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ABSTRACT

Organic electrode materials (OEM)s have emerged as promising candidates for next-generation alkali metal-ion batteries due to
their structural tunability, sustainability, and potential for high-rate capabilities. In this work, the role of conductive additives in
tuning the electrochemical performance of a typical metal porphyrin-based organic cathode for lithium and sodium-ion batteries
was investigated. By varying the type and content of conductive additives including graphene nanoplatelets (GNP), Ketjen black
(KB), activated carbon (AC), and Super C (SC), the critical influence of conductive network architecture on capacity, rate capa-
bility and cycling stability was identified. Among them, GNP with planar morphology, enables efficient electronic pathways and
delivers the highest capacities at low-to-moderate current densities, achieving up to 204 mAh g™* in Li and 229 mAh g~' in Na-ion
cells at 100 mA g™*. These findings have been elucidated by a combination of theoretical calculations, electrochemical impedance
and extended cycling data. It is demonstrated that an optimal balance of conductive additive content and morphology is essential
for long-term stability and high-rate performance. This study underscores the role of conductive additive and content in governing
the charge transport kinetics of organic electrodes and provides valuable insights for designing high-performance electrode archi-
tectures in future sustainable energy storage systems.

1 | Introduction compounds. Such materials present challenges including high
production costs, environmental concerns, uneven global
resource distribution, and potential safety risks during operation
[1, 2]. Among the alternatives redox AMs, organic electrode

materials (OEMs) have gained great potential for sustainable

The growing demand for sustainable and high-performance
energy storage systems has intensified research into alternative
redox active materials (AM) that can overcome the limitations
of conventional lithium-ion batteries (LIBs). Although commer-

cial LIBs are well placed in the market and dominate the current
energy storage landscape—powering electric vehicles (EVs), por-
table electronics, and stationary storage systems—these technol-
ogies are largely dependent on inorganic, transition metal-based

charge storage devices not only as replacements for inorganic
materials, but as options for niche applications due to their
potential low cost, abundant resources, tunable performance,
and environmental friendliness [3-5].
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Despite the numerous advantages of OEMs [6], their practical
application in rechargeable energy storage systems is hindered
by four major challenges.

(i) A major drawback of OEMs is their substantial solubility
in electrolytes, driven by strong solute-solvent interac-
tions, polarity matching, hydrogen bonding, and
dipole-dipole forces [2, 7, 8]. This dissolution results in
the loss of redox-AMs, leading to progressive capacity
fade. Additionally, the dissolved species can undergo
undesirable side reactions with the counter electrode, fur-
ther compromising battery performance.

(ii) The intrinsic poor conductivity of most OEMs hinders
charge transport, increasing polarization and limiting
active site utilization [9, 10]. While adding conductive
additives (>40%) can partially facilitate the charge trans-
fer, it also reduces overall energy density due to the added
inactive mass.

(ili) The electrochemical potential of OEMs is typically below
3.0V for cathodes or above 0.5V for anodes, restricting
the overall energy density [4].

(iv) OEMs inherently have a much lower density than con-
ventional LIB cathodes. While their higher specific capac-
ity can partially offset this drawback, it limits electrode
loading, making it difficult to achieve comparable cell-
level performance.

If the above challenges (i-iii) are addressed, OEMs could find
practical niche applications where flexibility, sustainability,
and low-cost materials are prioritized.

While the low density of OEMs is inherent, extensive research
has focused on developing materials with higher redox potential
[11], high capacity [5], and limited solubility [12]. Several reports
highlight OEMs with acceptable cycling stability and electro-
chemical performance [13, 14].

Among the broad spectrum of organic redox-AMs, porphyrins
represent a particularly promising class of OEMs. Their highly
conjugated, planar macrocyclic structure facilitates efficient
multielectron redox reactions, enabling high specific capacities
[15-17]. A notable example is [5,15-bis-(ethynyl)-10,20-
diphenylporphinato]copper(I) (or CuDEPP). CuDEPP com-
bines a planar, n-rich structure with bipolar redox behavior
(b-type), enabling reversible four-electron redox processes and
high theoretical energy and power densities. Additionally, the
introduction of acetylenic substituents reduces solubility in the
electrolyte, while promoting in-situ electropolymerization upon
cycling [18, 19]. Their redox-active cores and tunable peripheral
substituents enable stable coordination with a wide range of
cations, making them versatile platforms for high-performance
and sustainable energy storage applications. Such metal-
porphyrin derivatives have been successfully employed in a variety
of monovalent and multivalent ion storage systems [20-25].

