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Abstract  

In recent years, composite nanomaterials comprising polyvinyl alcohol (PVA), polypyrrole (PPy), 

silver nanoparticles (AgNPs), and graphene oxide (GO) have got significant attention due to their 

exceptional mechanical flexibility, electrical properties, and surface characteristics, these materials 

hold great promise as functional layers for high-performance sensors. This paper reviews the latest 

advancements in the preparation and characterization of such composite systems, with a particular 

focus on how material composition, filler morphology, and fabrication processes influence charge 

transport and sensor performance and applications of these materials in gas/vapor, chemical, 

electrochemical, and strain sensing, showcasing key performance parameters such as sensitivity, 

stability, etc. Special emphasis is placed on the synergistic effects demonstrated by polypyrrole, 

silver nanoparticles, and graphene oxide in constructing conductive networks and providing 

abundant functional sites necessary for interacting with target analytes. In summary, the current 

challenges facing this field such as the influence of humidity, long-term stability, and reproducibility 

in large-scale applications and outlines the promising prospects for developing scalable, wearable, 

and multifunctional sensing platforms based on PVA-PPy-AgNP-GO nanocomposites. 
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1 Introduction 

Polymer-based nanocomposites are expanding in their applications within the field of sensing, owing 

to the ability to combine mechanical flexibility, easy to process, and tunable electrical properties. In 

particular, electrically conductive polymeric materials specifically those doped with metallic or 

carbon-based nanostructures holds significant promise for applications requiring highly sensitive and 

low-power detection of gases, chemicals, and biomolecules.[1], [2], [3] Although polyvinyl alcohol 

(PVA) possesses excellent film-forming properties, it is inherently insulating nature which imposes 

limitations on its direct use in electronic sensing devices. However, by incorporating polypyrrole 

(PPy), silver nanoparticles (AgNPs), & graphene oxide (GO) into a PVA matrix, it becomes possible 

to establish electrically conductive pathways. As a result, PVA-PPy-AgNP-GO nanocomposites are 

getting significant attention as having a versatile class of sensing materials, suitable for use in 

flexible resistive sensors, electrochemical sensors.[4], [5] simultaneously enhance the flexibility and 

strength of the resulting film. This produces a composite material that is particularly well suited for 

use in flexible sensors.[9], [10], [11], [12] Semiconducting channels within polymer nanocomposites, 

thereby facilitating charge transport. For these reasons, GO is widely employed as a reinforcing 

agent and filler in polymer-based sensors. In this context, it provides numerous active sites that 
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enhance the adsorption of target analytes, thereby increasing the sensitivity of the sensors.[17], [18], 

[19] 

2 Synergistic effects in PVA - PPy - AgNP - GO nanocomposites 

By integrating these various polymers and materials into a single nanocomposite, each component 

contributes significantly to the sensor’s overall performance. The PVA polymer acts as a host matrix, 

providing flexibility, processability, and in many cases biocompatibility; at the same time, the PPy 

polymer creates an internal conductive framework within this matrix. [20] Furthermore, the 

functionality of silver nanoparticles (AgNPs) extends beyond just conductive enhancement; they also 

contribute to signal amplification through catalytic and plasmonic effects. At the same time, 

graphene oxide (GO) forms extensive networks that provide both conductive and mechanical 

reinforcement, facilitated by strong interfacial interactions with both PVA and PPy.[7], [21] The 

resulting multi-component system is capable of forming interconnected conductive pathways 

characterized by a high density of electrochemically active sites and adsorption sites, a property that 

proves to be very useful for the purposes of resistivity and electrochemical sensing of gases, 

chemical analytes, and biomolecules [21] 

3 Synthesis and fabrication of PVA - PPy - AgNP - GO nanocomposites 

3.1 Preparation of individual components 

PVA solutions are typically prepared by mixing the polymer powder in deionized water at elevated 

temperature (about 70–90 °C) under stirring till a clear, viscous solution is obtained.[22] Silver 

nanoparticles are most often synthesized by wet-chemical reduction of silver salts, for example the 

citrate-reduction (Turkevich) method, or generated in situ within PVA by chemical or 

electrochemical routes.[22] By modified Hummers, Graphene oxide is commonly produced, 

followed by exfoliation in water to give stable GO dispersions.[23] PPy is generally obtained by 

oxidative polymerization of pyrrole using oxidants such as ferric chloride or persulfates in aqueous 

or mixed solvents.[2] 

