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Abstract

Charge-transfer (CT) complex exhibits unique redox properties that make it a promising
candidate for advanced energy storage and conversion systems. This study presents a
comprehensive electrochemical investigation of CT complex, focusing on its charge-
storage behavior and kinetic characteristics. Quantitative analysis revealed high specific
capacitance (Csp) values derived from cyclic voltammetry (CV) and galvanostatic charge—
discharge (GCD) measurements, ranging from 494 to 114 F/g (CV) and 490 to 117 F/g
(GCD) over scan rate range from 0.025 to 0.40 V/s. This demonstrates good rate
capability and strong agreement between both electrochemical methods. Tafel analysis
further provided insights into onset potential and exchange current density, confirming
efficient electron transfer. This novel approach converts CV data into galvanostatic
charge-discharge profiles, enabling accurate Csp evaluation of CT complex from a single
electrochemical dataset. Integration of CV-derived GCD and Tafel plots provides a good
methodological framework for correlating pseudocapacitive behavior with CT kinetics.
These findings highlight the potential of CT complex as an efficient, low-cost and tunable
material for supercapacitors and electrocatalytic energy storage devices.
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Introduction®

Charge-transfer (CT) complex is a molecular system formed through interactions
between electron-rich donor molecules and electron-deficient acceptors [1, 2]. This
complex exhibits unique optical, magnetic and electronic characteristics, making it
a promising candidate for molecular electronics, catalysis, sensors and energy
storage devices [3-6]. Recently, investigation of CT complex using
electrochemical techniques has gained momentum, due to the need for detailed
mechanistic insights into electron transfer reactions [7, 8]. Among the suite of
electrochemical methods, cyclic voltammetry (CV) remains a powerful diagnostic
tool to probe redox processes, reversibility and electrode kinetics [9-12]. The use

*The abbreviations list is in page 703.
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of electrochemical techniques to characterize CT complex not only advances the
understanding of its redox chemistry but also facilitates the design of materials
with enhanced performance for electrochemical capacitors and sensors [13, 14].
Notably, the integration of CV plot data allows for comprehensive evaluation of
specific capacitance (Csp) [15]. The transformation of a CV to a galvanostatic
charge—discharge GCD plot is particularly valuable for exploratory studies, where
rapid screening of electrode materials is required and traditional GCD experiments
may be impractical [16]. CV-to-GCD conversion method offers significant
practical advantages, as it enables the extraction of charge—discharge
characteristics and Cg directly from CV data without the need for separate
galvanostatic measurements. This approach is especially beneficial for rapid
material screening, limited sample quantities and preliminary performance
evaluation in laboratory-scale studies. By utilizing a single electrochemical dataset,
the method improves experimental efficiency, reduces time consumption and
allows direct correlation between redox behavior and charge-storage capability. Its
application is particularly suitable for predominantly capacitive and
pseudocapacitive  systems, where surface-controlled processes dominate
electrochemical response. However, derived Csp values represent an upper bound,
as CV currents are not constant during charging/discharging and may include
contributions from non-capacitive processes, e.g., diffusion-controlled reactions
[17]. The method is therefore best used in conjunction with true galvanostatic
cycling to confirm quantitative metrics [18]. Recent studies further underscore
rapid developments in electrochemical energy storage and characterization of
pseudocapacitive systems. For example, a comprehensive review on CV
characterization of hybrid supercapacitors highlights latest methodologies that link
voltammetric analysis with device performance, reinforcing the relevance of
integrating CV-derived metrics with charge-discharge evaluation [16, 19]. In
addition, reviews on advanced pseudocapacitive materials emphasize the
importance of redox-active systems with tunable physicochemical properties and
rapid kinetics for high-performance supercapacitor applications [20]. Studies on
metal-organic framework-based composite electrodes and hybrid device
architectures published in 2025 also demonstrate how innovative material
designs can enhance specific capacitance and cycling stability, situating the
present work within current trends in electrode development and electrochemical
analysis [21, 22]. In the present study, CT complex involving 4,4'-bipyridine and
substituted benzoquinone derivatives was synthesized and characterized. CV
technique was herein employed to explore the complex’s electrochemical
behavior under various scan rates [23-25]. In addition to its unique redox activity,
CT complex is increasingly explored for its potential in energy storage
applications. The intrinsic donor-acceptor interactions within CT systems
facilitate efficient electron transfer, enabling it to function as a pseudocapacitive
material with promising charge storage capability [9, 13]. Its reversible redox
transitions contribute to rapid charge-discharge processes, while tunable
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molecular structures allow optimization of its electrochemical performance.
Moreover, CT complex often exhibits remarkable long-term electrochemical
stability, maintaining capacitance retention over extended cycling, which is a
critical requirement for practical supercapacitor and battery applications. These
properties make CT complex an attractive candidate for next-generation energy
storage devices, bridging the gap between molecular design and electrochemical
functionality.

