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Introduction

Electrochemical energy storage systems are indispensable for achieving sustainable power generation, particularly as 
renewable technologies such as solar and wind intensify the demand for efficient storage solutions capable of balancing 
intermittent supply and demand [1,2]. Conventional electrode materials, including transition metal oxides and carbon 
composites, have provided important advances but continue to face limitations related to high cost, structural rigidity, 
and environmental toxicity. These drawbacks underscore the need for alternative materials that combine high performance 
with eco friendly synthesis and scalability [3,4].In this context, charge transfer (CT) complexes formed through donor-
acceptor molecular associations have emerged as a promising class of organic materials. Their distinctive redox activity, 
tunable electronic structures, and environmentally benign preparation routes position them as attractive candidates for 
next generation energy storage and conversion technologies [3]. Unlike rigid inorganic frameworks, CT complexes offer 
structural flexibility and molecular level designability, enabling tailored electrochemical properties that can be optimized 
for specific applications. The BPy-DDQ complex (4,4′ bipyridine with 2,3 dichloro 5,6 dicyano 1,4  benzoquinone) 
exemplifies this potential. Recent chronoamperometric studies at gold electrodes revealed moderately fast electron transfer 
kinetics (standard heterogeneous rate constant ks ≈ 3.21×10−3 cm/s) and stable pseudocapacitive contributions, validating 
its dual functionality in diffusion controlled transport and capacitive charge storage. These mechanistic insights highlight 
the ability of BPy-DDQ to bridge the performance gap between batteries and supercapacitors, offering both high energy 
density and rapid charge–discharge capability [5-7].Beyond its electrochemical promise, the environmentally benign 
synthesis and structural tunability of BPy-DDQ align with global sustainability goals [8]. By reducing reliance on toxic 
or rare metal electrodes, CT complexes such as BPy-DDQ contribute to the development of green energy technologies, 
supporting pollution reduction and the integration of renewable energy into modern grids. This mini review therefore 
explores the environmental applications of BPy-DDQ, situating its electrochemical behavior within the broader context of 
sustainable energy storage and ecological impact.
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Abstract

The BPy-DDQ charge transfer complex (4,4′ bipyridine with 2,3 dichloro 5,6  dicyano 1,4 benzoquinone) represents 

a novel class of redox active organic materials with distinctive donor-acceptor interactions and tunable electronic 

properties. Chronoamperometric studies at gold electrodes revealed moderately fast electron transfer kinetics and stable 

pseudocapacitive contributions, validating its dual functionality in diffusion-controlled transport and capacitive charge 

storage. These findings highlight its disruptive potential in supercapacitors, organic batteries, and electrocatalytic systems, 

offering eco-friendly alternatives to conventional heavy metal electrodes. By bridging molecular level charge transfer 

dynamics with device level performance, BPy-DDQ contributes directly to green energy storage, pollution reduction, and 

environmental sustainability, underscoring its transformative role in environmental studies.

Figure 1: Graphical abstract showing the BPy–DDQ charge transfer complex and its environmental applications, linking 
molecular donor–acceptor interactions to sustainable technologies such as supercapacitors, eco friendly materials, and 

renewable energy integration.
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Environmental Applications  
                                                                          
Green Energy Storage

The coexistence of diffusion controlled transport and pseudocapacitive behavior 
in the BPy-DDQ complex enables highly efficient charge–discharge cycles, positioning 
it as a versatile material for advanced energy storage [9]. In supercapacitors, this 
dual functionality ensures rapid energy delivery through diffusion processes while 
simultaneously enhancing capacity via surface controlled pseudocapacitance. Such 
synergy allows the complex to achieve both high power density and improved energy 
density, bridging the gap between conventional capacitors and batteries [10,11]. In 
organic rechargeable batteries, the moderately fast electron transfer kinetics provide 
stable cycling performance and reduced polarization losses, supporting long term 
durability. The donor–acceptor molecular design of BPy-DDQ further contributes 
to structural tunability, enabling optimization of redox potentials for specific energy 
storage requirements.From an environmental perspective, these properties are 
particularly valuable in managing renewable energy integration. Devices based on 
BPy-DDQ can buffer intermittent energy from solar and wind sources, ensuring grid 
stability and reducing reliance on fossil fuels. By offering an eco friendly alternative to 
heavy metal electrodes, the complex supports low carbon energy infrastructure and 
contributes to lowering greenhouse gas emissions [11]. Collectively, these attributes 
highlight the disruptive potential of BPy-DDQ in advancing sustainable energy 
storage technologies.