3.2 In-situ oxidative polymerization in PVA/AgNP/GO media 

Chemical oxidation polymerization is one which widely used in the production of PVA-PPy-AgNP-

GO nanocomposites. Mix the liquid and AgNP colloid solution and stir (in most cases under cooling) 

to disperse the filler evenly. O directly starts the production of PPy inside the medium. The reaction 

mixture gradually turns black, and by continuing to stir for some time, the PPy chain extends around 

the GO sheet and AgNP. This promotes strong contact at the interface and forms an interconnected 

conductive network. By adjusting the concentration of monomer, oxidizing agent, and filler, it is 

possible to control the relative content and form of PPy, AgNP, and GO in the final nanocomposite 

film.[2], [18], [22], [24], [25] 

3.3 Alternative mixing and assembly strategies 

In addition to all in-situ synthesis methods, ex-situ methods are also used, where pre-synthesized 

PPy, AgNPs, and GO are mixed with a PVA solution, which is then poured or coated. Some studies 

adopt a technique in which polypyrrole is first prepared on graphene oxide or other support 

materials; this hybrid material is then dispersed within a polyvinyl alcohol matrix. This method 

facilitates good dispersion and enables structural control over the filler materials. In addition, 

methods involving the electrospinning of PVA-based mixtures to form nanofibers - followed by the 

in-situ polymerization of pyrrole directly onto them - have been explored; this technique produces 

sensing layers characterized by high porosity and large surface areas. In addition, other used methods 

include electrochemical deposition of PPy on substrates modified with PVA or GO, as well as 
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techniques using GO as an oxidizing agent and graphene precursor to create composite graphene-

PPy structures, which are subsequently mixed with PVA and AgNPs.[3], [22] 

3.4 Film formation and device fabrication 

In optical applications, nanocomposite films are usually deposited on rigid or flexible substrates such 

as glass, polyethylene terephthalate, or metal electrodes using techniques such as solution casting, 

drop casting, spin coating, etc. Film thickness is determined by factors such as solution 

concentration, casting volume, and withdrawal or spinning parameters; typically, the thickness of the 

coatings ranges from 10 to several hundred of micrometres, but the thickness of the coatings applied 

directly on the electrodes is less than one micrometre. To enhance film uniformity, adhesion, and 

conductivity, post-treatments, such as drying under elevated temperatures, gentle thermal annealing, 

or partial chemical reduction can be used. Subsequently, interdigitated electrodes, screen-printed 

conductors, or patterned metal contacts are combined with the nanocomposite layer to create 

resistive or electrochemical sensors.[2] 

4 Sensor mechanisms and configurations 

4.1 Chemiresistive sensing mechanism 

In chemiresistive sensors, a thin film composed of PVA, PPy, AgNPs, and GO acts as a variable 

resistor, the resistance value of which changes as target analyte molecules interact with the sensor 

surface. The adsorption of gases or vapours onto PPy, GO, and AgNP sites induces charge transfer or 

modulates the carrier density within the conductive network; this effect manifests as an increase or 

decrease in the film's resistance value.[26], [27], [28] The incorporation of AgNPs and GO 

nanosheets enhances the sensor's chemiresistive response performance by providing additional 

adsorption sites, promoting interfacial polarization, and accelerating electron transport through 

percolation pathways.[24], [29], [30], [31] 

4.2 Electrochemical sensing mechanism 

In electrochemical sensors, nanomaterial composites are typically coated onto conductive substrates, 

such as glassy carbon electrodes, indium tin oxide electrodes, or screen-printed electrodes. In this 

configuration, the PVA-PPy-AgNP-GO layer functions as an energy transducer, facilitating transfer 

of electron between the electrochemically active analyte in solution and the working electrode. PPy 

provides a conductive matrix for redox reactions, while AgNP particles possess high conductivity 

and typically serve as electrochemically active sites. GO or reduced GO offers a large surface area 

and promotes the dispersion of catalytic nanoparticles. During measurements, the analyte undergoes 

oxidation or reduction at the active sites, generating a current signal whose magnitude corresponds to 

its concentration, thereby enabling quantitative detection.[14], [32], [33] 