Experimental and methods

Materials

All reagents were of analytical grade and used as-received, unless otherwise
noted. Solvents were purified and dried according to standard procedures.
2,3-Dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) and 4,4'-bipyridine (BPy)
were purchased from Aldrich Chemical Co. and employed without further
purification.

Synthesis of solid charge transfer complex

Equimolar solutions (5 mM) of BPy and each DDQ derivative were prepared in
methanol. CT complexes were synthesized by mixing equal volumes (1:1 v/v) of
donor (BPy) and acceptor (DDQ) solutions under stirring, at room temperature,
for 30 min. The resulting colored solution was stored in an amber bottle and used
directly for electrochemical studies. No additional purification was carried out;
the synthesis process yields BPy-DDQ CT complex (Fig. 1).

Figure 1: BPy-DDQ CT complex’s skeletal structure.

Electrochemical measurements

Electrochemical experiments were carried out using an EG&G Potentiostat Model
283 electrochemical workstation. A conventional three-electrode cell was employed,
consisting of gold working electrode, platinum wire counter electrode, and Ag/AgCl
reference electrode (saturated or 3.0 M KCl, as specified). Measurements were
conducted at 23 + 2 °C in anhydrous dichloromethane containing 0.1 M tetra-
ethylammonium perchlorate (TEAP). CV was performed within a potential range
from —0.2 to + 0.8 V vs. Ag/AgC(l at scan rates ranging from 0.025 to 0.4 V/s. Prior to
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all measurements, the solutions were purged with oxygen-free nitrogen for >15 min,
and a nitrogen blanket was maintained throughout.

Results and discussion

Cyclic voltammetry characterization

CV of BPy-DDQ CT-complex exhibits scan-rate dependent, quasi-reversible
redox behavior indicative of diffusion-limited processes [7, 8]. It was noted that,
as scan rate increased (from 0.025 to 0.4 V/s), peak currents grew and anodic-
cathodic peak separation increased (Fig. 2), indicating finite heterogeneous
electron-transfer kinetics and uncompensated resistive or ohmic effects [11]. CV
shape also includes a broad, sloping background current that reflects capacitive
(double-layer and pseudocapacitive) contributions arising from the high surface
area hierarchical morphology of the complex [13, 14, 18]. Together, these
observations imply a redox mechanism in which primary faradaic processes are
facilitated by intimate m—m stacked donor—acceptor domains at the electrode
interface, while long-range ionic transport into and out of aggregated domains
imposes a diffusion limitation at higher rates [1, 2, 24].
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Figure 2: CV of BPy—-DDQ CT complex at a Au electrode in 0.1 M TEAP/CH2CL,

recorded at scan rates from 0.025 to 0.4 V/s.