Despite these molecular advantages, CuDEPP suffers from poor
electronic conductivity, which severely limits its practical electro-
chemical performance. To compensate, large amounts of conduc-
tive carbon are often added, which reduces energy density and
complicates electrode fabrication [13]. The actual capacity of
LIB electrodes depends not only on the redox-AM capacity but also
on the optimization of electronic and ionic transport pathways

[26-28]. While dense electrodes with high conductive carbon con-
tent promote electronic conduction via close particle-particle con-
tact, high porosity and more AM fraction facilitate ionic diffusion
and active sites, suggesting a tradeoff between the two. Therefore,
enhancing charge transfer without compromising other key prop-
erties remains a significant challenge.

To overcome the limitations associated with the poor electronic
conductivity of electrodes, the incorporation of modified conduc-
tive carbon additives is a widely adopted strategy, although pre-
dominantly explored in inorganic electrodes [29, 30]. While
traditional additives such as carbon black (CB), Ketjen black
(KXB), Super C (SC), and activated carbon (AC) offer modest con-
ductivity improvements, advanced carbon materials including
carbon nanotubes (CNTs), graphene oxide (GO), and graphene
nanoplatelets (GNPs) provide significantly enhanced electronic
transport. Although CNTs can improve conductivity due to their
high aspect ratio, their application is limited by high cost and
difficulties in achieving homogeneous dispersion within elec-
trode slurries [31, 32]. These limitations become even more pro-
nounced in electrodes based on organic redox-AMs.

Among these, GNPs stand out as particularly promising due to
their excellent structural integrity, high conductivity, and ease of
dispersion. Unlike GO or reduced GO, GNPs are free of oxygen
functional groups (OFGs), which helps preserve their sp* conju-
gated structure and results in significantly enhanced electronic
conductivity, often several orders of magnitude higher [33-35].
Incorporating planar structures and extensive n-conjugation pro-
motes n-n stacking, resulting in an ordered molecular arrange-
ment that limits undesired solubility (of AMs) and enhances ion
transport. Additionally, these intermolecular interactions can
facilitate electron delocalization, thereby improving electrical
conductivity [26]. While GNP and AC also contribute a small
amount of pseudocapacitance or double-layer capacitance, their
primary role in CuDEPP-based electrodes is to establish a con-
ductive network. This work highlights the critical yet often
underexplored role of conductive additive engineering in deter-
mining the electrochemical performance of porphyrin-based and
other redox-active organic electrodes, emphasizing its impor-
tance as a key design parameter beyond AM engineering for
enabling efficient organic electrode systems. In this study, we sys-
tematically investigate the influence of conductive additives in
CuDEPP-based organic electrodes by comparing several carbon
materials, including GNPs, and evaluate their electrochemical
performance in both lithium- and sodium-ion systems, highlight-
ing the efficiency of GNP in forming conductive networks.

2 | Results and Discussion

The electrochemical performance of CuDEPP electrodes is highly
sensitive to the content of conductive carbon. As the AM relative
content increases, resulting in a corresponding reduction in con-
ductive additive, the discharge capacity significantly declines. As
illustrated in Figure 1a, decreasing the conductive carbon con-
tent from 40% to 20% leads to a notable drop in capacity from
189 to 135 mAh g™}, reflecting a ~30% reduction. The electrode
formulation used here follows established recipes for metal por-
phyrins as reported in earlier literature [12, 19, 36]. This trend is
consistent with previous observations in sodium-ion systems
(Figure S1) [13].
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FIGURE 1 | (a) First discharge capacity of electrodes with varying
conductive carbon contents at 100 mA g™ in the potential range of
1.8-4.5V in Li-ion cell. (b) EIS of electrodes with 40% conductive carbon
and (c) 20% conductive carbon in fresh cells and after formation cycles.

