is a widely encountered 

hazardous gas associated with fertilizer production, 

refrigeration, chemical processing, and environmental 

emissions. Reliable room-temperature NH₃ detection is 

particularly attractive because it minimizes heating 

requirements, reduces energy consumption, and 

facilitates portable and continuous monitoring (Daramola 

et al. 2025). Despite considerable advances in gas-

sensing materials, practical limitations remain in 

sensitivity, selectivity, humidity tolerance, response–

recovery kinetics, long-term stability, and reproducibility 

(Buledi et al. 2023). Room-temperature operation is 

important because many conventional metal-oxide gas 

sensors require thermal activation, increasing power 

consumption and complicating integration into portable 

sensing platforms. Current NH₃ sensors also exhibit 

trade-offs among low-concentration sensitivity, gas 

selectivity, humidity resistance, response–recovery 

speed, and operational stability. Consequently, 

development of hybrid sensing materials capable of 

efficient NH₃ adsorption and charge modulation under 

ambient conditions remains important. Contemporary 

gas sensing research is primarily directed toward 

nanoscale metal oxide-based sensors, metal–polymer 

composite systems, and biosensors that offer improved 

analyte selectivity and detection performance 
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(Gunasekaran et al. 2025). Despite remarkable progress, 

challenges related to stability, reproducibility, and large-

scale implementation remain significant concerns in 

practical applications (Murugan et al. 2025). Iron oxide-

based nanomaterials have emerged as promising sensing 

platforms owing to their catalytic activity, 

biocompatibility, and ease of functionalization. A 

peroxidase-simulating FeOx/C nanozyme prepared 

through electrospinning and subsequent calcination 

demonstrated excellent catalytic activity, enabling highly 

sensitive colorimetric detection of ascorbic acid under 

optimized synthesis conditions (Liu et al. 2022). 

Similarly, surface-functionalized Fe₃O₄ nanoparticles 

integrated with electrochemical platforms exhibited 

excellent analytical performance, achieving low 

detection limits and high selectivity for biomolecule 

monitoring (Niaz et al. 2025). Magnetic nanohybrid 

systems have also been successfully incorporated into 

portable sensing devices, highlighting their suitability for 

rapid and on-site detection applications (Pakapongpan et 

al. 2022). Fluorescent iron oxide nanoparticle-based 

sensors have shown significant potential for 

environmental monitoring. Functionalization with 

fluorophore molecules enabled rapid and selective 

detection of toxic heavy metal ions through fluorescence 

quenching mechanisms, achieving excellent 

discrimination against interfering ions in aqueous 

systems (Bilgic and Cimen, 2020). In another approach, 

pyrene-modified iron oxide nanoparticles exhibited 

efficient “turn-off” fluorescence behavior for mercury 

ion detection, providing nanomolar-level sensitivity 

suitable for environmental analysis (Tümay et al., 2021). 

The incorporation of iron oxide nanoparticles 

into conductive polymer matrices has further expanded 

their sensing capabilities. Nanocomposite electrodes 

composed of polyaniline (PANI), graphene derivatives, 

and iron oxide nanoparticles exhibited enhanced electron 

transfer kinetics and catalytic activity, resulting in highly 

sensitive non-enzymatic glucose detection over broad 

concentration ranges (Ghaffarirad et al. 2024). Likewise, 

microbial fuel cell-based biosensors modified with iron 

oxide nanoparticles and conductive polymers enabled 

rapid biochemical oxygen demand (BOD) monitoring 

with excellent analytical accuracy and short response 

times (Yang et al. 2025). Beyond sensing applications, 

iron oxide nanocomposites have demonstrated 

multifunctionality in energy storage systems. 

Electrochemically synthesized PANI/iron oxide films 

exhibited enhanced magnetic properties, while 

nanocomposite electrodes incorporating Fe₃O₄ and 

graphitic carbon nitride delivered high capacitance and 

long-term cycling stability, indicating strong synergistic 

electrochemical behavior (Al-Gharram et al. 2024), 

(Yang et al. 2020). Furthermore, silver-doped Fe₂O₃ 

nanoparticles and other modified iron oxide systems have 

shown promising electrochemical characteristics for both 

sensing and energy storage applications (Velayudham 

and Natarajan, 2025). Green synthesis approaches have 

increasingly been employed to produce environmentally 

sustainable nanomaterials with excellent functional 

performance. Plant-mediated iron oxide nanoparticles 

have been successfully utilized for sensitive 

electrochemical sensing of target analytes, demonstrating 

low detection limits and broad linear response ranges 

(Hasan et al. 2021). Biosynthesized iron oxide-gold 

nanocomposites have also been explored for pathogen 

detection, providing cost-effective and efficient 

diagnostic platforms (Shanavash et al. 2026).  

Recent investigations have highlighted the 

biomedical relevance of iron oxide nanoparticles. 

Microwave-assisted synthesized Fe₃O₄ nanoparticles 

possessing high saturation magnetization and controlled 

crystallite size have been proposed for magnetic 

resonance imaging, targeted drug delivery, hyperthermia 

treatment, and biosensing applications (Singh et al. 

2025). Drug-loaded Fe₃O₄-based nanocarriers 

functionalized with amino acid ligands demonstrated 

controlled pH-responsive drug release and significant 

anticancer activity against melanoma cell lines, 

emphasizing their therapeutic potential (Toderascu et al. 

2023). ZnO-based nanocomposites combined with 

conductive polymers have also gained considerable 

attention for sensor development. Thulium-doped 

ZnO/PANI nanocomposites exhibited excellent 

electrochemical performance for dopamine detection, 

providing high sensitivity and low detection limits 

(Yıldız et al. 2024). Similarly, PANI/ZnO nanocomposite 

films have been employed in conductometric 

immunosensors for pathogen detection and voltammetric 

sensors for preservative monitoring, demonstrating broad 

analytical applicability (Mutlaq et al. 2021), (Manasa et 

al. 2019). Optimized PANI/ZnO systems have 

additionally shown effective non-enzymatic cholesterol 

sensing capabilities with satisfactory sensitivity and 

linear response characteristics (Murugesan et al. 2024).  

Flexible and wearable sensing devices have 

further benefited from ZnO-polymer nanocomposite 

architectures. Electrospun ZnO/PANI-based humidity 

sensors demonstrated rapid response behavior across a 

wide humidity range and were successfully utilized for 

real-time respiratory monitoring applications (Yan et al. 

2023). Likewise, chitin nanowhisker/ZnO/PANI 

nanocomposites enabled room-temperature ethanol 

sensing with low detection limits, highlighting their 

potential for wearable electronics and Internet of Things 

(IoT) technologies (Andre et al. 2020). Advanced hybrid 

nanostructures integrating noble metals and magnetic 

nanoparticles have also been explored for biosensing 

applications. Hollow Pt–Fe₃O₄@C nanocomposites 

exhibited excellent catalytic activity and 

biocompatibility, enabling sensitive sarcosine detection 

for prostate cancer screening (Yang et al. 2019). 