Eco Friendly Material Design

Unlike conventional electrodes that rely on heavy metals such as cobalt or nickel, 
the BPy-DDQ complex is synthesized through straightforward donor–acceptor 
chemistry, eliminating the need for toxic precursors and energy intensive processing 
[12]. This simplicity not only reduces production costs but also minimizes hazardous 
waste generation, aligning with the principles of green chemistry [13]. The molecular 
design of BPy-DDQ offers structural tunability, allowing researchers to adjust redox 
potentials and optimize performance without introducing environmentally harmful 
elements. From a sustainability perspective, these features enable safer large scale 
deployment in energy storage systems, reducing ecological risks associated with 
mining and disposal of heavy metal electrodes. Furthermore, the organic nature of 
CT complexes supports biodegradability and recyclability, enhancing their long 
term environmental compatibility [14]. Collectively, the eco friendly synthesis and 
adaptable structure of BPy-DDQ position it as a promising candidate for sustainable 
energy technologies, directly contributing to pollution reduction and the advancement 
of environmentally responsible materials [15].

Electrocatalysis and Sensing

The moderately fast electron transfer kinetics (ks ≈ 3.21×10−3 cm/s) [16] 
and efficient donor-acceptor coupling of the BPy-DDQ complex make it highly 
suitable for electrocatalytic systems and environmental sensing applications [17]. In 
electrocatalysis, its stable charge transport supports reactions that require consistent 
electron flow, such as pollutant degradation or CO₂ reduction, thereby contributing to 
green chemistry initiatives. The ability of BPy-DDQ to operate under varied potential 
regimes enhances its versatility, allowing it to function across different electrochemical 
environments without significant loss of performance [18].For environmental sensing, 
the complex’s redox responsiveness enables detection of pollutants, heavy metals, or 
organic contaminants through measurable electrochemical signals. Its molecular 
design ensures reproducible responses, which are critical for accurate monitoring of 
environmental quality. By combining donor–acceptor interactions with tunable redox 
potentials, BPy-DDQ provides a platform for developing sensors that are both sensitive 
and environmentally benign [19].Collectively, these attributes highlight the dual role 
of BPy-DDQ in advancing green electrocatalysis and environmental monitoring, 
reinforcing its broader impact on sustainable technologies.

Integration into Hybrid Renewable Systems  
 

By combining BPy-DDQ based supercapacitors with solar or wind energy 
modules, hybrid systems can be designed to stabilize power grids and manage 
fluctuations in renewable energy supply. The dual functionality of BPy-DDQ-
diffusion controlled transport and pseudocapacitive contributions-enables rapid 
energy buffering during peak generation and reliable discharge during demand 
surges. This makes it particularly valuable for grid level storage, where balancing short 
term intermittency is critical [20,21]. Such integration supports the development of 
low carbon infrastructure, reducing dependence on fossil fuel backup systems and 
lowering greenhouse gas emissions. Moreover, the eco friendly synthesis of BPy-DDQ 
ensures that scaling these technologies does not introduce additional environmental 
burdens. By enhancing resilience against supply fluctuations and enabling efficient 
coupling with renewable modules, BPy-DDQ contributes to long term environmental 

sustainability and the advancement of hybrid energy systems that are both 
technologically robust and ecologically responsible [22-24].

Conclusion

The BPy-DDQ charge transfer complex introduces a disruptive material platform 
for next generation energy storage and environmental technologies. Chronoampero-
metric evaluation confirms its dual functionality-diffusion controlled transport and 
pseudocapacitive contributions-providing mechanistic insights that validate its role 
in supercapacitors, organic batteries, and electrocatalytic systems. The moderately 
fast electron transfer kinetics highlight efficient donor–acceptor coupling, while 
deviations from ideal Cottrell behavior reveal valuable kinetic information for rational 
electrode design. Beyond its electrochemical performance, the eco friendly synthesis 
routes and structural tunability of BPy-DDQ position it as a sustainable alternative to 
conventional heavy metal electrodes. This reduces environmental risks associated with 
mining, toxicity, and disposal, while enabling scalable deployment in renewable energy 
infrastructures. By bridging molecular level donor–acceptor interactions with device 
level performance, BPy-DDQ contributes directly to green energy storage, pollution 
reduction, and environmental protection.Collectively, these attributes underscore 
the transformative potential of BPy-DDQ in environmental studies, situating it as a 
model system for integrating organic charge transfer complexes into hybrid renewable 
energy frameworks. Its dual role in advancing electrochemical science and supporting 
ecological sustainability makes it a cornerstone candidate for future research and 
application in sustainable energy technologies.
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