From CV to GCD

A novel route to evaluate capacitance in CT complex

In this work, a methodology for converting CV data into GCD profiles is
introduced, enabling the evaluation of specific capacitance directly from CV
experiments. Unlike traditional approaches where CV and GCD are treated as in-
dependent techniques, this method bridges both by numerically transforming
current-potential data into potential-time behavior. This framework not only
reduces experimental redundancy, but also provides new insight into
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pseudocapacitive contributions of CT complex, where faradaic and capacitive
processes often coexist. By validating converted profiles against experimental
GCD curves, it is herein demonstrated that this approach represents a promising
diagnostic and comparative tool for supercapacitor research and a novel pathway
for extracting electrochemical parameters from a single dataset. Fig. 3 indicates
the novel CV-GCD conversion method for capacitance evaluation of CT
complex.
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Figure 3: CV-to-GCD conversion for capacitance evaluation of CT complex.

Electrochemical characterization of CT complex commonly utilizes CV as main
diagnostic technique [9]. Although CV curves provide valuable qualitative and
semi-quantitative insights [25], precise determination of gravimetric specific
capacitance (Csp) is more reliably achieved using GCD measurements, where
potential-time response is monitored under a constant current condition [10]. In
cases where GCD measurements are unavailable, or where CV data are more
readily acquired, it is possible to computationally reconstruct a GCD-like profile
from CV datasets. This allows quantitative extraction of Cs, from potential-time
behavior derived from potential-current relationships [15, 16]. Fig. 4 presents
charging-discharging of E-f plot at various scan rates.
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Figure 4: Triangular E—¢ (GCD-like) plot generated by converting CV data recorded at
a Au electrode in 0.1 M TEAP/CHCl: at scan rates of 0.025-0.4 V/s.
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E—t plots reveal that the CT complex exhibits stable, reversible pseudocapacitive
behavior with efficient charge-discharge characteristics. The performance is
highly scan-rate dependent, as low scan rates favor higher capacitance due to
better ion access, while high scan rates favor rapid charge-discharge cycles
suitable for high-power applications.

Principle of conversion from CV to GCD

In the CV, the working electrode potential (E) is swept linearly with time at a
constant scan rate (v, in V/s), while current (i) is recorded [26, 27]. The
fundamental relationship governing CV is indicated in Eq. (1):

dE/dt=v (1)

where E is the electrode potential in volts (V), t the time in sec, dE/dt is the rate
of change of potential with time, known as scan rate, and v is , potential scan rate
in volts per second (V/s).

Thus, time corresponding to each potential point can be obtained via Eq. (2):

t=(EEsard |V )

where Egu.r 1S initial potential of the sweep. For a full CV cycle, both forward
(anodic) and reverse (cathodic) scans can be mapped onto a continuous time axis by
sequentially applying the above relation with the appropriate sign for AE [28-30]. To
perform a GCD curve, forward CV sweep (charging) was interpreted as charge
segment and reverse sweep (discharging) as discharge segment. While a real GCD
experiment maintains constant current, CV-based approach uses measured
instantaneous current at each potential to approximate average current (/.y) which is
average constant current for charging and discharging steps. This average constant
current is inserted into GCD capacitance equation [31-34].

Experimental data transformation

For the CT complex under investigation (BPy-DDQ), CV data were acquired at
an Au disc electrode loaded by the mass of the CT-complex in 0.1 M TEAP in
dichloromethane at various scan rates. Potential range was from -0.2 to +0.8 V,
followed by a reverse sweep back to -0.2 V. Recorded currents (i) in amperes
were paired with potentials to create an ordered dataset. Time (At) corresponding
to each potential increment (AE) was calculated using Eq. (3).

At = |AE|/v 3)

This yielded a complete potential-time table, analogous to a GCD dataset, with
time progressing over full charge-discharge cycle [35-37].

Specific capacitance calculation
Specific capacitance (Csp) was obtained from the discharge portion of
reconstructed GCD curve, according to Eq. (4) [38-41]:
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Iy At
Csp = Ay 4)

where I, is average constant current as defined before, At is discharge time, m is
mass of active material and AV is potential drop during discharge.