Furthermore, carbon-supported Fe₂O₃ nanocomposites 

functionalized with cysteine demonstrated ultratrace 

detection of toxic heavy metal ions owing to their strong 
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adsorption affinity and enhanced electrochemical activity 

(Basha et al. 2025). In addition to electrochemical 

sensing, iron oxide nanomaterials have shown excellent 

gas sensing capabilities. Hydrothermally synthesized α-

Fe₂O₃ nanoparticles possessing high surface area and 

favorable porous morphology demonstrated superior 

ammonia sensing performance at room temperature, 

accompanied by rapid response and recovery 

characteristics indicating their suitability for practical gas 

monitoring applications (Rajyashree et al. 2023).  

The novelty of this study lies in the development 

and systematic evaluation of PANI@ZnO/Fe₃O₄ ternary 

nanocomposite films for room-temperature NH₃ sensing. 

In contrast to conventional PANI/metal-oxide binary 

systems, the present work combines conductive PANI 

with ZnO and Fe₃O₄ to exploit their complementary 

contributions to NH₃ adsorption, interfacial charge 

modulation, and resistance-based sensing. The controlled 

variation of ZnO/Fe₃O₄ loading enables direct assessment 

of composition-dependent effects on sensing response, 

response–recovery kinetics, selectivity, long-term 

stability, and humidity tolerance. The ternary architecture 

is intended to provide a synergistic sensing environment 

through PANI protonation–deprotonation behavior 

together with additional adsorption and interfacial sites 

introduced by the metal oxides. Thus, the study 

contributes a comparatively underexplored 

PANI/ZnO/Fe₃O₄ sensing platform for low-power, 

ambient-temperature ammonia detection and 

environmental monitoring. 

2. MATERIALS AND METHODOLOGY 

2.1 Materials  

The substances and materials utilized in the 

experimental study are procured from Star Scientific 

Enterprises, Erode, Tamil Nadu, India, and are delineated 

in Table 1. All reagents were employed as received 

without any additional purification. Double-deionized 

water were uniformly employed for formulation of all 

experimental solutions during the study. 

Table 1. Chemicals utilized in the synthesis process 

S. 

No. 
Chemical Formula 

Molecular 

Weight 

 ( 𝐠 𝐦𝐨𝐥−𝟏 ) 

1 Polyaniline C₆H₇N 93.13 

2 
Ammonium 

persulfate (APS) 
(NH4)2 S2O8 228.20 

3 Hydrochloric acid HCl 36.46 

4 Zinc oxide ZnO 81.38 

5 Iron oxide Fe₃O₄ 231.53 

2.2 Synthesis of Polyaniline 

Polyaniline was created by chemical oxidative 

polymerization of aniline in an acidic environment. The 

aniline monomer was initially dissolved in 1 M 

hydrochloric acid (HCl) with continuous magnetic 

stirring to produce an anilinium chloride solution. 

Ammonium persulfate (APS) was independently 

dissolved in 1 M HCl and utilized as an oxidizing agent. 

An APS solution was introduced dropwise into 

the aniline solution while maintaining steady stirring at a 

temperature of 0–5 °C. The reaction mixture was agitated 

constantly for 4–6 hours and subsequently allowed to 

stand undisturbed for 1 day to ensure full polymerization. 

A dark green precipitate of PANI emeraldine salt was 

obtained using vacuum filtration and subsequently 

washed multiple times with deionized water, ethanol, and 

weak HCl to eliminate unreacted monomer, oligomers, 

and residual oxidant. The resultant PANI powder was 

dried in a hot-air oven at 50–60 °C for 1 day until a 

constant weight was attained (Tamilarasi et al. 2026). 

 

Fig. 1: Acid-mediated synthesis of polyaniline 
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2.3 Preparation of PANI@ZnO/Fe₃O₄ Hybrid 
Nanocomposite 

Figure 2 illustrates the in situ chemical 

oxidative polymerization process employed for the 

synthesis of the PANI@ZnO/Fe₃O₄ hybrid 

nanocomposite. Initially, 1 M aniline monomer was 

solubilized in a 0.15 M hydrochloric acid solution under 

continuous magnetic stirring at 500 rpm to obtain a 

homogeneous anilinium chloride solution. 

Independently, precursor solutions including Zinc nitrate 

[Zn(NO₃)₂·6H₂O] and Magnetite (Fe₃O₄) nanoparticles 

were formulated in 10 mL of distilled water and 

ultrasonicated at 40 kHz and 100 W for 30 min to obtain 

stable suspensions. 

The metal precursor solutions were 

subsequently incorporated into the aniline solution in 

specified ratios and continually agitated to create a 

uniform reaction mixture. APS dissolved in 0.15 M HCl 

was gradually added as the oxidizing agent under ice-

bath conditions (0–5 °C). The total reaction volume was 

adjusted to approximately 100 mL using distilled water, 

and oxidative polymerization was continued for 6 h under 

continuous stirring at 500 rpm. The resulting dark-green 

precipitate was recovered by vacuum filtration using 

Whatman No. 1 filter paper and washed three times with 

deionized water followed by ethanol to remove residual 

reactants and impurities.  

The recovered PANI@ZnO/Fe₃O₄ hybrid 

nanocomposite was dried in a hot-air oven under 

atmospheric air at 60 °C for 24 h. The ZnO/Fe₃O₄ 

loadings were systematically varied from 0.10/0.05 to 

1.00/0.40 g while maintaining 0.6 g PANI to investigate 

the effect of metal oxide loading on the properties and 

NH₃ sensing performance of the hybrid nanocomposites.  

 
 

Fig. 2: Schematic illustration of the in-situ chemical oxidative polymerization process for the preparation of 
PANI@ZnO/Fe₃O₄ hybrid nanocomposites 

PANI@ZnO/Fe₃O₄ hybrid nanocomposites 

were manufactured utilizing varying concentrations of 

Zinc oxide and Fe₃O₄ nanoparticles. The ZnO/Fe₃O₄ filler 

contents were changed at 0.10/0.05 g, 0.25/0.10 g, 

0.50/0.20 g, 0.75/0.30 g, and 1.00/0.40 g, with the 

resulting samples denoted PANI@ZnO/Fe₃O₄-1, 

PANI@ZnO/Fe₃O₄-2, PANI@ZnO/Fe₃O₄-3, 

PANI@ZnO/Fe₃O₄-4, and PANI@ZnO/Fe₃O₄-5 as 

depicted at Table 2. 