To clarify the underlying reasons for this observation,
Electrochemical impedance spectroscopy (EIS) measurements
were conducted to compare the electrodes with 40% and 20% con-
ductive carbon content in both fresh cells and after initial forma-
tion cycle. The Nyquist plots (Figure 1b,c) display a noticeable
difference in the charge-transfer resistance (R.) between the

two electrode formulations. The R, identified as the diameter
of the semicircle in the medium-frequency region, is an indicator
of the charge transfer resistance to lithium insertion in anode.
Additionally, the Warburg impedance, represented by the sloped
line in the low-frequency region, reflects the difficulty of mass
transport of the redox species to the CuDEPP electrode surface.
The analysis shown that electrodes with higher conductive car-
bon content (40%) exhibited a significantly lower R, approxi-
mately 4.8 times lower than that of the 20% carbon content
electrodes. This difference is evident from the smaller semicircle
in the high-frequency region of the impedance spectra, suggest-
ing that enhanced electronic and ionic conductivity within the
electrode matrix effectively reduces the energy barrier for charge
transfer. Such a reduction in R indicates more efficient ionic
pathways, which is particularly advantageous under high-rate
cycling conditions. Moreover, comparing the slopes of the
straight line in the low-frequency region (Warburg impedance)
revealed that electrodes with higher conductive carbon content
exhibited a noticeably higher ion diffusion coefficient, indicating
enhanced lithium-ion diffusion kinetics.

A similar trend was observed in the impedance spectra of electro-
des after formation cycle, with approximately 105% higher charge
transfer resistance in electrodes with lower conductive carbon
content. Notably, the semicircles in the Nyquist plots became sig-
nificantly smaller for both electrode types after the initial forma-
tion cycle, indicating a marked reduction in charge-transfer
resistance compared to the pristine electrodes. This enhanced
charge transfer efficiency after the formation cycle is likely
due to a process often referred to as self-assembly [37, 38],
self-conditioning [19], or polymerization of the rigid n-structures
of the CuDEPP during the initial cycle operation [39]. The dis-
tinct irreversible oxidative peak observed in the first anodic
sweep (Figure S2, CV, 1st cycle) provides clear evidence of this
behavior, which appears to be a defining characteristic of this
class of compounds. Similar phenomena have also been reported
in related systems with Na* [13], K* [40] and Mg** [22] based
chemistries, although a detailed discussion of the behavior is
beyond the scope of this study.

To further understand the intrinsic electronic limitations of
CuDEPP and its dependence on conductive carbon additives,
first-principles density functional theory (DFT) calculations were
performed to evaluate the electronic structure of the material.
The goal was to elucidate the microscopic origin of charge trans-
port limitations and assess how structural and electronic modi-
fications can overcome these bottlenecks. Electronic conductivity
in molecular materials is intimately linked to the electronic den-
sity of states (DOS) near the Fermi level. A finite DOS at the
Fermi energy signifies the availability of mobile charge carriers
and indicates metallic or conductive behavior. Conversely, the
presence of a finite bandgap between the valence and conduction
bands corresponds to semiconducting or insulating characteris-
tics, depending on the gap magnitude.

Using the experimentally reported crystal structure of protected
CuDEPP [19], full geometry optimization was performed, which
confirmed its triclinic symmetry (a=6.282 A, b=9.1404A,
c=11.892 A, a = 63.66°, B = 82.28° y = 82.11°). The resulting
DOS spectrum (Figure 2) revealed a bandgap of approximately
0.7 eV, indicative of a semiconducting character. Although rela-
tively small, this bandgap still suggests limited intrinsic conduc-
tivity, consistent with the experimental observation that CuDEPP
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FIGURE 2 | (a) Crystal structure of CuDEPP in its triclinic phase, visualized from multiple orientations to highlight the unit cell geometry and
molecular packing. (b) Total and element-resolved projected density of states (PDOS) for CuDEPP. The Fermi level is aligned to 0 eV. The calculated
bandgap is approximately 0.7 eV, indicating semiconducting behavior. Colored shades represent the contributions from individual atomic species to the

electronic states.

requires substantial conductive additive content for optimal
performance.

To enhance electronic conductivity, the incorporation of conduc-
tive carbon additives has been commonly utilized as an experi-
mental strategy. However, conventional conductive additives
such as carbon black or acetylene black are typically amorphous,
leading to limited and less predictable electronic interaction with
crystalline OEMs due to reduced interfacial contact and chal-
lenges in modeling. Instead, we focused on GNPs-a crystalline,
two-dimensional carbon material with high specific surface area
and superior electrical properties-as a more effective and struc-
turally compatible additive for layered molecular systems.

Given the low-symmetry nature of CuDEPP and its layered mor-
phology, the [2 —3 3] crystallographic plane was identified as the
most representative surface for interfacial interaction with GNPs.
A series of CuDEPP-GNP heterojunction models (two-layer of
CuDEPP and single layer of GNP) was constructed, and the inter-
layer spacing was systematically varied by 0.1 A to probe the
influence of proximity on electronic coupling. As shown in
Figure S3, the interfacial interaction energy was maximized at
an optimal interplanar distance of 3.9 A.

