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Abstract. This study investigates the specific capacitance and electrochemical properties of a charge-transfer (CT) 

complex formed between 4,4′-bipyridine (BPy) and 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ), focusing on its 

potential application as a redox-active component in advanced energy storage systems. A comprehensive series of 

electrochemical analyses was conducted to elucidate the electronic interactions and capacitive behavior of BPy in the 

presence of DDQ. Cyclic voltammetry (CV) revealed enhanced pseudocapacitive behavior, attributed to synergistic 

charge-transfer interactions between the nitrogen centers of BPy and the electron-deficient carbonyl groups of the 

nonequivalent derivative. The presence of C≡N and Cl substituents on the quinone ring was found to significantly 

influence the redox potentials and modulate the π–π* and n–π* charge-transfer processes, thereby affecting the electron 

density distribution within the molecular complex. Notably, the BPy–DDQ complex exhibited a high specific capacitance, 

reaching up to 114 F/g at a scan rate of 0.4 V/s, which is ascribed to enhanced charge delocalization and improved 

interfacial conductivity. Morphological analysis using scanning and transmission electron microscopy (SEM and TEM) 

further revealed the nanostructured features of the CT complex. These findings highlight the potential of BPy–DDQ 

complex as tunable, redox-active materials for next-generation supercapacitors and other electrochemical energy storage 

applications. 
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1. Introduction 

The growing demand for efficient and sustainable 

energy storage technologies has spurred intense research 

into the development of advanced materials capable of 

delivering high energy and power densities. Organic 

charge-transfer (CT) complexes, particularly those 

formed between 4,4′-bipyridine (BPy) and 

benzoquinone (BQ) derivatives, have emerged as 

promising candidates due to their intrinsic redox 

activity, structural tunability, and favorable 

electrochemical behavior. BPy, a nitrogen-containing 

heterocyclic compound, functions as a strong electron-

donating ligand, while BQ derivatives, characterized by 

electron-deficient carbonyl groups, act as effective 

electron acceptors. The interaction between these 

donor–acceptor pairs results in the formation of CT 

complexes with reversible redox properties, making 

them highly attractive for applications in energy storage 

systems such as supercapacitors and organic 

rechargeable batteries [1].   

Among various energy storage technologies, 

secondary batteries play a pivotal role in advancing 

clean and renewable energy strategies [2]. Organic 

electrode materials have gained attention due to their 

flexible molecular design, broad availability of raw 

materials, and compatibility with various ion transport 

mechanisms, often being amorphous and insensitive to 
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ionic radii [3]. Four major classes of organic redox-

active materials have been reported: conducting 

polymers [4], organic radicals [5], organodisulfides [6], 

and conjugated carbonyl compounds [7]. Of these, 

conjugated carbonyl compounds stand out as classic 

redox-active materials, offering high theoretical 

capacities, fast kinetics, and multi-electron transfer 

capabilities. Since their introduction in 1969 as battery 

electrodes [8–15], quinone-based molecules have been 

extensively studied for their excellent redox reversibility 

and structural adaptability. Notably, p-benzoquinone, 

the simplest of this class, provides high energy density 

and electronic stability [16–19]. However, its practical 

application has been limited by two major drawbacks: 

high solubility in electrolytes, which leads to capacity 

fading, and a relatively low operating voltage (< 2.4 V), 

which restricts energy density [20-22]. 

To address these challenges, several strategies have 

been employed, including structural modifications 

through the incorporation of various substituents-such 

as alkyl groups [23], lithium phenolates [24], sulfonates 

[25], and alkoxy groups-to enhance molecular 

interactions and reduce solubility [26]. However, these 

substituents are often electrochemically inactive and 

may compromise overall performance [27]. Efforts to 

improve cycling stability through the design of BQ 

oligomers or the formation of direct C–C linkages 

between BQ units have also been explored, however, 
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these approaches frequently suffer from limited redox 

site utilization or diminished capacity due to steric 

hindrance and repulsive interactions [28–30]. 