Table 2. Composition of PANI@ZnO/Fe₃O₄ hybrid 
nanocomposites 

Sample 

Designation 

PANI 

(g) 

Fe₃O₄ 

Loading 

(g) 

ZnO 

Loading 

(g) 

PANI 0.60 0 0 

PANI@ZnO/Fe₃

O₄-1 
0.60 0.05 0.10 



 

 

PANI@ZnO/Fe₃
O₄-2 

0.60 0.10 0.25 

PANI@ZnO/Fe₃

O₄-3 
0.60 0.20 0.50 

PANI@ZnO/Fe₃
O₄-4 

0.60 0.30 0.75 

PANI@ZnO/Fe₃
O₄-5 

0.60 0.40 1.00 

2.4 Mechanism of Stabilization in 
PANI@ZnO/Fe₃O₄ Hybrid System 

The imine and amine functional groups on the 

PANI backbone engage robustly with ZnO and Fe₃O₄ 

nanoparticles via coordination bonding, facilitating the 

uniform stability and dispersion of metal oxide particles 

inside the polymer matrix. In the production of hybrid 

nanocomposites, interfacial redox interactions facilitate 

the efficient integration of ZnO and Fe₃O₄ nanoparticles 

into the conductive PANI matrix without the need for 

supplementary stabilizing chemicals. The superior 

electrical conductivity and catalytic properties of ZnO 

and Fe₃O₄ markedly improve the charge transfer 

dynamics and sensing efficacy of the PANI matrix. This 

synergistic interaction enhances the gas sensing 

capabilities and overall functional attributes of the 

produced nanocomposite. Figure 3 demonstrates that, 

PANI chains with amine functionalities efficiently 

prevent the aggregation of ZnO/Fe₃O₄ nanoparticles and 

ensure a steady distribution of nanoparticles within the 

matrix.  

 

Fig. 3: Stabilization of PANI@ ZnO /Fe₃O₄ hybrid nanocomposite 

The comprehensive reaction can be 

encapsulated as follows: 

Oxidative polymerization of Polyaniline 

𝑛𝐶6H5NH2 + (NH4)2S2O8 → (C6H4NH)𝑛 + 2NH4HSO4… (1) 

Incorporation of ZnO and Fe₃O₄ nanoparticles 

into PANI matrix: 

PANI +  ZnO NPs +  Fe₃O₄ NPs → PANI@ZnO/
Fe3O4 hybrid nanocomposite  … (2) 

During oxidative polymerization, ZnO and 

Fe₃O₄ nanoparticles were incorporated into the growing 

PANI matrix to form the PANI@ZnO/Fe₃O₄ hybrid 

nanocomposite. This representation denotes nanoparticle 

incorporation rather than a reduction reaction. 

The incorporation of ZnO and Fe₃O₄ 

nanoparticles into the PANI matrix may promote 

interfacial interactions between the polymer and metal 

oxide components. This interpretation is supported by the 

observed FTIR spectral changes, including the shift in the 

N–H stretching band and the characteristic Fe–O and Zn–

O vibrations. However, the precise interfacial 

stabilization mechanism cannot be conclusively 

established from FTIR analysis alone. 

2.5 Preparation of PANI Film 

Pure Polyaniline (PANI) was dispersed in N-

methyl-2-pyrrolidone (NMP) to achieve a homogeneous 

viscous solution, attributed to robust intermolecular 

interactions and elongated conjugated polymer chains of 

PANI. NMP is a highly polar aprotic solvent that 

efficiently dissolves conductive polymers while 

maintaining the structural integrity of the PANI 

backbone. The resultant viscous properties promote the 

creation of homogeneous thin films, which is beneficial 

for gas sensing applications. The PANI solution was 

applied to a silicon substrate by the spin-coating 

technique at 1500 rpm for 20 seconds to achieve a 



 

 

uniform sensing layer. Electrical connections were 

subsequently formed utilizing zinc paste on the coated 

PANI film, with both the electrode track width and inter-

electrode spacing consistently set at 1 mm. 

2.6 Preparation of PANI@ ZnO /Fe₃O₄ Film 

To formulate the sensing solution, 2 mg of 

synthesized PANI/Fe₃O₄/ZnO hybrid nanocomposite was 

dispersed in 0.1 M polyvinyl pyrrolidone (PVP) while 

continuously stirring to achieve a stable coated 

suspension. The resultant slurry was applied to a silicon 

substrate via the spin-coating method at 1500 rpm for 10 

seconds to create a homogeneous sensor film. Zinc paste 

was next utilized to create electrical contacts on the 

produced conductive film, as shown in Figure 4. 

 

Fig. 4: Fabricated PANI@ZnO nanocomposite film 

3. RESULTS AND DISCUSSION 

3.1 X-ray Diffraction (XRD)  

Figure 5 depicts the XRD of pure PANI and 

PANI@ZnO/Fe₃O₄ hybrid nanocomposites with different 

amounts of ZnO and Fe₃O₄ nanoparticles. The extensive 

diffraction peak located at 25.2° in Figure 5(a) validates 

the partly amorphous nature of PANI. The hybrid 

nanocomposites have numerous pronounced and distinct 

diffraction peaks, signifying the crystalline properties of 

ZnO and Fe₃O₄ nanoparticles incorporated inside the 

polymer matrix. The diffraction peaks at 31.8°, 34.4°, 

36.3°, and 47.5° are assigned to (100), (002), (101), and 

(102) planes of hexagonal ZnO (JCPDS/PDF No. 36-

1451), whereas the peaks at 30.2°, 35.5°, 43.2°, 53.5°, 

57.1°, and 62.7° correspond to (220), (311), (400), (422), 

(511), and (440) planes of cubic Fe₃O₄ (JCPDS/PDF No. 

19-0629). Table 3 illustrates the substantial impact of 

ZnO and Fe₃O₄ concentration on nucleation behavior and 

crystalline development in the nanocomposite system, as 

evidenced by the variance in crystallite size. The 

observed diffraction changes suggest that ZnO and Fe₃O₄ 

incorporation influences the structural ordering of the 

PANI matrix, while the characteristic oxide reflections 

confirm the retention of the crystalline phases in the 

hybrid nanocomposites. 

Table 3. XRD-derived structural parameters of PANI@ZnO/Fe₃O₄ hybrid nanocomposites 

Sample 

Designation 

𝟐𝜽 of Intense 

Peak (°) 

FWHM of 

Intense Peak 

(°) 

Crystallite 

Size (nm) 
𝒅-spacing (nm) 

Lattice 

Parameter 

(Å) 

Microstrain 

(ε) 

Dislocation 

Density 

ZnO 
Fe₃

O₄ 

Zn

O 

Fe₃

O₄ 

Zn

O 

Fe₃

O₄ 
ZnO 

Fe₃O

₄ 
ZnO 

Fe₃

O₄ 

Zn

O 

Fe₃

O₄ 

Zn

O 

Fe₃

O₄ 

PANI@ZnO/Fe

₃O₄-1 

36.2

8 

35.4

8 

0.4

2 
0.51 

20.

