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Abstract 

Conducting polymer–graphene hybrid nanocomposites have emerged as promising materials for next-

generation optoelectronic applications owing to their solution processability, tunable interfacial 

properties, and mechanical flexibility. Recent studies have highlighted the importance of graphene–

polymer hybrid systems in enhancing charge transport pathways, exciton dissociation efficiency, and 

interfacial stability in organic optoelectronic devices. Despite these advantages, a key challenge 

remains the efficient production of individual graphene sheets through the reduction of graphene oxide 

using inexpensive, scalable, and solution-processable techniques that are compatible with sustainable 

and environmentally benign processing. In this work, an eco-friendly, single-step chemical reduction 

strategy is employed to reduce graphene oxide using L-glutathione (GSH) as a green reducing agent, 

targeting optoelectronic applications such as organic photovoltaics. Nanocomposites of green-route 

reduced graphene oxide (rGO) are blended with conducting regioregular poly(3-hexylthiophene) 

(P3HT) to investigate polymer-mediated electron transfer processes and interfacial interactions. The 

reduction of graphene oxide and its dispersion within the polymer matrix are characterized using 

Fourier transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), scanning electron 

microscopy (SEM), and atomic force microscopy (AFM). Electron transfer behavior in the 

nanocomposites is examined using UV–Vis absorption and photoluminescence (PL) spectroscopy. The 

observed photoluminescence quenching indicates efficient exciton dissociation and suppressed 

radiative recombination in rGO–P3HT blends, confirming enhanced excited-state electron transfer at 

the polymer–rGO interface and highlighting the potential of eco-friendly polymer–graphene 

nanocomposites for sustainable optoelectronic applications. 
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INTRODUCTION 

Lightweight nature, increased utility due to 

flexibility, lower processing expenses and greater 

environmental sustainability has sphereheaded 

organic solar cells as a non-conventional energy 

source [1–3]. Among the main advantages of 

organic solar cells, the most important is their ease 

of processing and device fabrication, particularly 

those based on conducting polymers. The active 

layers can be deposited through solution-based 

methods, which mainly comprise of spin coating 

and printing. These methods result in device 

fabrication at lower temperatures and thus are 
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highly cost effective. The working mechanism of these devices is governed by exciton generation within 

the polymer donor phase, followed by electron-hole separation at donor–acceptor interfaces. 

 

Organic solar cells have gained significant attention as promising alternatives to conventional silicon-

based photovoltaic devices due to their low-cost fabrication, mechanical flexibility, and tunable 

optoelectronic properties. The polymer solar cells are transparent in nature and hence find a potential 

application as windows panes and flexible electronics. However, they come with the disadvantages such 

as low power conversion efficiency and photochemical degradation [4]. A commonly used conjugated 

polymer in polymer based solar cells and organic light emitting devices is poly(3-hexylthiophene) 

(P3HT). The extensively conjugated thiophene rings gave rise to π-π* transitions over a broad range of 

500 ̶ 900 nm. In such polymer systems, the efficiency of exciton dissociation and subsequent electron 

transfer is strongly governed by the interfacial interaction between the polymer donor and the acceptor 

material. The luminescence wavelength and bandgap of P3HT can be precisely controlled by chemically 

combining the conjugated system with other semiconducting materials, which facilitate exciton 

dissociation and migration and thereby determine the photovoltaic performance [5]. 

 

One such semiconducting material with strong potential for optoelectronics applications is graphene. 

Graphene exhibits excellent optical transparency, mechanical flexibility and remarkable charge 

transport properties [6]. Structurally, graphene is a two-dimensional (2D) material comprising of a base 

layer of sp2-hybridized carbon atoms arranged in a hexagonal fashion. Graphene acts as a base for a 

variety of carbon-based materials, including 0D buckminsterfullerene, 1D carbon nanotubes and 3D 

graphite [7]. The extensive network of conjugated π-bonds equips graphene with exceptional electrical 

properties while strong σ bonds impart high mechanical strength [8, 9]. These properties along with the 

fact that graphene is the thinnest known stretchable crystal, make it a desirable material for application 

in optoelectronic devices, batteries, energy storage, biomaterials and biosensors [10–14]. Despite its 

exceptional properties, large-scale production of high-quality graphene remains challenging due to high 

cost, low yield, and transfer-related defects. This is attributed to the fact that top-down synthetic 

approaches generally yield limited quantities, and solvent introduces several defects in the final product. 