An alternative approach involves enhancing π–π 

interactions within the molecular framework to improve 

charge delocalization and cycling performance [31]. For 

example, 1,4-bis(p-benzoquinonyl)benzene and 1,3,5-

tris(p-benzoquinonyl)-benzene have demonstrated 

promising capacities and structural adaptability, 

although challenges such as limited voltage windows 

and poor long-term stability persist. Despite notable 

progress, further improvements are needed to fully 

realize the full potential of organic redox-active 

materials [32]. In this context, specific capacitance 

emerges as a key metric for evaluating charge storage 

capabilities in CT-based systems. It quantifies the ability 

of a material to store electric charge per unit mass, area, 

or volume and can be assessed via electrochemical 

techniques such as cyclic voltammetry and galvanostatic 

charge–discharge (GCD) [33]. In CT complexes, the 

specific capacitance provides insight into redox 

reversibility, electron/ion transport dynamics, and 

interfacial conductivity. 

In this study, we investigates the capacitive behavior 

and electrochemical performance of a CT complex 

formed between BPy and a substituted benzoquinone 

derivative, i.e., 2,3-dichloro-5,6-dicyano-1,4-

benzoquinone (DDQ). Cyclic voltammetry was 

employed to evaluate redox characteristics and estimate 

specific capacitance, while scanning electron 

microscopy (SEM) and transmission electron 

microscopy (TEM) were used to assess morphological 

features. Additionally, the influence of molecular 

structure on charge transfer behavior was examined to 

guide the design of redox-active organic materials for 

energy storage devices. 

2. Experimental 

2.1. Materials 

All chemicals were of analytical reagent grade and used 

without further purification. Solvents were purified and 

dried following standard procedures. 2,3-Dichloro-5,6-

dicyano-1,4-benzoquinone (DDQ) and 4,4′-bipyridine 

(BPy) were purchased from Aldrich Chemical Co. and 

used as received. 

2.2. Synthesis of the solid charge transfer complex 

A 1:1 molar mixture of 4,4′-bipyridine (3.0 mmol) and 

DDQ (3.0 mmol) was dissolved in ethanol to form the 

CT complex. The resulting solution was stirred at room 

temperature, and the precipitated solid complex was 

collected by filtration. The solid was then thoroughly 

washed with small volumes of ethanol and dried under 

vacuum to yield the BPy–DDQ CT complex (Fig. 1). 

2.3. Electrochemical measurements 

Electrochemical studies were carried out using a 

standard three-electrode cell configuration. The working 

electrode was a gold disc (surface area = 6.75 × 10⁻³ 

cm²), the reference electrode was Ag/AgCl (saturated 

KCl), and a coiled platinum wire served as the counter 

electrode. CV was performed using the EG&G 

Potentiostat Model 283. All measurements were 

conducted at room temperature (23 ± 2 °C) in an 

anhydrous dichloromethane (CH₂Cl₂) solution 

containing 0.1 M tetraethylammonium perchlorate 

(TEAP) as the supporting electrolyte. Scan rates ranged 

from 0.025 to 1.0 V s⁻¹ to study the redox kinetics of the 

2 mM CT complex. Prior to each measurement, the 

solution was thoroughly purged with oxygen-free 

nitrogen for at least 15 minutes, and a nitrogen blanket 

was maintained throughout the experiments to prevent 

oxygen interference. 

 

Figure 1. Skeletal structure of the BPy-DDQ CT complex. 

3. Results and discussion 

3.1. Cyclic voltammetry 

The cyclic voltammetry profiles of the 4,4′-bipyridine–

benzoquinone (Bpy-BQ) CT complex revealed distinct 

redox peaks, confirming the formation of stable CT 

complexes. The peak current and peak-to-peak 

separation increased with scan rate, indicating quasi-

reversible redox behavior. The peak current ratio (ipc/ipa) 

was analyzed to assess the reversibility and stability of 

the CT complex.  

 
Figure 2. Cyclic voltammograms of the 2 mM BPy–BQ CT 

complex recorded at a gold electrode in 0.1 M TEAP/CH₂Cl₂ 

at room temperature, under various scan rates. 

The voltammograms shown in Figure 2 exhibited 

well-defined coupled peaks, which were characterized 

by an anodic peak in the forward scan and a cathodic 

peak in the reverse scan. The peak current ratio (ipc/ipa) 

was found to be less than unity at all scan rates, which, 

along with persistent peak shapes upon cycling, confirm 

the electrochemical stability of the o-benzoquinone 

species formed at the electrode surface. This behavior 

suggests a slow chemical step following the charge 

transfer within the CV time scale [34]. The shape, 

position, and peak potential separation (ΔEp = Epa – Epc) 

of the voltammograms provide insight into electron 

transfer kinetics. For a reversible system, ΔEp 
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approaches the theoretical value of ~59 mV/n (n = 