4 
16.8 

0.247

4 

0.252

8 

3.24

9 

8.39

2 

5.6

7 
7.12 

2.4

0 
3.54 

PANI@ZnO/Fe

₃O₄-2 

36.3

0 

35.5

0 

0.3

9 
0.48 

22.

1 
18.0 

0.247

3 

0.252

7 

3.25

0 

8.39

4 

5.2

5 
6.70 

2.0

5 
3.09 

PANI@ZnO/Fe

₃O₄-3 

36.3

2 

35.5

3 

0.3

5 
0.44 

24.

6 
20.1 

0.247

2 

0.252

5 

3.25

1 

8.39

7 

4.7

2 
6.11 

1.6

5 
2.47 

PANI@ZnO/Fe

₃O₄-4 

36.3

4 

35.5

6 

0.3

1 
0.40 

27.

8 
22.3 

0.247

1 

0.252

3 

3.25

2 

8.40

1 

4.1

8 
5.56 

1.2

9 
2.01 

PANI@ZnO/Fe

₃O₄-5 

36.3

7 

35.6

0 

0.2

8 
0.36 

30.

8 
24.9 

0.246

9 

0.252

1 

3.25

4 

8.40

5 

3.7

8 
5.02 

1.0

5 
1.61 

The small size of the crystallites in the PANI 

matrix was attributed to the increased nucleation effect of 

the uniformly distributed nanoparticles at lower loadings 

of ZnO and Fe₃O₄, leading to preferential grain growth 

and the formation of smaller crystallites in the PANI 

matrix. Conversely, an increase in the concentration of 

the nanoparticles resulted in the growth of crystallite size 

mainly as a result of the nanoparticles' agglomeration and 

the formation of larger crystalline domains. This 

crystallite size difference is the result of combined 



 

 

nucleation effects, interactions between particles, and 

crystal growth mechanisms in the hybrid nanocomposite 

system. The mean crystallite size was determined using 

Scherrer's equation (equation (3)): 

𝐷 =
𝑘𝜆

𝛽Cos𝜃
  … (3) 

The λ = 0.154 nm represents the Cu-Kα X-ray 

wavelength, θ shows the Bragg diffraction angle, β 

represents the full width at half maximum of the 

diffraction peak, and D represents the average crystallite 

size in Scherrer's equation. The calculated crystallite size 

values are given in Table 3. The incorporation of ZnO and 

Fe₃O₄ nanoparticles significantly influenced the 

crystallinity and lattice structure of the PANI hybrid 

nanocomposites. As shown in Figure 5(b), the 

characteristic diffraction peaks are observed around 

30.2°, 31.8°, 34.4°, 35.5°, and 36.3°, corresponding to 

Fe₃O₄ (220), ZnO (100), ZnO (002), Fe₃O₄ (311), and 

ZnO (101), respectively. Slight variations in the 

diffraction-peak positions were observed with increasing 

ZnO/Fe₃O₄ loading, suggesting composition-dependent 

changes in the structural characteristics of the hybrid 

nanocomposites. The Williamson–Hall (W–H) method 

was further employed to evaluate the contributions of 

crystallite size and microstrain to XRD peak broadening 

using βcosθ = kλ/D + 4εsinθ. The linear plots of βcosθ 

against 4sinθ for PANI@ZnO/Fe₃O₄-1 to 

PANI@ZnO/Fe₃O₄-5 are presented in Fig. 5(c–g). The 

slope of the linear fit represents the microstrain (ε), while 

the intercept corresponds to kλ/D. The calculated 

microstrain progressively decreased from 0.0072 to 

0.0040 with increasing ZnO/Fe₃O₄ loading, whereas the 

corresponding W–H crystallite size increased from 

approximately 49.5 to 77.0 nm. This trend indicates a 

reduction in average lattice microstrain together with the 

development of larger coherent crystalline domains at 

higher nanoparticle loadings. 

 

 

 

 



 

 

 

 

 

Fig. 5: (a) XRD spectra of PANI@ZnO/Fe₃O₄ 
nanocomposites; (b) enlarged XRD patterns showing 
characteristic ZnO and Fe₃O₄ peaks; (c–g) Williamson–Hall 
plots of ZnO and Fe₃O₄ 

3.2 FT-IR Study 

FTIR analysis was used to verify the successful 

integration of ZnO and Fe₃O₄ nanoparticles into the PANI 

matrix and the resulting changes in the functional groups 

and intermolecular forces of the hybrid nanocomposite. 

The changes in the structure have a great effect on the 

developed material's sensing and electrical properties. 

Fig. 6 shows the FTIR spectra of the generated 

nanocomposites. The absorption fringes in the range of 

1556 cm⁻¹ are considered an important band that is 

associated with the stretching vibration of a quinoid ring 

structure in the PANI backbone, confirming the 

formation of the conductive backbone. 

 

Fig. 6: FTIR spectra of PANI@ZnO/Fe₃O₄ nanocomposites 

The absorption band at around 1301 cm⁻¹ is 

ascribed to C–N stretching vibrations, hence affirming 

the existence of nitrogen-containing functional groups 

inside the PANI backbone. The unique peaks observed at 

868 cm⁻¹ and 1073 cm⁻¹ were assigned to aromatic C–H 

out-of-plane deformation and C–H in-plane bending 

vibrations, respectively. With the incorporation of Fe₃O₄ 

and ZnO nanoparticles, the broad band around 3385 cm⁻¹ 

shifted to approximately 3388 cm⁻¹, suggesting changes 

in the local chemical environment of the N–H groups 

following incorporation of the metal oxide nanoparticles. 

Additional characteristic absorption bands appeared at 

580 cm⁻¹ and 445 cm⁻¹, corresponding to Fe–O and Zn–

O stretching vibrations, respectively, confirming the 

successful incorporation of Fe₃O₄ and ZnO nanoparticles 

into the PANI matrix. This broad spectral range from 

1478 to 1556 cm⁻¹ suggests the presence of conjugation 

in PANI and might suggest some electronic interaction 

with the included nanoparticles. The shift in 

characteristic wavenumbers of the bands to higher 

frequencies in the FTIR spectra suggests that the bonding 



 

 

strength in the PANI framework and the chemical 

environment of the respective components are changed 

upon the inclusion of ZnO/Fe3O4 in the PANI matrix. 