On the other hand, bottom-up methodologies require expensive equipment and high processing 

temperatures. Although the graphene obtained through these routes is high in quality, but remains low 

in yield [15]. In addition, transferring thin graphene layers from one substrate to another is a complex 

process that may lead to wrinkles, cracks, and fragmented graphene regions [16]. 

 

An alternative to pristine graphene could be graphene oxide (GO). It is easy to synthesize from 

graphite flakes via chemical [17], electrochemical [18] and exfoliation [19] methods, which are well 

studied. GO has a two-dimensional structure similar to graphene, but the carbon atoms are 

functionalized by oxygen-containing functional groups such as epoxy, hydroxyl, and carbonyl. These 

functional groups contribute to good colloidal stability as well as favorable mechanical and electrical 

characteristics. Fine-tuning of GO properties makes it suitable for multifunctional gels, drug delivery, 

water purification, membranes, cellular migration, neuronal generation, supercapacitors, solar cells, and 

sensor applications [20–25]. However, a major challenge associated with GO is that most synthetic 

methods employ strong oxidizing agents, leading to defect formation in the resulting material and 

thereby impacting the optoelectronic properties. 

 

Several studies have explored the integration of conducting polymers with graphene-based materials 

to enhance charge transport and optoelectronic performance [6]. In particular, P3HT-based 

nanocomposites incorporating GO and rGO have demonstrated improved exciton dissociation and 

charge carrier mobility due to the formation of efficient donor–acceptor interfaces [26]. Generally 

spectroscopic investigations, especially photoluminescence studies have been widely employed to 

probe charge transfer mechanisms in such systems, where quenching behavior is often attributed to 

electron transfer from the polymer to graphene-based acceptors [27]. However, most reported 

approaches rely on chemically intensive reduction methods that may introduce structural defects or limit 
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compatibility with polymer matrices. Furthermore, limited attention has been given to eco-friendly 

reduction strategies that simultaneously ensure effective dispersion and enhanced interfacial interaction 

in polymer nanocomposites. These gaps highlight the need for sustainable synthesis routes and 

systematic investigation of polymer-mediated electron transfer mechanisms in graphene-based hybrid 

systems. 

 

It is imperative to note that graphite-like characteristics can be recovered from GO through reductive 

treatments, converting GO to rGO [28]. Various reduction approaches have been reported, leading to 

rGO with differing degrees of reduction and interfacial compatibility [29–30]. In addition, multi-step 

combined methods have also been employed to generate rGO [31]. It is worth mentioning that variations 

in the reduction process result in rGO with different structural and electronic qualities, primarily 

determined by the degree of reduction. Taking this into consideration, a single-step chemical reduction 

approach was employed to reduce GO in an aqueous media under moderate conditions, using L-

Glutathione (GSH) as a reducing agent [32, 33]. The importance of this reduction technique relies on 

the fact that the oxidized products of GSH act as a capping agent, further stabilizing rGO in aqueous as 

well as polar aprotic solvents such as tetrahydrofuran (THF), dimethyl sulfoxide (DMSO), 

dimethylformamide (DMF), ethyl acetate (EA). Due to the presence of terminal carboxylic group, 

sufficient negative charge and electrostatic repulsion develop within the reduced graphene oxide sheets, 

enhancing their stability in the aqueous media and compatible solvents [32]. However, limited attention 

has been given to polymer-compatible, eco-friendly reduction routes that directly influence electron 

transfer at polymer–rGO interfaces. 