From the CV, one can obtain average constant current (/) using the amount of
charge (Q) via Eq. (5):

ly = & (5)
ten
Q = [, () de (6)
AV

where At is obtained from At = — -

Csp values of BPy-DDQ CT complex calculated from both CV and GCD [42-45]
methods are summarized in Table 1.

Table 1: Values of Csp calculated via CV and GCD methods at various scan rates.

Scan rate (v) Specific capacitance
(V/s) CV (F/g) GCD (F/g)
0.025 494 490
0.050 360 356
0.100 303 300
0.200 231 234
0.400 114 117

A strong correlation between the two techniques was observed across the entire
scan rates range. At 0.025 V/s, the capacitance obtained from CV (494 F/g) was
nearly identical to that from GCD (490 F/g), while similar agreement was
maintained at higher scan rates, e.g., 303 vs. 300 F/g at 0.1 V/sand 114 vs. 117 F/g
at 0.4 VJ/s.

Close correspondence between CV- and GCD-derived capacitances confirms the
reliability and reproducibility of electrochemical measurements. Moreover,
gradual decrease in Cs, with increasing scan rate reflects limited accessibility of
redox-active sites at higher sweep speeds, which is a typical feature of
pseudocapacitive systems. These results underscore that both methods consistently
capture charge-storage behavior of CT complex, validating its efficient and
reversible redox activity.

Comparative bar graph (Fig. 5) illustrates Cs, values obtained from CV and GCD
at different scan rates.

At all scan rates, capacitances determined by both methods are nearly identical,
with only minor deviations of less than 2%. This strong agreement demonstrates
the consistency and reliability of the electrochemical evaluation methods,
confirming that charge-storage behavior of BPy-DDQ CT complex is accurately
captured by both techniques.
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Figure 5: Correspondence between Cs, values obtained from CV and GCD at an Au

electrode in 0.1 M TEAP/CH:CL, recorded at scan rates from 0.025 to 0.4 V/s.

As shown in Fig. 6, scatter plot comparing CV- and GCD-derived capacitances
reveals an excellent linear correlation, with all data points lying very close to
ideal y = x line. Calculated coefficient of determination (R?) was 0.9993,
confirming near-perfect agreement between both electrochemical methods. This
strong correlation quantitatively validates the reliability of capacitance values,
demonstrating that both CV and GCD provide consistent assessments of charge-
storage behavior of BPy-DDQ CT complex.
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Figure 6: Correlation between Cs, values obtained from CV and GCD at an Au
electrode in 0.1 M TEAP/CH2ClL.

To benchmark pseudocapacitive performance of BPy—DDQ CT complex, its Csp
was compared with representative materials reported in recent literature [19-22].
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Transition metal oxides and hybrid composites can exhibit very high
capacitance values, sometimes exceeding 1000 F/g under optimized conditions,
due to rich faradaic redox activity [19]. Redox-active materials such as NiO,
V205 and MXenes typically show capacitance values in the range from 200 to
800 F/g depending on composition and testing conditions [20, 21]. Covalent
organic frameworks and related organic systems generally display capacitance
values ranging from ~100 to 800 F/g, with higher values reported for optimized
conductive architectures [22]. BPy-DDQ CT complex delivers Cs, values from
494 to 114 F/g (CV) and 490 to 117 F/g (GCD) over scan rates from 0.025 to
0.40 V s7!, placing it within the typical range of many pseudocapacitive
materials, and supporting its promising charge-storage capability.

Coulombic efficiency

Coulombic efficiency (1) of CT complex was evaluated from GCD profiles
according to the ratio of discharge to charge time. Calculated n values were
consistently close to 100%, indicating highly reversible redox processes and
minimal energy loss during cycling [14, 38]. This near-ideal efficiency confirms
that pseudocapacitive behavior of CT complex arises from rapid and reversible
faradaic reactions rather than from parasitic side reactions. Excellent coulombic
efficiency further demonstrates the structural stability and robust electron-
transfer kinetics of CT complex under repeated charge-discharge cycles [46-50].
From obtained results, combined electrochemical analysis demonstrates the
potential of CT complex as an efficient and tunable material for application in
supercapacitors and related energy storage devices, as presented in Fig. 7.