These spectral changes suggest modification of the local 

chemical environment of PANI and possible interfacial 

interactions between the polymer matrix and the 

incorporated metal oxide nanoparticles. Prior 

investigations have shown that Fourier Transform 

Infrared (FTIR) spectroscopy was employed to verify the 

successful formation of the Fe₃O₄/Borophene core–shell 

nanostructure and to identify the characteristic functional 

groups associated with both Fe₃O₄ nanoparticles and 

borophene nanosheets. The FTIR spectra confirmed the 

presence of Fe–O bonding along with boron-related 

vibrational modes, indicating effective encapsulation of 

Fe₃O₄ within the borophene shell (Pandey et al. 2025). 

3.3 UV–Vis Analysis and Band Gap Estimation 

The absorption spectrum of pure PANI is shown 

in Figure 7(a), which shows that a significant absorption 

peak was observed around 250 nm, corresponding to the 

π–π electronic transition of the conjugated PANI 

backbone. Another characteristic absorption peak 

appears at 330 nm, corresponding to the π–π* transition 

associated with the quinoid structure, while a broad 

polaronic absorption band is observed around 615 nm. 

The presence of ZnO and Fe₃O₄ nanoparticles within the 

PANI matrix was also confirmed by plotting the UV–Vis 

spectra of PANI@ZnO/Fe₃O₄ hybrid nanocomposites, as 

shown in Fig. 7(b). The absorbance bands obtained for 

the nanocomposite samples were found to be different 

from 204–208 nm, confirming successful dispersion of 

Fe₃O₄ and ZnO nanoparticles within polymer matrix. The 

quinoid/benzenoid transition bands were observed at 

330, 332, 334, 336, and 338 nm, while the polaron–π* 

transition bands appeared at 602, 605, 608, 612, and 615 

nm for PANI@ZnO/Fe₃O₄-1 to PANI@ZnO/Fe₃O₄-5, 

respectively.  The hybrid nanocomposites exhibited 

composition-dependent changes in absorption intensity 

following the incorporation of ZnO and Fe₃O₄ 

nanoparticles. The progressive shift in the absorption 

bands with increasing nanoparticle loading suggests 

modification of the optical and electronic environment of 

the PANI-based hybrid system. The progressive decrease 

in optical band gap indicates composition-dependent 

modification of the electronic structure of the PANI-

based hybrid system. This trend is consistent with the 

observed variation in NH₃ sensing response, although 

direct electrical measurements would be required to 

confirm the associated charge-transport mechanism. The 

UV–Vis results confirmed the successful incorporation of 

Cu and Au nanoparticles into the iron oxide matrix, 

leading to modified electronic properties that contributed 

to enhanced NO₂ gas sensing performance. The improved 

optical response was attributed to the synergistic 

interaction between the dopant nanoparticles and the iron 

oxide host material (Mahmood et al. 2024). 

  

 

 



 

 

 

Fig. 7: (a) Optical absorption spectrum of PANI (b) UV–Vis 
spectra of hybrid nanocomposites; (c) - (d) Band gap 
analysis of PANI and hybrid nanocomposites 

The optical band gap of the manufactured 

specimens was estimated by Tauc's relation and the direct 

allowed transition model. Band gap energies were 

ascertained by extrapolating the linear segment of the 

(αhv)² versus photon energy graph to the point where 

(αhν)² equals zero. Figure 7(c and d) demonstrates that, 

the computed band gap values were around 3.18 eV for 

PANI, 3.08 eV for PANI@ZnO/Fe₃O₄-1, 3.01 eV for 

PANI@ZnO/Fe₃O₄-2, 2.96 eV for PANI@ZnO/Fe₃O₄-3, 

2.88 eV for PANI@ZnO/Fe₃O₄-4 and 2.79 eV for 

PANI@ZnO/Fe₃O₄-5 hybrid nanocomposites. The 

optical band gap progressively decreased from 3.18 eV 

for pure PANI to 2.79 eV for PANI@ZnO/Fe₃O₄-5 with 

increasing ZnO/Fe₃O₄ loading. This consistent decrease 

indicates a composition-dependent modification of the 

optical and electronic characteristics of the PANI-based 

hybrid system. The observed trend suggests that the 

incorporation of ZnO and Fe₃O₄ nanoparticles modifies 

the local electronic environment of the PANI matrix; 

however, further direct electronic characterization would 

be required to establish the underlying mechanism. 

3.4 TG–DTA Analysis of Synthesized Materials 

Thermogravimetric evaluation was conducted 

to assess thermal degradation characteristics and stability 

of produced PANI and PANI@ZnO/Fe₃O₄ hybrid 

nanocomposites, as depicted in Fig. 8. The TG analysis 

provides valuable information on the mass variation 

related to adsorption/desorption processes within the 

sensing material. Weight changes in the sample during 

heating might be due to the release of physically 

adsorbed gases, moisture, or volatile components from 

the nanocomposite surface. The thermal properties of the 

produced samples were examined by simultaneous TGA 

and DTA measurements in a dynamic nitrogen 

environment with a heating rate of 10 °C min⁻¹. 

   

 

 



 

 

 

Fig. 8: (a) and (b) TG–DTA curves of PANI (c) and (d) TG–
DTA curves of PANI@ZnO/Fe₃O₄ nanocomposite 

In pure PANI, three different phases of weight 

loss can be observed in the TGA profile (Fig. 8a). The 

weight loss in the first range up to 150 °C is mainly 

associated with evaporation of adsorbed moisture and 

volatile species, corresponding to a mass loss of about 

4.2%. The second degradation phase, which takes place 

between 150 and 250 °C, is related to the loss of dopant 

species and partial decomposition of the conductive 

polymer backbone. resulting in a weight loss of about 

13.8%. A major degradation stage occurs between 

approximately 250 and 400 °C with a mass loss of about 

42.0%, indicating progressive breakdown of the 

molecular chains of PANI. A further degradation step 

between approximately 400 and 550 °C results in an 

additional weight loss of about 32.0%. Above 550 °C, the 

remaining carbonaceous residue gradually decomposes, 

leaving a final residue of approximately 8.0% at 800 °C. 

The modified degradation behavior of the hybrid 

nanocomposites is consistent with the incorporation of 

thermally stable inorganic ZnO and Fe₃O₄ phases into the 

PANI matrix. The DTG curve shown in Figure 8(b) 

contains thermal peaks at approximately 90 °C, 200 °C, 

390 °C, and 520/°C. The peak at 90/°C corresponds to 

moisture evaporation, whereas the dominant degradation 

peak centered at 390 °C confirms the major thermal 

decomposition of PANI chains and degradation of the 

conjugated polymer structure. The peak at 520 °C is 

associated with the decomposition of residual 

carbonaceous fragments. 