number of electrons transferred). In contrast, greater 

separation and peak asymmetry of the CT-complex are 

hallmarks of a quasi-reversible system, often scan-rate-

dependent due to diffusion limitations. As indicated in 

Figure 3, the voltammetric current response (ip) 

displayed a linear relationship with the square root of the 

scan rate (ν½), indicating a diffusion-controlled electron 

transfer process. A plot of log ip vs. log ν yielded a slope 

of ~0.5, further supporting diffusion-controlled 

behavior. The formal redox potential (Eʹ°), calculated as 

the average of anodic and cathodic peaks, was found to 

be 0.393 V. The heterogeneous electron transfer rate 

constant (k⁰) was estimated using literature working 

curves based on ΔEp vs. dimensionless parameters and 

was determined to be 3.9 ± 0.1 × 10⁻³ cm·s⁻¹ [34]. 

 
Figure 3. Linear plot of peak current (ip, µA) versus the 

square root of scan rate ((ν, V/s)1/2); the data follow the 

regression equation ip = 6.81 ν1/2 + 2.22 with a high 

coefficient of determination (R2 = 0.999). 

3.2. Specific capacitance from cyclic voltammetry 

Specific capacitance is a critical parameter for 

evaluating electrochemical performance in redox-active 

materials, particularly those designed for energy storage 

applications such as supercapacitors and 

pseudocapacitors. The CT complex of BPy and 

benzoquinone derivatives was evaluated using CV, a 

technique well-suited for probing redox behavior and 

charge storage characteristics. 

The area enclosed by the CV curve is directly 

proportional to the total charge (Q) involved in the redox 

processes. This charge can be used to calculate the 

specific capacitance (Csp) of the active material via the 

following equation:  

Csp = 
1

2mv∆V
∫ I(V)dV 

V2

V1
 (1) 

where m is the mass of the active material deposited on 

the electrode (1.01 μg), v is the scan rate (V/s,) , ΔV is 

the potential window (V), I (V) is the current as a 

function of potential (V), and the integral represents the 

area under the CV curve during a complete cycle for 

both anodic and cathodic sweeps. The factor of 2 

accounts for the full cycle (both anodic and cathodic 

sweeps). CV measurements were conducted over a 

potential window of 1.2 V at various scan rates ranging 

from 0.025 to 0.40 V/s. The integrated area under the 

CV curve was used to calculate the Csp, summarized in 

Table 1. 

Table 1. Specific capacitance values of BPy-BQ complex at various scan rates compared with representative values reported in the 

literature. 

Scan rate (V/s) Specific capacitance (F/g) 

Reference 
This work 

Reported in 

literature 
This work 

Reported in 

literature 

0.025 0.01-0.1 494 311-702 [35] 

0.05 0.01-0.05 360 180-360 [36] 

0.1 0.05 303 303.5 [37] 

0.2 — * 231 1405 [38] 

0.4 — ** 114 1087  [39] 

*  Reference 38 reports the specific capacitance determined using the constant-current charge–discharge (galvanostatic) method (1405 F/g); therefore, 

no scan rate is applicable. 

** Reference 39 reports a specific capacitance of 1087 F/g, also determined using the constant-current charge–discharge (galvanostatic) method; 

therefore, no scan rate is applicable. 
 

As shown in the above table, the variation of specific 

capacitance (Csp) with scan rate in this work is consistent 

with the expected behavior of charge-transfer-based 

pseudocapacitive systems, where Csp decreases as the 

scan rate increases due to restricted ion diffusion and 

limited time for redox interactions. At a scan rate of 

0.025 V/s, the Csp value of 494 F/g is well within the 

reported literature range of 311–702 F/g [35], indicating 

efficient utilization of electroactive sites at lower scan 

rates. Similarly, at 0.05 V/s, the Csp reaches 360 F/g, 

matching the upper limit of the reported range (180–360 

F/g) [36], reflecting the favorable electrochemical 

kinetics of the synthesized material. At 0.1 V/s, the 

observed Csp (303 F/g) is in excellent agreement with the 

literature value of 303.5 F/g [37], further validating the 

consistency and reproducibility of the electrochemical 

response. At higher scan rates, such as 0.2 V/s and 0.4 

V/s, the Csp decreases to 231 F/g and 114 F/g, 

respectively. While these values are lower than some 

literature reports (e.g., 1405 F/g [38] and 1087 F/g [39]), 

it is important to note that those capacitance values were 

obtained using the constant-current charge–discharge 

(CCCD) method. CCCD measurements often 

overestimate capacitance due to longer polarization 

times, and direct comparisons with CV-derived Csp 

values must consider differences in methodology and 

normalization. Overall, the results confirm the high 

specific capacitance and competitive electrochemical 

performance of the synthesized charge-transfer 

complex, especially at low and moderate scan rates. 
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Further, the decrease in Csp with increasing scan rate 