 

The present study addresses the critical need for eco-friendly and polymer-compatible graphene-

based materials for optoelectronic applications. By employing L-glutathione as a green reducing agent, 

a sustainable route for the synthesis of reduced graphene oxide is demonstrated, ensuring improved 

dispersion and interfacial compatibility with the conducting polymer P3HT. The work further highlights 

the role of polymer–rGO interfacial interactions in governing exciton dissociation and charge transfer 

dynamics, as demonstrated through photoluminescence quenching and Stern–Volmer analysis. These 

findings provide valuable insights into the design of efficient, low-cost, and environmentally sustainable 

polymer–graphene hybrid systems for advanced optoelectronic devices. 

 

METHODOLOGY 

The nanocomposites are prepared using a simple solution processing technique in which the ratio 

between the conducting polymer donor (P3HT) and the acceptor semiconductor is estimated for forming 

an efficient bulk heterojunction system. Here, GO powder was obtained from Sigma Aldrich and 

dispersed in deionized water (DI) water. The GO solution (0.1 mg mL-1) was prepared with 20 ml of DI 

water and initially ultrasonically bathed for 60 minutes. This ultrasonication treatment leads to 

additional exfoliation of GO sheets, resulting in a stable brown-colored dispersion of GO sheets in DI 

water. Further, GO sheets mixed with L-GSH (2.0 mgmL-1) were ultrasonically processed for an 

additional hour, followed by chemical reduction to obtain polymer-compatible rGO. The mixture was 

then kept at 60 °C for 10 h while being vigorous stirring, cooled to room temperature, and the suspended 

rGO sheets were carefully separated and repeatedly washed with DI water. Finally, a stable rGO 

nanosheet dispersion was obtained in aqueous media. Subsequently, nanocomposites of rGO(GSH) and 

conducting polymer P3HT were dispersed in chloroform and THF with different compositions to 

investigate polymer-mediated structural, morphological, and optical properties, including absorption 

and emission characteristics. This work primarily focused on the investigation of the active-layer-like 

interaction between rGO and P3HT, which are indicative of exciton separation at donor-acceptor 

interfaces and effective excited electron-state electron transfer. Photoluminescence (PL) quenching 

studies were carried out to examine this behavior, while structural and morphological validation was 

achieved through the combined use of complementary analytical techniques. The analysis primarily 

emphasizes spectroscopic indicators of electron-transfer efficiency, relevant for evaluating the 

suitability of the polymer–rGO system for optoelectronic applications. 
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RESULTS AND DISCUSSIONS 

Several characterization tools and techniques have been used in this work to establish the formation 

of rGO as well as synthesis of conducting polymer–based (rGO-P3HT) nanocomposites. These include 

X-Ray Diffraction (XRD), scanning electron microscopy (SEM), atomic force microscopy (AFM), and 

Fourier transform infrared (FTIR) spectroscopy. Optical techniques, including UV-vis absorption and 

photoluminescence (PL) spectroscopy, have been employed to assess polymer-mediated electron 

transfer behaviour and the suitability of these nanocomposites for optoelectronic applications. 

 

Structural and Chemical Characterization 

The X-ray diffraction (XRD) analysis is an effective approach to investigate the crystallinity and 

interlayer spacing of the as-synthesized reduced graphene oxide. The XRD pattern of rGO and its 

composite with conducting polymer P3HT are shown in Figure 1(A). 

 

The interlayer spacing information was evaluated on the basis of Bragg’s law [34]: 

λ=2dsin (θ) (1) 

where λ is the wavelength of the X-ray beam and usually taken as 0.154nm, d is the interlayer spacing 

of rGO, and θ is the diffraction angle. 

d=λ/2 sin (θ) (2) 

In addition, the rGO–P3HT nanocomposite was spin-coated on a glass substrate, and the average 

crystallite size of rGO domains within the composite was estimated using Scherrer’s formula [35]: 

τ = Kλ/βcos (θ) (3) 

As observed in Figure 1(A), the XRD pattern of reduced graphene oxide exhibits a broad diffraction 

peak centered at 2θ ≈ 25.95°, corresponding to an interlayer spacing of approximately 0.327 nm. The 

characteristic diffraction peak of graphene oxide around 2θ ≈ 10° is absent after chemical reduction 

using L-glutathione, confirming the effective reduction of GO and partial restoration of graphitic 

ordering [32]. The XRD pattern of the rGO–P3HT nanocomposite does not show any additional sharp 

diffraction peaks compared to rGO. This indicates that incorporation of the conducting polymer does 

not significantly alter the crystalline structure of rGO and that P3HT remains largely amorphous within 

the composite matrix. The absence of distinct polymer-related diffraction features suggests 

homogeneous dispersion of rGO within the polymer matrix without inducing long-range crystallinity 

changes. These observations confirm the successful reduction of GO and the preservation of structural 

integrity, which are essential for facilitating efficient charge transport in the nanocomposite. 