The TGA curve of the PANI@ZnO/Fe₃O₄ 

hybrid nanocomposite showed multiple thermal 

degradation steps related to moisture removal and 

polymer degradation, as shown in Fig. 8(c). The slight 

weight loss below approximately 200 °C corresponds to 

a mass loss of about 2.3%, resulting from evaporation of 

physically adsorbed moisture. The second degradation 

stage occurring up to approximately 320 °C exhibits a 

weight loss of about 8.6%, associated with the removal 

of volatile components and partial degradation of the 

conducting PANI backbone. The third degradation region 

between approximately 320 and 500 °C shows a weight 

loss of about 18.9%, while a further degradation stage 

between approximately 500 and 600 °C contributes an 

additional mass loss of about 30.2%. Above 600 °C, the 

residual mass remains comparatively stable due to the 

presence of thermally stable ZnO and Fe₃O₄ 

nanoparticles, resulting in a final residue of 

approximately 40.0% at 800 °C. 

Figure 8(d) of the DTG profile shows thermal 

transitions at approximately 95 °C, 210 °C, 435 °C, and 

590 °C, corresponding to moisture evaporation, dopant 

removal, polymer chain degradation, and decomposition 

of residual organic constituents, respectively. The major 

degradation peak centered at 435/°C indicates that the 

incorporation of ZnO and Fe₃O₄ nanoparticles shifts the 

decomposition temperature to a higher value compared 

with pure PANI, confirming the enhanced thermal 

stability of the hybrid nanocomposite system. Earlier 

studies revealed that, the nanocomposite exhibited a 

slower weight-loss rate and higher decomposition 

temperature, confirming the effectiveness of ZnO 

reinforcement in improving thermal durability. These 

results indicate that the PANI–ZnO nanocomposite is 

suitable for applications requiring enhanced thermal 

stability under elevated operating conditions (Handore et 

al. 2025). 

3.5 Gas Sensing Studies 

Ambient temperature gas sensing 

measurements were made using a custom-designed static 

gas detecting chamber as shown in Fig. 9. The sensors 

fabricated by the engineered PANI@ZnO/Fe₃O₄ hybrid 

nanocomposite were then introduced into the chamber, 

and the required amount of target gas was fed into the 

chamber using the calibrated syringe till the required 

concentration in parts per million (ppm) was reached. 

The sensing response was consistently measured until a 

stable value of the resistance was obtained. The recovery 

qualities of the sensor were assessed by subjecting the 

sensing element to fresh ambient air. Throughout the 

recovery procedure, both the input and outlet valves of 

the chamber were concurrently opened while a vacuum 

pump was activated to expedite gas extraction and 

chamber degassing. The inlet valve allowed for gas 

introduction, while the outlet valve allowed for efficient 

gas outflow from the detecting chamber. 
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Fig. 9: Gas sensing experimental setup 

The necessary gas concentration was achieved 

by the static gas distribution technique as specified in 

formula (Ullah et al. 2020). 

𝐶(ppm) =
22.4𝜌𝑇𝑉′

273𝑀𝑉
× 1000 … (4) 

In the gas concentration equation, ρ (g mL⁻¹) 

indicates the density of the test gas, C (ppm) signifies 

target gas concentration, V₀ pertains to the injected gas 

volume, T represents the absolute temperature in Kelvin, 

M denotes the molecular mass of the gas, and V refers to 

effective volume of the sensing chamber in liters. In 

sensing studies, relative humidity and ambient 

temperature within the chamber were sustained at 

roughly 50% and 27 °C, respectively. The sensing 

efficacy of the constructed PANI@ZnO/Fe₃O₄ hybrid 

nanocomposite sensor was later assessed under these 

regulated environmental conditions: 

𝑅% =
𝑅a−𝑅g

𝑅g
× 100          … (5) 

In the sensing measurements, Rₐ signifies the 

electrical resistance of the sensor in ambient air, whereas 

Rg indicates resistance when exposed to the target gas. 

The sensing qualities were additionally assessed by 

analysis of recovery times and response. The reaction 

time refers to the interval needed for the sensor to reach 

90% of the complete resistance change following 

exposure to ammonia gas, whereas recovery time denotes 

the duration required for the sensor to restore 90% of its 

initial resistance value after the target gas was removed. 

The synthesized PANI@ZnO/Fe₃O₄ hybrid 

nanocomposite sensor demonstrated a concentration-

dependent response to NH₃, exhibiting distinct response 

and recovery characteristics based on varied nanoparticle 

loadings and ammonia concentrations. The sensor's 

sensitivity was ascertained from the slope of the 

calibration curve established between the sensing 

response and the target gas concentration. 

𝑆 = Δ𝑅/Δ𝐶                   … (6) 

In this context, ΔR and ΔC represent variations 

in concentration and sensor response, respectively. 

3.5.1 Sensor Response and Sensitivity Analysis 

The sensing capabilities for NH₃ gas were 

significantly affected by the recovery and response 

characteristics of the PANI@ZnO/Fe₃O₄ hybrid 

nanocomposite sensor at varying nanoparticle 

concentrations. Figure 10 depicts the NH₃ sensing 

efficacy across a concentration range of 50–300 ppm, as 

indicated by fluctuations in sensor resistance. The 

resistance of both PANI and PANI@ZnO/Fe₃O₄ hybrid 

nanocomposite films increased significantly with rising 

NH₃ concentration, as illustrated in Fig. 10(a), signifying 

improved charge transfer interactions between ammonia 

molecules and the conductive sensing layer. 

  



 

 

 

 

 

Fig. 10: (a) Resistance response of sensors toward NH₃ gas, 
(b) Gas sensing sensitivity of prepared films, (c) Long-term 
stability of hybrid nanocomposite sensors and (d) Influence 
of humidity on ammonia sensing behavior 

Upon exposure to NH₃ concentrations ranging 

from 50 to 300 ppm, the resistance fluctuations of the 

constructed sensors were as follows: 11.8–28.6 kΩ for 

PANI@ZnO/Fe₃O₄-1, 13.1–35.0 kΩ for 

PANI@ZnO/Fe₃O₄-2, 14.7–41.8 kΩ for 

PANI@ZnO/Fe₃O₄-3, 16.2–49.2 kΩ for 

PANI@ZnO/Fe₃O₄-4, 18.1–56.8 kΩ for 

PANI@ZnO/Fe₃O₄-5, and 10.8–19.5 kΩ for pure PANI 

sensors. The progressive increase in NH₃ response with 

ZnO/Fe₃O₄ loading demonstrates a clear composition-

dependent sensing behavior, with PANI@ZnO/Fe₃O₄-5 

exhibiting the highest response within the investigated 

range. This improvement may be associated with changes 

in the physicochemical environment of the PANI matrix 

following nanoparticle incorporation; however, the 

precise interfacial sensing mechanism requires further 

direct investigation. 