5 Applications of PVA - PPy - AgNP - GO sensors 

At room temperature, PVA-PPy-AgNP-GO nanocomposites demonstrate significant potential for 

sensing gases and vapours. The fact that PPy/GO network provides chemical stability, while the 

AgNP nanoparticles enhance conductivity and surface reactivity. Similar PPy/graphene and PPy/Ag 

systems have exhibited high sensitivity to ammonia and other volatile analytes, as their porous 

structure combined with strong analyte adsorption onto the conductive network enables rapid 

response and recovery. Incorporating graphene oxide in the PVA-PPy-AgNP matrix increases the 

available surface area introduce additional pathways for charge transport. This proves advantageous 

for detecting low concentrations of reducing or oxidizing gases in applications such as air quality 

monitoring and breath analysis.[34], [35], [36], [37] In electrochemical systems, PVA-PPy-AgNP-

GO films deposited on conductive electrodes are used to detect small molecules like hydrogen 
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peroxide, nitrite, and other redox-active substances. Studies involving PPy-AgNP-GO nanofiber 

composites have demonstrated that, owing to the catalytic activity of the AgNP molecules and 

graphene oxide as it has the large surface area, these materials exhibit high efficiency in H2O2 

sensing. Similar GO/PPy layered structures have also been employed for the high-sensitivity 

detection of 4-aminophenol and other organic pollutants, thereby demonstrating that PVA based 

hybrid materials serve as effective platforms for the environmental monitoring of water and 

industrial wastewater.[31], [35], [36], [38]. The hydrophilic PVA matrix, together with the functional 

groups on GO and the conductive PPy/AgNP network, provides a suitable interface for immobilizing 

biomolecules such as enzymes, antibodies, and nucleic acids. Graphene-oxide/PPy electrodes have 

been used to construct biosensors for analytes like bilirubin, where GO nanoparticles decorated with 

PPy support enzyme attachment and efficient electron transfer. Introducing PVA into such systems 

can improve film processability and biocompatibility, making PVA-PPy-AgNP-GO nanocomposites 

promising candidates for point-of-care diagnostic sensors and wearable biochemical monitoring 

devices.[39], [40], [41], [42] 

6 Factors influencing sensor performance 

6.1 Composition and filler loading 

The sensor’s performance is largly determined by the proportions of polypyrrole, silver 

nanoparticles, and graphene oxide present within a polyvinyl alcohol matrix. Conductive polymer-

based nanocomposites typically exhibit an optimal loading range for nanofillers a window in which a 

conductive, percolating network can be established without excessive agglomeration. An insufficient 

filler content leads to reduced conductivity and a diminished response, whereas an excessive loading 

of silver nanoparticles or graphene oxide results in particle agglomeration, increased noise, and 

heightened mechanical brittleness. In systems loaded with graphene or reduced graphene oxide 

(rGO) as is the case with other gas sensors an excessive loading of carbon fillers generally yields 

high conductivity but a low response; consequently, a moderate filler content typically strikes the 

optimal balance between sensitivity and baseline resistance.[7], [43] 

6.2 Morphology, dispersion, and interfacial structure 

The distribution of silver nanoparticles and graphene oxide sheets, as well as the nature of the 

interactions between polypyrrole and polyvinyl alcohol significantly influence charge transport 

pathways. Small, evenly dispersed metal nanoparticles, combined with well-exfoliated graphene 

oxide can improve sensitivity by increasing the active surface area as well as contact area with the 

conductive polymer network. Conversely, poor dispersion or excessive aggregation reduces the 

active surface area, leading to the formation of localized current pathways that limit reproducibility 

and stability. Interfacial interactions such as hydrogen bonding between polyvinyl alcohol and 

graphene oxide, or π-π interactions and charge transfer between polypyrrole and graphene oxide 

contribute to efficient charge transport and robust mechanical bonding; this is of critical importance 

for flexible materials and stress-sensing applications.[7], [44] 

6.3 Intrinsic properties of AgNPs and GO 

The size and chemical structure on silver nanoparticles (AgNPs) influence their properties and 

detection performance. Smaller silver nanoparticles exhibit stronger SPR (surface plasmon 

resonance) and redox effects, which enhance the signal change when the analyte interacts with them. 