suggests a scan rate-dependent charge storage 

mechanism in the CT complex. At lower scan rates, the 

slower potential sweep allows sufficient time for 

diffusion of analyte and complete faradaic reactions at 

the donor–acceptor interface. This results in enhanced 

utilization of redox-active sites and higher capacitance. 

In contrast, at higher scan rates, limited ion diffusion and 

restricted redox kinetics reduce the active surface 

accessibility, thereby lowering the observed 

capacitance. These observations underscore the 

pseudocapacitive nature of the BPy–BQ complex, 

driven by quasi-reversible redox transitions between 

quinone and hydroquinone states. The well-defined 

redox peaks and their scan-rate dependence support a 

faradaic charge storage mechanism, distinct from purely 

double-layer capacitive behavior. Figure 4 displays the 

plot of specific capacitance versus scan rate, 

highlighting the dynamic response of the CT complex 

and illustrating the transition from diffusion-limited 

faradaic processes at low scan rates to surface-limited 

capacitive behavior at higher scan rates. 

 
Figure 4. Variation of specific capacitance (Csp) with scan 

rate for BPy-BQ complex 

This mixed behavior—combining faradaic and 

capacitive contributions—demonstrates the versatility 

of CT complexes in energy storage applications. 

Moreover, the high values of specific capacitance at low 

scan rates emphasize the potential of the BPy–BQ 

system for applications requiring high energy density 

and stable cycling performance. 

3.3. Double-layer capacitance and electrochemically 

active surface area 

Electrochemical characterization of electrode materials 

often involves determining interfacial parameters such 

as double-layer capacitance (Cdl) and electrochemically 

active surface area (ECSA), providing insight into 

charge accumulation, ion transport, and surface 

reactivity [40]. Double-layer capacitance originates 

from the formation of the electrical double layer (EDL) 

at the electrode–electrolyte interface. This is a non-

faradaic process governed by the physical separation of 

charges at the interface, analogous to a conventional 

capacitor. Cdl can be determined from CV experiments 

performed in a narrow potential window devoid of 

faradaic processes, where the current response is 

predominantly capacitive, using the relationship: 

ic = Cdl x ν  (2) 

where ic denotes the capacitive current (A), calculated as 

the average of anodic and cathodic currents measured at 

potentials corresponding to non-faradaic processes, and 

v represents the scan rate (V/s).  

Figure 5 indicates the plotting of ic versus v, yielding 

a straight line with the slope corresponding to Cdl (mF). 

The values of the capacitive current (A), scan rate (V/s) 

and Cdl are summarized in Table 2.   

Table 2. Capacitive current and corresponding Cdl values for 

4,4′-bipyridine–benzoquinone complex 

Scan rate 

(V/s) 

Capacitance 

current (mA) 
Cdl (mF) 

0.025 0.030 

1.298 

0.05 0.052 

0.10 0.095 

0.20 0.172 

0.40 0.320 

 
Figure 5. Linear plot of capacitive current (ic, mA) versus 

scan rate (ν, V/s); the regression equation is ic = 1.298 ν – 

0.019 with R² = 0.999. 

The obtained Cdl value of 1.298 mF reflects a high 

interfacial charge storage capacity, indicative of a 

porous, supramolecularly organized electrode surface 

that facilitates efficient ion access and charge 

redistribution.  