Figure 10(b) depicts the sensing response 

relative to NH₃ concentration for the assessment of 

sensor sensitivity. The sensing response values increased 

from approximately 10–125% for pure PANI, 15–95% 

for PANI@ZnO/Fe₃O₄-1, 20–125% for 

PANI@ZnO/Fe₃O₄-2, 24–155% for PANI@ZnO/Fe₃O₄-

3, 29–185% for PANI@ZnO/Fe₃O₄-4, and 34–215% for 

PANI@ZnO/Fe₃O₄-5 as the NH₃ concentration increased 

from 50 to 300 ppm. Linear regression of the calibration 

response for the PANI@ZnO/Fe₃O₄-5 sensor over the 

investigated NH₃ concentration range of 50–300 ppm 

yielded a sensitivity of 0.727 % ppm⁻¹ with a coefficient 

of determination (R²) of 0.9989, indicating a strong linear 

concentration-dependent sensing response. 

Figure 10(c) shows the sensing stability of pure 

PANI and PANI@ZnO/Fe₃O₄-1–5 hybrid nanocomposite 

sensors toward NH₃ gas for 30 days and demonstrates 

reliable sensing performance over the testing period. The 

response retention after 30 days was approximately 

85.8% for pure PANI, 91.6% for PANI@ZnO/Fe₃O₄-1, 

93.0% for PANI@ZnO/Fe₃O₄-2, 94.4% for 

PANI@ZnO/Fe₃O₄-3, 95.3% for PANI@ZnO/Fe₃O₄-4, 

and 96.2% for PANI@ZnO/Fe₃O₄-5. 

The sensing efficiency of PANI and 

PANI@ZnO/Fe₃O₄ hybrid nanocomposite films was 

evaluated for 100 ppm NH₃ exposure at different relative 

humidity levels. 

The sensing response of PANI and 

PANI@ZnO/Fe₃O₄ hybrid nanocomposite sensors as a 

function of relative humidity is shown in Figure 10(d). 

The best sensing ability of the sensor was obtained at 

20% RH, where all sensors exhibited nearly 100% 

response retention. The response retention at 80% RH 

was approximately 56.5% for pure PANI, 67.8% for 

PANI@ZnO/Fe₃O₄-1, 73.4% for PANI@ZnO/Fe₃O₄-2, 

78.8% for PANI@ZnO/Fe₃O₄-3, 83.7% for 

PANI@ZnO/Fe₃O₄-4, and 88.5% for PANI@ZnO/Fe₃O₄-

5, demonstrating the superior humidity tolerance of the 

hybrid nanocomposite sensors. Prior research 

demonstrates that the PANI-Fe₂O₃ nanocomposites were 

synthesized by electrochemical polymerization with 



 

 

varying Fe₂O₃ concentrations to examine their structural, 

dielectric, and optical properties. The study found that 

Fe₂O₃ incorporation enhanced light absorption and 

manipulated nonlinear optical properties, while PANI 

showed a high specific capacitance of 477 F g⁻¹, 

positioning these materials as strong candidates for 

optoelectronics and energy storage applications (Al-

Gharram and AlZoubi, 2025). 

3.5.2 Sensor Response and Recovery Behavior 

Figure 11 depicts recovery time (T₂) and 

response time (T₁) attributes of pure PANI and 

PANI@ZnO/Fe₃O₄ hybrid nanocomposite sensors at 

varying NH₃ gas concentrations. The differences in 

response and recovery behavior illustrate the impact of 

including ZnO and Fe₃O₄ nanoparticles on the 

adsorption-desorption kinetics and charge transfer 

efficiency of sensing material then exposed to ammonia.  

  

 

 

 

 



 

 

 

Fig. 11: (a) Response–recovery curves of PANI gas sensor 
(b) - (f) Response–recovery curves of PANI@ZnO/Fe₃O₄ 
sensors 

The response time of pure PANI varied from 38 

s at 100 ppm, 36 s at 200 ppm, and 39 s at 300 ppm, while 

the corresponding recovery times were 34 s, 32 s, and 37 

s, respectively, as NH₃ concentration increased from 100 

ppm to 300 ppm.  

On the other hand, the hybrid nanocomposite 

sensors had demonstrated significantly shorter sensing 

parameters; of which PANI@ZnO/Fe₃O₄-1 sample had 

shorter response and recovery times of 18 s and 19 s at 

100 ppm, 16 s and 17 s at 200 ppm, and 14 s and 15 s at 

300 ppm, respectively. The PANI@ZnO/Fe₃O₄-2 sample 

showed response and recovery times of 16 s and 14 s at 

100 ppm, 14 s and 12 s at 200 ppm, and 12 s and 11 s at 

300 ppm, respectively. Similarly, the PANI@ZnO/Fe₃O₄-

3 sample exhibited response times of 15 s, 13 s, and 11 s 

with corresponding recovery times of 13 s, 11 s, and 12 s 

at 100, 200, and 300 ppm, respectively. The 

PANI@ZnO/Fe₃O₄-4 sample showed response times of 

16 s, 15 s, and 14 s, whereas the recovery times were 14 

s, 12 s, and 13 s, respectively. The PANI@ZnO/Fe₃O₄-5 

sample demonstrated response times of 13 s, 12 s, and 11 

s, with recovery times of 12 s, 10 s, and 11 s at 100, 200, 

and 300 ppm, respectively. 

The hybrid nanocomposite PANI@ZnO/Fe₃O₄-

5 at 300 ppm NH₃ exhibited the lowest response time of 

approximately 11 s and a recovery time of approximately 

11 s, indicating the fastest sensing performance among 

all the fabricated sensors. The improved response and 

recovery behavior of the PANI@ZnO/Fe₃O₄ hybrid 

nanocomposites may be associated with the combined 

influence of PANI, ZnO, and Fe₃O₄ on the 

physicochemical environment of the sensing layer. The 

incorporation of ZnO and Fe₃O₄ may modify the 

interfacial environment and NH₃ adsorption 

characteristics, thereby contributing to the observed 

resistance changes. However, in the absence of direct 

surface and electrical characterization such as XPS and 

impedance spectroscopy, the specific interfacial charge-

transfer processes cannot be conclusively established. 

Previous studies report that ZnO-PANI nanocomposites 

electrodeposited on a glassy carbon electrode, further 

modified with laccase enzymes and polypyrrole, were 

used to fabricate a biosensor for detecting the cationic 

surfactant CTAB. The sensor showed high sensitivity of 

0.935 µAµM⁻¹cm⁻², an exceptionally low detection limit 

of 0.0116 µM, and reliable recovery rates in both tap 

water and wastewater samples (Kyomuhimbo et al. 