However, these nanoparticles are prone to oxidation and dissolution, which may affect their long-

term stability. Furthermore, the redox potential of graphene oxide determines the permeability and 

yield of functional groups. Low molecular weight graphene oxide achieves an excellent balance 
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between generating conduction paths and providing multiple adsorption sites, two properties that are 

difficult to reconcile, enabling applications in electrochemical and gas sensing.[45] 

6.4 Environmental conditions 

Conductive nanocomposite polymer sensors exhibit dependence on high and ambient temperatures. 

The hydrophilic polyvinyl alcohol (PVA) matrix can absorb moisture, thereby altering the 

membrane's porosity, dielectric properties, and ionic conductivity, which in turn affects analyte 

retention and reaction at the interface. Temperature affects carrier mobility and adsorption kinetics, 

thus altering sensitivity, reaction/recovery time, and detection limit. Interacting gases or related 

compounds compete with polypyrrole (PPy), graphene oxide (GO), and silver nanoparticles (AgNPs) 

for adsorption sites; therefore, material selection is closely related to performance, surface 

modification, and the use of filters or recognition layers.[46] 

7 Challenges 

PVA-PPy-AgNP-GO sensors suffer from several challenges in terms of both materials and 

applications. Longevity is a major concern because PPy can undergo excessive oxidation, structural 

relaxation, and changes in doping levels, leading to changes in core resistance and decreased 

sensitivity over time. The hydrophilic PVA matrix reacts strongly to humidity, complicating sample 

interpretation due to humidity degradation and proton transfer, which can reduce selectivity in gas 

and chemical sensing. The homogeneous dispersion of AgNP and GO molecules under high loads is 

difficult, and aggregation can reduce mechanical flexibility, increase noise, and cause inter-

functional variations. Other concerns include the potential release and cytotoxicity of silver ions in 

biosensing and sensing devices, the difficulty of scaling up the large-scale membrane, recyclability, 

and robust design for environmentally friendly and coordination with electronic devices.[47], [48], 

[49] 

8 Future directions 

Future research on PVA-Ppy-AgNP-GO sensors is likely to focus on enhancing their stability and 

selectivity, as well as integrating them into practical systems. Strategies such as encapsulation within 

breathable barrier layers, the incorporation of more stable enhancing agents, or the utilization of 

conductive hydrogels or cross-linked PVA networks prove effective in mitigating the effects of heat 

and degradation over time while preserving flexibility. Furthermore, molecular imprinting 

techniques, the incorporation of biorecognition elements, and targeted surface functionalization of 

GO and AgNPs represent effective strategies for enhancing selectivity toward specific gases, ions, or 

biomarkers. Combining optimization based on structural and microstructural data with printing and 

coating techniques will enable the development of scalable manufacturing systems for current sensor 

arrays, imaging modalities, and conformal devices.[31], [46], [47], [50] 

9 Conclusion 

The PVA-PPy-AgNP-GO nanocomposite combines a flexible, functional polymer matrix with a 

multifunctional, highly conductive hybrid filler network, making it ideally suited for gas, chemical, 

biological, and voltage sensing applications. The synergistic combination of PPy, AgNP, and GO 

facilitates enhanced charge transport, provides multiple active sites, and enables tunable sensing 

mechanisms all of which can be modulated through synthetic conditions, filler ratios, and device 

architecture. However, challenges regarding stability, temperature response, large-area compatibility, 

and safety continue to hinder the transition of these materials from laboratory experiments to 

commercial products. By addressing these challenges through advanced material design, device 

functionalization, and system-level integration, it is anticipated that the full potential of PVA-PPy-
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AgNP-GO nanocomposites in sensing technologies including their scalability for large-scale 

applications can be fully realized.[40], [51] 
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