 

 
Figure 1. Structural and chemical characterization: (A) XRD Analysis of (a) reduced graphene oxide 

(rGO) (b) nanocomposite of rGO-P3HT, (B) FTIR spectra of GO and rGO(GSH) confirming 

reduction and functional group modification. 

(a) (b) 
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Further FT-IR spectroscopy was used to further explore the reduction of oxygen-containing functional 

groups and the nature of organic ligand coating on GO. The formation of the functional groups and 
bonding interactions of GO and polymer-compatible rGO(GSH) were examined using FTIR 

measurements in transmission mode in the region 4000-500 cm-1 as depicted in Figure 1(B). In the 
spectrum of GO, two small peaks at 2852 cm-1 and 2920 cm-1 are assigned to -CH2 symmetric and 

asymmetric stretching vibrations, whereas the band present at 1730 cm -1 corresponds to C=O stretching 
associated with carboxylic groups. In addition, the absorption peak at 1595 cm-1 is attributed to the 

skeletal vibration of unoxidized graphitic domains, and another peak around 1246 cm-1 is assigned to C-
O stretching vibrations arising from epoxy or alkoxy groups. These features collectively confirm the 

presence of oxygen-containing functional groups on GO sheets. However, in the spectrum of 
rGO(GSH), the intensity of peaks corresponding to oxygen-containing functional groups is significantly 

reduced, indicating successful chemical reduction. 

 
The dominant peak observed at 1562 cm-1 corresponds to C=C skeletal vibrations of restored sp2-

hybridized carbon networks. The substantial attenuation of oxygen-related absorption bands confirms 
the effective removal of oxygen functionalities during reduction, while preserving the extended sp2-

conjugated graphitic domains, enabling interfacial interaction with the conducting polymer. The 
observed changes in functional groups further validate the effective reduction in GO and improved 

chemical compatibility between P3HT and rGO(GSH) nanocomposite. 
 

Morphological Analysis 

The surface morphology of reduced graphene oxide was examined using scanning electron 

microscopy (SEM), and images are depicted in Figure 2(A). The SEM micrographs reveal thin, sheet-
like morphologies characteristic of exfoliated graphene-based material which remain stable under the 

electron beam. The observed morphology indicates the presence of few layered rGO sheets distributed 
over the glass substrate. The inset image further confirms the formation of overlapping and wrinkled 

rGO sheets, with lateral dimensions extending to hundreds of nanometers, which typical of chemically 
reduced GO prepared via solution-based routes. 

Further insight into the surface topography where thickness of the GO and as-prepared rGO was 
investigated using atomic force microscopy (AFM). The typical AFM images were recorded in tapping 

mode to minimize tip-induced deformation and shown in Figure 2(B). The AFM image of GO exhibits 

relatively smooth sheet-like features with increased thickness due to the presence of oxygen-containing 
functional groups, whereas the rGO(GSH) sample shows reduced sheet thickness and increased surface 

corrugation, indicating effective removal of oxygen functionalities during chemical reduction. 
 

The observed height profiles are consistent with few layer rGO sheets, confirming successful reduction 
while maintaining sheet integrity. Such morphological characteristics are favorable for uniform 

dispersion and effective interfacial contact within conducting polymer matrices. Such morphological 
features provide an increased interfacial area, which is favorable for enhanced polymer–rGO interaction 

and efficient charge transfer. 
 

 
Figure 2. Morphological analysis of materials: (a) SEM image of rGO(GSH) showing sheet-like 
structure, (b) AFM image of GO, and rGO(GSH) indicating thickness reduction and surface 

corrugation after chemical reduction. 