Charge-transfer
complex

Figure 7: Schematic illustration of CT complex as an active electrode material for
energy storage.

Tafel analysis and kinetic parameter determination
Resulting polarization curves, recorded in a conventional three-electrode
configuration, were converted into Tafel plots to determine kinetic parameters of
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electrode reactions [51, 52]. Potentials were first corrected to reversible hydrogen
electrode (RHE) scale, and overpotential () was obtained according to Eq. (7):

[l = Emeasured — Eeq (7

where Eeq is thermodynamic equilibrium potential for the reaction of interest,
calculated via Nernst equation. For hydrogen evolution reaction (HER) in acidic
media, Eeq was taken as 0.000 V vs. RHE [53]. The relationship between
overpotential (/]) and logarithmic current density () is described in Eq. (8):

1= a + blog() (8)

where a is intercept and b Tafel slope. Linear region of the plot was identified in
kinetic control regime, avoiding low-overpotential regions dominated by
capacitive currents and high-overpotential regions influenced by mass transport
limitations. Linear regression was applied within the refined range to obtain the
slope (b) and intercept (a) (Fig. 8).

Exchange current density (jo) was determined by extrapolating Tafel line to # = 0,
according to Eq. (9) [54]:

Jo=107%/" ©)

Higher jo values indicate greater intrinsic catalytic activity. Charge transfer
coefficient (o) was calculated using Eq. (10):

2.303 RT
anF

b =

(10)

where 7 is the number of electrons transferred, R is gas constant, 7 is temperature,
and F'1s Faraday constant. For HER at 298 K, this is simplified to Eq. (11):

0.0591
b(V/dec) = — (11)
-2.0 —
0.025 V/s
’ 0.400 V/s
-2.5 =
< -3.0 -
"~
-3.5 — /
7 l L) l L) l L) l L) l L]
0.24 0.28 0.32 0.36 0.40

Overpotential (V)

Figure 8: Logarithmic current density (logj) versus overpotential (/7/V) at an Au
electrode in 0.1 M TEAP/CH-Cl., recorded at scan rates of 0.025 and 0.4 V/s.
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The combination of Tafel slope, exchange current density and charge transfer
coefficient provides a comprehensive kinetic description of the electrode process,
enabling both mechanistic interpretation and quantitative comparison of catalytic
performance.

From analyzed Tafel plot, linear fitting of optimal anodic region yielded a Tafel
slope of 164 and 208 mV/dec for both scan rates of 0.025 and 0.400 V/s,
respectively, which is characteristic of a quasireversible electron-transfer process
[55]. Using standard Tafel relationship, this slope corresponds to a charge-
transfer coefficient (a) of approxim. 0.361 and 0.283 for 0.025 and 0.400 V/s,
respectively, at 298 K, assuming a one-electron transfer step. Extrapolation of
linear fit to equilibrium potential provided an exchange current density (j,) of
8.49 x 103 and 2.7x10™* A/cm? at scan rates of 0.025 and 0.400 V/s, respectively.