The ECSA can be estimated using the following 

equation: 

ECSA = Cdl/Cs  (3) 

where Cs is the specific capacitance per unit area of a 

smooth planar electrode (typically 18.359 µF/cm² for 

non-aqueous systems). Using this approach, the 

calculated ECSA for the BPy–BQ complex was found 

to be 70.662 cm², significantly exceeding the geometric 

surface area. This increase confirms the presence of a 

highly electrochemically accessible and nanostructured 

surface, which promotes charge-transfer processes and 

redox activity. Previous literature reports on CT 

complexes involving bipyridine and quinone derivatives 

highlight similar findings, attributing the enhanced 

electrochemical properties to π–π stacking interactions 

and hydrogen bonding [41-49]. These molecular 

interactions contribute to increased surface area and 

redox reversibility. Thus, Cdl and ECSA serve as 

valuable proxies for assessing the real electroactive 

interface in CT-based materials. Their determination is 

especially important in nanoporous electrodes, where 

geometric surface measurements severely underestimate 

the true reactive area. In conclusion, the high specific 
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capacitance, elevated Cdl, and large ECSA of the 4,4′-

bipyridine–benzoquinone complex confirm its strong 

pseudocapacitive behavior, efficient ion transport, and 

electrochemical reversibility. These findings underscore 

the potential of CT complexes for next-generation 

energy storage applications, including electrochemical 

sensors, biointerfaces, and hybrid energy conversion 

systems. Monitoring specific capacitance as a function 

of scan rate not only aids in mechanistic understanding 

but also serves as a critical design criterion for 

optimizing the performance of advanced redox-active 

materials. 

3.4. Surface morphology analysis 

The surface morphology of the synthesized 4,4′-

bipyridine–benzoquinone CT complex was examined 

using scanning electron microscopy (SEM) to elucidate 

its microstructural organization and topographical 

characteristics. The CT complex was prepared via slow 

solvent evaporation from a 1:1 ethanol–water mixture at 

ambient conditions a strategy conductive to 

supramolecular self-assembly driven by π–π stacking 

and charge-transfer interactions between the donor (4,4′-

bipyridine) and acceptor (benzoquinone) molecules. 

 
Figure 6. The scanning electron microscope (SEM) for BPy-

DDQ at different magnifications. 

As shown above, Figure 6 presents SEM 

micrographs of the BPy–BQ complex at various 

magnifications. At low magnification (Figure 6A; 

×1,000, scale bar = 10 µm), the surface exhibits a 

heterogeneous distribution of irregular, microcrystalline 

aggregates dispersed across the substrate, indicating 

uniform film formation. The overall rough texture and 

granular morphology suggest an interconnected, porous 

structure that may facilitate efficient electrolyte 

penetration and ion diffusion. With increased 

magnification (Figure 6B; ×5,000, scale bar = 3 µm), 

well-defined platelet-like crystallites emerge, displaying 

angular edges and layered stacking—features typically 

associated with anisotropic crystal growth guided by 

directional donor–acceptor interactions and 

intermolecular hydrogen bonding. At ×10,000 

magnification (Figure 6C; scale bar = 1 µm), compact 

prismatic structures become more apparent, with 

distinguishable facets and overlapping domains. Some 

crystals exhibit fractured surfaces, possibly arising from 

stress differentials during solvent evaporation or lattice 

expansion during growth. Smaller flakes or fragments 

attached to the surfaces of larger crystals may indicate 

secondary nucleation or reorganization during drying. 

At the highest resolution (Figure 6D; ×33,000, scale bar 

= 0.5 µm), nanoscale surface features such as striations, 

cracks, and textural heterogeneities are clearly visible. 

These fine structural irregularities are likely the result of 

internal lattice strain, solvent-induced stress, or 

interfacial defects, and they may play a critical role in 

enhancing electrochemical behavior by increasing the 

density of active surface sites.  

The morphological features revealed by SEM—

particularly the platelet-like geometry, hierarchical 

stacking, and nanoscale cracks—suggest the presence of 

a high density of electrochemically accessible sites. This 

structural interpretation is corroborated by 

electrochemical measurements. CV performed in a non-

faradaic potential window was used to extract the 

double-layer capacitance (Cdl) through linear fitting of 

capacitive current versus scan rate. A Cdl value of 1.298 

mF was obtained, which corresponds to an 

electrochemically active surface area (ECSA) of 70.662 

cm², assuming a specific capacitance (Cs) of 18.359 

µF/cm² for a smooth electrode in non-aqueous media. 

These quantitative values reinforce the morphological 

findings, confirming that the CT complex film exhibits 

a significantly enhanced electroactive surface area 

relative to its geometric footprint [49]. The hierarchical 

roughness, combined with interfacial defects and crystal 

anisotropy, likely contributes to the observed 

pseudocapacitive behavior. Such features enable 

efficient ion transport and rapid redox transitions, 

thereby supporting the material’s high electrochemical 

performance. 