(b) 
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Figure 3. UV–Vis absorption spectra of pristine P3HT and P3HT/rGO(GSH) nanocomposites 

showing spectral broadening and red shift due to enhanced interfacial interaction. 

 

Optical Absorption Studies 

The absorption behaviour of pristine P3HT and their corresponding nanocomposites P3HT/rGO(GSH) 

is shown in Figure 3. The absorption spectra of GO and rGO(GSH) exhibit gradually varying absorption 

profiles, providing characteristics of graphene-based material. Whereas, the spectrum of rGO(GSH) 

shows a less steep absorption edge compared to GO, indicating partial restoration of π-conjugation 

following chemical reduction [34]. The absorption spectrum of pristine P3HT reveal a wide absorption 

band cantered around 530 nm, which can be attributed to the π-π* transition of the conjugated polymer 

backbone [36]. Upon incorporation of rGO(GSH), the absorption spectrum of P3HT-rGO(GSH) 

nanocomposites become broader, with a slight red shift, suggesting enhanced electronic interaction at 

the polymer-rGO interface. This spectral broadening indicates improved light-harvesting capability over 

a wider wavelength range. The observed changes in the absorption characteristics can be attributed to 

polymer-mediated electronic interactions, where the presence of rGO(GSH) influences the effective 

conjugation length and excitonic behavior of P3HT chains. The contribution of eco-friendly reduced 

graphene oxide as an interfacial acceptor enhances absorption intensity in the composite, supporting its 

suitability for optoelectronic and light-harvesting applications. This behaviour indicates enhanced 

interfacial interaction and improved light-harvesting capability, which are crucial for optoelectronic 

applications. 

 

To understand the whole framework of polymer-mediated electron transfer in the P3HT–rGO(GSH) 

nanocomposite system, a schematic representation is illustrated in Figure 4. Upon photoexcitation, 

excitons (electron–hole pairs) are generated within the conjugated polymer (P3HT) matrix and 

favourable interfacial interaction between P3HT and rGO(GSH) takes place. Subsequently, these 

excitons undergo efficient dissociation at the donor-acceptor (P3HT–rGO) interface. The presence of 

rGO(GSH) as an electron acceptor material facilitates the transfer of photogenerated electrons from the 

excited state of P3HT, while holes remain on the polymer backbone, leading to effective charge 

separation. This process is further supported by π–π interactions between the conjugated polymer chains 

in P3HT and the sp²-hybridized carbon network of rGO(GSH), which further enhances interfacial 

electronic coupling. As a result, radiative recombination is suppressed which leads to effective charge 

separation and improves electron transport within the nanocomposite system. 

 

Photoluminescence Studies 

The photoluminescence (PL) based spectroscopic investigation was carried out to study polymer-

mediated excited-state electron transfer in nanocomposites consisting of the conducting donor polymer 

P3HT and rGO(GSH) as the acceptor material. The PL spectra were recorded at an excitation 
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wavelength (excit) of 450 nm and the corresponding emission maximum (max) was observed at 582 nm, 

shown in Figure 5. The quenching of photoluminescence intensity upon the incorporation of rGO(GSH) 

is attributed to the ability of rGO(GSH) to act as an efficient electron acceptor, thereby reducing the 

relative recombination of excitons generated with in the polymer matrix. It is worth mentioning that the 

gradual addition of rGO(GSH) in varying concentrations, a systematic decrease in the PL intensity of 

P3HT is observed, indicating efficient excited-state electron transfer from P3HT to rGO(GSH) at the 

polymer–acceptor interface. 

 

The observed PL quenching behaviour suggests enhanced interfacial electronic coupling between P3HT 

chains and rGO(GSH), facilitated by π-π* interactions between the conjugated polymer backbone and 

the sp2-hybridized carbon network of rGO. However, the reduction in emission intensity is primarily 

associated with non-radiative decay pathways induced by electron transfer rather than energy transfer, 

as no significant spectral overlap between the absorption spectrum of rGO(GSH) and the emission 

spectrum of P3HT is observed. This noticeable quenching behaviour strongly confirms the efficient 

electron transfer from P3HT to rGO(GSH), supporting the proposed polymer-mediated charge transfer 

Mechanism. 