Obtained value of exchange current density (jo) reflects intrinsic catalytic activity of
the electrode toward the studied electrochemical reaction, since it represents the rate
of electron transfer at equilibrium without any external driving force. Measured
value of exchange current density at the scan rate of 0.025 V/s means that a large
number of active sites are readily available for charge transfer, and that the reaction
proceeds with minimal kinetic barriers. This indicates that the electrode material
possesses excellent intrinsic catalytic activity, facilitating fast adsorption-desorption
and electron transfer steps, which are essential for enhancing overall reaction
kinetics. In contrast, at a higher scan rate of 0.400 V/s, j, decreased significantly to
2.7 x 10* A/cm? The marked reduction suggests that catalyst activity is scan-rate
dependent, where faster potential sweeps impose kinetic and mass transport
limitations, restricting full engagement of surface-active sites. Thus, obtained jo
confirms favorable electrocatalytic properties of the studied system [56, 57].
Furthermore, exchange current density (jo) obtained from Tafel analysis was found
to be in close agreement with values of 7.4 x 103 and 2.3 x 10 A/cm? calculated
using Eq. (12):

jo = nFk°C (12)

The small difference between the two values can be attributed to experimental
uncertainties, electrode surface heterogeneity, or deviations from ideal kinetic
assumptions in Tafel model. Nevertheless, close correspondence indicates that
the electrochemical process is well-described by the proposed kinetic framework,
and the electrode exhibits reliable and consistent behavior across both
experimental and theoretical approaches. Typical exchange current densities for
non-precious HER catalysts are reported in the range from 107 to 102 A/cm?,
while state-of-the-art Pt-based catalysts reach ~1072 A/cm? [58]. The obtained jo
of 8.49 x 102 A/cm? at low scan rate therefore approaches the activity of noble-
metal catalysts, highlighting excellent intrinsic kinetics of the studied system.
Although the value decreases at higher scan rates, it remains above the level
commonly reported for many transition-metal catalysts [59], suggesting that the
material maintains a competitive activity profile. Thus, results confirm that
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investigated CT complex possesses intrinsically high activity, though its
effectiveness is partially constrained by kinetic and transport effects under rapid
dynamic conditions.

In this study, it was observed that, for quasi-reversible electrochemical systems,
parameters obtained from CV are significantly affected by the applied scan rate.
As the scan rate increases, peak potential separation (AE),) typically widens due
to finite electron-transfer kinetics, reflecting a reduction in heterogeneous rate
constant (k°). Since exchange current density is directly proportional to
heterogeneous rate constant, according to Eq. (12), a decrease in k° leads to a
corresponding decrease in , value of jo. This behavior was clearly observed in the
measurements, where jo decreased from 8.49 x 1073 A/cm? at a low scan rate
(0.025 V/s), to 2.7 x 10™* A/cm?, at a higher scan rate (0.40 V/s).

Conclusion

Electrochemical investigation of CT complex presented in this study underscores
its strong potential as an efficient and tunable material for next-generation energy
storage devices. The unique redox properties of CT complex, combined with its
favorable charge-storage behavior and rapid kinetics, were confirmed through
CV, GCD conversion and Tafel analysis, which together provided clear insights
into electron transfer efficiency and exchange current density. Proposed
methodological framework linking CV-derived GCD profiles with Tafel plots
offers a robust approach for correlating pseudocapacitive performance with
charge-transfer kinetics, thereby enabling more accurate evaluation of their
specific capacitance from a single dataset. These findings not only validate the
versatility of CT complex for supercapacitors and electrocatalytic applications,
but also highlight its promise as low-cost, sustainable alternative to conventional
electrode materials in advanced energy storage and conversion systems.
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Abbreviations

AgCI: silver chloride

BPy: 4,4'-bipyridine

Csp: Gravimetric specific capacitance
CT: Charge transfer

CV: cyclic voltammetry

DDQ: 2,3-Dichloro-5,6-dicyano-1,4-benzoquinone
DL: Double-layer

Eq: Equilibrium potential

ESD: Energy storage devices

GCD: Galvanostatic charge-discharge
HER: Hydrogen evolution reaction

ip: peak current

jo: Exchange current density

k°: heterogeneous electron transfer rate
QR: Quasi-reversible

S: surface electrode area

SR: scan rate

TEAP: Tetraecthylammonium perchlorate

Symbols definitions
a: charge-transfer coefficient
n: Coulombic efficiency
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