3.5. Microstructural analysis  

To complement the SEM findings and gain deeper 

insight into the internal nanostructure of the CT 

complex, transmission electron microscopy (TEM) 

analysis was conducted. The representative TEM image 

is shown in Figure 7. 

 

Figure 7. Transmission electron microscopy (TEM) image of 

the 4,4′-bipyridine–benzoquinone charge-transfer complex. 

The micrograph reveals a relatively homogeneous 

matrix with subtle variations in contrast, suggesting a 

largely amorphous or finely dispersed nanostructure. 

The absence of discernible lattice fringes or well-

defined crystalline domains indicates that the CT 

complex predominantly adopts a non-crystalline or 

poorly ordered configuration under the imaging 

conditions employed. This is consistent with the 

hypothesis that molecular-level interactions rather than 

long-range crystallinity dominate the structural 
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organization of the BPy–BQ system. The micrograph 

indicates a predominantly amorphous or molecularly 

dispersed morphology, with no discernible lattice 

fringes. The presence of sporadic dark contrast regions 

suggests localized variations in electron density, which 

may be attributed to π–π stacking interactions or the 

formation of small donor–acceptor aggregates. 

Scattered darker regions or spots are observed across 

the field of view, which may correspond to localized 

domains of increased electron density, such as small 

aggregates or clusters arising from π–π stacking between 

bipyridine and benzoquinone units. These regions likely 

represent nanoscale ordering driven by donor–acceptor 

interactions, although they are not extensive enough to 

produce sharp crystalline features. 

The observed amorphous or semi-ordered 

morphology supports the interpretation that the CT 

complex forms a continuous, molecularly 

interpenetrated film rather than discrete crystalline 

phases [50]. This kind of microstructure may be 

advantageous for electrochemical applications, as it 

facilitates uniform ion accessibility, promotes consistent 

redox activity across the film, and enhances interfacial 

contact with the electrolyte. Such characteristics 

contribute to the stable and efficient charge storage 

behavior observed in the cyclic voltammetry results.  

The lack of crystallinity implies a homogeneous internal 

morphology that favors uniform electrochemical 

performance.  

4. Conclusions 

The electrochemical characterization of the 4,4′-

bipyridine–benzoquinone (BPy–BQ) charge transfer 

complex revealed favorable features for 

pseudocapacitive energy storage applications. Cyclic 

voltammetry exhibited quasi-rectangular profiles 

superimposed with well-defined, reversible redox 

peaks—indicative of a hybrid charge storage 

mechanism combining electric double-layer capacitance 

and fast faradaic reactions. From the slope of capacitive 

current versus scan rate in the non-faradaic region, a 

double-layer capacitance (Cdl) of 1.298 mF was 

determined. This corresponds to an electrochemically 

active surface area of 70.662 cm², based on an assumed 

specific capacitance of 18.359 µF/cm² for a planar 

electrode in aqueous media. These values highlight the 

substantial surface accessibility and efficient charge 

transport facilitated by the donor–acceptor architecture 

and supramolecular assembly of the CT complex. The 

observed pseudocapacitive behavior, governed by rapid 

interfacial redox kinetics and enhanced π–π stacking 

interactions, underscores the promise of such molecular 

CT systems as solution-processable electrode materials 

for high-performance supercapacitors and hybrid energy 

storage technologies. The SEM images of the CT 

complex displayed a homogeneous, rough surface with 

micro aggregated domains, indicating effective 

complexation. TEM analysis revealed nanoscale 

features and amorphous zones, supporting the formation 

of disordered yet conductive CT networks. Lattice 

contrast variations suggested partial crystallinity, which 

may enhance electron delocalization across donor–

acceptor interfaces. Overall, the morphology observed 

via SEM and TEM confirms the structural foundation 

for efficient charge transport in the CT complex. 

Although the BPy–DDQ complex exhibited promising 

pseudocapacitive behavior, the present investigation 

was conducted using a single-electrode configuration in 

a non-aqueous electrolyte system. Such a configuration 

is useful for fundamental studies but does not reflect 

practical device conditions. To evaluate the real-world 

applicability of this material, further testing is required 

under full-cell configurations using symmetric or 

asymmetric two-electrode systems. In addition, 

assessing performance in aqueous or solid-state 

electrolytes and conducting long-term cycling stability 

tests are necessary to confirm its potential for practical 

electrochemical energy storage applications. 
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