 

Stern–Volmer Analysis 

To quantitatively understand the mechanism of Pl quenching in the conducting polymer–based 

nanocomposite P3HT/rGO(GSH), Stern-Volmer (SV) model was employed. According to Stern-

Volmer theory [37], the quenching behaviour can be expressed as – 

F0 / Fx = 1 + KSV [Q] (4) 

where F0 and Fx represent the fluorescence intensities of P3HT in the absence and presence of 

rGO(GSH), respectively, KSV is the Stern–Volmer quenching constant, and Q denotes the concentration 

of rGO(GSH) acting as the quencher. 

 

 
Figure 4. Schematic illustration of polymer-mediated electron transfer mechanism in P3HT–rGO 

nanocomposite under photoexcitation. 
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Figure 5. Photoluminescence spectra of P3HT and P3HT/rGO(GSH) nanocomposites showing 

systematic quenching indicating efficient electron transfer. 

 

 
Figure 6. Stern–Volmer plot for P3HT/rGO(GSH) nanocomposite showing linear quenching behavior 

at lower concentrations and deviation at higher concentrations. 

 

According to Stern–Volmer theory, a plot of F0/Fx (fluorescence intensity ratio) versus Q (quencher 
concentration) is expected to exhibit linear behavior under conditions dominated by dynamic 
quenching, with slope corresponding to the Stern-Volmer quenching constant (KSV) [38]. Figure 6, 
shows the Stern–Volmer plot for P3HT/rGO(GSH) nanocomposite, from which a KSV value of 1.24×103 

L-1 was extracted. At lower concentrations of rGO(GSH), the SV plot exhibits a linear relationship, 
indicating that a dynamic quenching dominated by excited-state electron transfer is the primary 
mechanism. At higher quencher concentrations, a slight deviation from linearity is observed, which may 
arise from static quenching effects or limited accessibility of polymer excitons to additional rGO sheets, 
such situations are still ambiguous. At increased rGO(GSH) concentrations, partial aggregation or 
overlapping of rGO sheets due to van der Waals interactions may occur, leading to the formation of 
multilayer rGO domains. Such structural arrangements can enhance quenching efficiency by increasing 
the effective interfacial area between the polymer donor and rGO acceptor, resulting in the observed 
nonlinearity in the SV plot [39]. Importantly, the absence of significant spectral overlap between the 
absorption spectrum of rGO(GSH) and the emission spectrum of P3HT confirms that the quenching 
process is governed predominantly by electron transfer rather than Förster-type energy transfer 
mechanisms. This observation further substantiates efficient polymer-mediated excited-state electron 
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transfer at the P3HT–rGO(GSH) interface. The observed quenching behavior further substantiates the 
existence of strong interfacial interactions and efficient charge transfer dynamics within the 
nanocomposite system. 

 
CONCLUSIONS 

The present work demonstrates an eco-friendly approach for the reduction of GO and its effective 

integration with a conducting polymer matrix (P3HT) for optoelectronic applications. The successful 

reduction of graphene oxide using L-glutathione as a green reducing agent was confirmed through 

comprehensive spectroscopic and structural characterization techniques. Furthermore, homogeneous 

nanocomposites of conducting polymer P3HT and rGO(GSH) were prepared using a simple solution-

processing method and systematically investigated. Spectroscopic studies, including UV–Vis 

absorption and photoluminescence analysis, revealed significant quenching behavior, which was further 

supported by Stern–Volmer analysis, confirming efficient polymer-mediated electron transfer at the 

donor–acceptor interface. Overall, the obtained results emphasize that interfacial engineering in the 

P3HT–rGO(GSH) hybrid nanocomposite plays a more critical role than simple material incorporation 

in enhancing electron transfer efficiency. This establishes a clear relationship between structural 

compatibility and charge transfer dynamics, providing a strong foundation for the design of eco-friendly 

and high-performance nanocomposites for optoelectronic applications. 
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