2024). 

3.5.3 Selectivity Performance of PANI@ZnO/Fe₃O₄ Sensor 

Selectivity performance of pure PANI and 

PANI@ZnO/Fe₃O₄ hybrid nanocomposite films was 

rigorously assessed with the inclusion of various 

interfering gases. Figure 12 demonstrates the sensing 

responses of PANI and PANI@ZnO/Fe₃O₄ hybrid 

sensors that were exposed to 100 ppm concentrations of 

NH₃, hydrogen sulfide (H₂S), carbon monoxide (CO), 

carbon dioxide (CO₂), and ethanol (C₂H₅OH), aimed at 

assessing their gas discrimination capability and selective 

ammonia sensing behavior.  

 
 

Fig. 12: Gas selectivity performance of PANI 
nanocomposites 

In comparison to other evaluated gases, the 

PANI@ZnO/Fe₃O₄ hybrid nanocomposite sensor 

demonstrated a markedly enhanced response to NH₃ gas. 

The sensor response toward NH₃ increased progressively 

from approximately 68% for pure PANI to 95%, 125%, 

155%, 185%, and 215% for PANI@ZnO/Fe₃O₄-1, 

PANI@ZnO/Fe₃O₄-2, PANI@ZnO/Fe₃O₄-3, 

PANI@ZnO/Fe₃O₄-4, and PANI@ZnO/Fe₃O₄-5, 

respectively.  For H₂S gas, the sensor responses were 

approximately 20%, 22%, 25%, 27%, 30%, and 34%, 

whereas for ethanol they were 15%, 18%, 20%, 23%, 

26%, and 29% for pure PANI through 

PANI@ZnO/Fe₃O₄-5, respectively. Similarly, the 



 

 

responses toward CO were limited to approximately 6%, 

8%, 10%, 12%, 14%, and 16%, while the responses 

toward CO₂ remained very low at approximately 4%, 5%, 

6%, 7%, 8%, and 9%, respectively.  

Ammonia molecules exhibit significant polarity 

and reactive lone-pair electrons, which interact robustly 

with the conductive PANI backbone via charge transfer 

and protonation–deprotonation pathways. The addition 

of ZnO and Fe₃O₄ nanoparticles significantly improved 

the sensing performance by augmenting the quantity of 

active adsorption sites and enhancing catalytic activity 

within the hybrid nanocomposite matrix. The acidic 

properties of PANI enhanced interaction with basic NH₃ 

molecules, leading to significant alterations in electrical 

conductivity and sensor resistance. In contrast, gases like 

carbon monoxide, hydrogen sulfide, carbon dioxide, and 

ethanol demonstrated weaker interactions with the 

sensing surface due to their diminished adsorption 

affinity and restricted charge transfer capacity. The 

higher NH₃ selectivity of the PANI@ZnO/Fe₃O₄ hybrid 

nanocomposite sensor was primarily due to improved 

adsorption kinetics, effective electron transfer, and 

synergistic catalytic interactions among PANI, ZnO, and 

Fe₃O₄ nanoparticles. 

3.5.4 Gas Sensing Mechanism of PANI@ZnO/Fe₃O₄ 

The NH₃ sensing mechanism of the 

PANI@ZnO/Fe₃O₄ hybrid nanocomposite was primarily 

influenced by changes in electrical conductivity due to 

interactions between ammonia molecules and the 

conductive sensor surface. PANI functions as a 

conducting polymer matrix, and when exposed to NH₃ 

gas, charge transfer interactions transpire due to the basic 

characteristics of ammonia and the presence of lone-pair 

electrons on the nitrogen atom, as depicted in Fig. 13(a). 

 

 

Fig. 13: (a) Schematic ammonia sensing mechanism of 
PANI@ZnO/Fe₃O₄ and (b) Band structure of hybrid 
nanocomposite under NH₃ exposure 

When NH₃ molecules interact with the 

conductive PANI matrix, they gain electrons, and the 

number of hole charge carriers in the matrix decreases, 

causing the electrical conductivity of the sensing material 

to decrease. Incorporating both ZnO and Fe₃O₄ 

nanoparticles enhances the sensing process by providing 

additional active adsorption sites and catalyzing 

interactions between the ammonia molecules. The 

synergistic integration of conductive PANI with 

semiconducting ZnO and Fe₃O₄ nanoparticles favors the 

charge transfer efficiency and the rapid electron 

exchange with NH₃ exposure, resulting in a significant 

change in the electrical resistance. Furthermore, the 

hybrid nanostructure changes the electronic band 

alignment by forming localized energy states within the 

PANI matrix that further enhance the gas adsorption and 

carrier transport properties. This adsorption of NH₃ 

causes electrons to be donated from the ammonia, 

altering the Fermi level and the conduction channel of the 

nanocomposite, and thus its charge transport properties, 

and therefore the sensing layer. The heterojunction 

network between PANI, ZnO, and Fe₃O₄ nanoparticles is 

found to be effective in modulating the sensitivity and 

selectivity of the metal oxide nanoparticles and the 

conductivity of the heterojunction network upon 

exposure to ammonia gas. In this way, the energy barrier 

for carrier mobility increases upon the adsorption of NH₃ 

molecules and, consequently, the function of the sensor 

to PANI@ZnO/Fe₃O₄hybrid nanocomposite is 

quantifiable resistance change, which is observed upon 

the adsorption of NH₃ molecules. 

4. CONCLUSION 

PANI@ZnO/Fe₃O₄ hybrid nanocomposites 

were successfully synthesized through chemical 

oxidative polymerization and evaluated for room-

temperature NH₃ sensing. The incorporation of ZnO and 

Fe₃O₄ modified the structural, optical, and thermal 



 

 

characteristics of PANI, with the optical band gap 

progressively decreasing from 3.18 to 2.79 eV. Among 

the fabricated sensors, PANI@ZnO/Fe₃O₄-5 exhibited 

the highest response of approximately 215% toward 300 

ppm NH₃, with response and recovery times of 

approximately 11 s. The sensor also showed preferential 

response toward NH₃ over the tested interfering gases 

and retained 96.2% of its initial response after 30 days. 

The study demonstrates that controlled incorporation of 

ZnO and Fe₃O₄ provides an effective strategy for tuning 

the physicochemical characteristics and room-

temperature NH₃ sensing performance of PANI-based 

hybrid materials. These findings contribute to the 

development of conductive-polymer/metal-oxide hybrid 

platforms for ambient gas sensing. Nevertheless, the 

present investigation was limited to controlled laboratory 

conditions and a restricted range of interfering gases. 

Future studies should address lower NH₃ concentrations, 

extended operational durability, complex gas mixtures, 

real-world environmental conditions, and practical 

device integration. 
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