(a) (b)

60 -

Considering the structure with optimal interplanar distance of
the CuDEPP-GNP composite, the projected density of states
(PDOS) was computed to investigate the electronic hybridization
between the organic framework and GNPs. The analysis (see
Figure 3) demonstrates a clear emergence of continuous elec-
tronic states at and around the Fermi level, indicative of delocal-
ized charge carriers and a transition toward metallic behavior.
This significant increase in the DOS at the Fermi energy high-
lights the enhanced electronic conductivity of the composite sys-
tem. These findings suggest that GNPs, owing to their extended
n-conjugated structure and favorable crystallographic matching,
serve as a superior conductive additive for CuDEPP-based
organic electrodes. The enhanced charge transport at the
CuDEPP-GNP interface is thus expected to translate into
improved electron mobility and overall electrode performance.

Furthermore, the superior charge transport properties inferred
from the PDOS analysis are confirmed by experimental measure-
ments of composite volume resistivity. Specifically, the CuDEPP-
GNP electrode exhibited a composite volume resistivity of
0.449 Q.cm, which is significantly lower than that of correspond-
ing electrodes incorporating conventional carbon blacks
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FIGURE 3 | (a) The atomic structure of the CuDEPP-GNP heterojunction at an interlayer distance of 3.9 A, viewed from multiple orientations to

emphasize unit cell geometry, stacking arrangement, and interfacial alignment. (b) Total and atom-PDOS for the CuDEPP-GNP composite. The Fermi
level is set to 0 eV. The presence of continuous electronic states at the Fermi level indicates a metallic character of the heterostructure. Colored regions
represent the contributions from individual atomic species to the electronic structure.
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(2.102 Q.cm). The combination of intrinsic GNP conductivity and
intimate interfacial contact with CuDEPP molecules likely facil-
itates more efficient charge delocalization and electron transport,
thus reinforcing the role of GNPs as a highly efficient conductive
additive for planar porphyrin electrodes.

In a parallel study, we examined another organic cathode mate-
rial, crystalline 3,4,9,10-perylenetetracarboxylic dianhydride
(PTCDA) [41], with a smaller bandgap (~0.5eV) compared to
CuDEPP, which has been extensively investigated for its
redox-active and planar =m-conjugated structure (Figure S4)
[41]. Electronic structure calculations revealed, that, upon inter-
facing with GNPs, this material exhibits a significant increase in
electron density near the Fermi level. However, a subtle discon-
tinuity was observed in the conduction band region (Figure 4).
This suggests that, although the intrinsic electronic conductivity
of the PTCDA is superior to that of pristine CuDEPP, its perfor-
mance does not exceed that of the CUDEPP-GNP heterostructure
when interfacial interactions with GNPs are considered. This
demonstrates that the remarkable electronic enhancement in
CuDEPP-GNP arises from a unique and favorable interfacial
interaction, rather than being a consequence of GNP incorpo-
ration in organic cathodes.

To experimentally validate the effectiveness of GNP as a conduc-
tive additive, its performance was systematically studied and
compared with other commonly used carbon materials.
Specifically, CuDEPP electrodes incorporating KB, AC, SC,
GNP, and a GNP/SC composite (10% GNP/20% SC) were fabri-
cated and evaluated under identical conditions to assess their
influence on electrochemical performance. Meanwhile, during
this study, it was also noted that a relatively high binder content
(10%) had been used in earlier reports, which might not be nec-
essary for maintaining adequate electrode integrity. This obser-
vation has initiated a parallel investigation to find optimal binder
content. To this end, the binder ratio was reduced from 10 parts
to 7 and 5.5 parts out of 100 total parts of the electrode composi-
tion, while keeping the ratios of conductive carbon and AM con-
stant. Notably, this reduction did not result in any measurable
decline in peel adhesion. Peel tests showed that the adhesion

(a) (b)

strength remained consistent at approximately 1.1-1.4Nm™

across all formulations, indicating that mechanical integrity
was preserved despite the lower binder content. These findings
suggest that a binder content of 5.5 parts is sufficient to ensure
good slurry processing and robust peel adhesion with all conduc-
tive carbon additives investigated here, potentially enhancing
overall electrochemical performance by reducing inactive mass
without compromising structural stability. Accordingly, all sub-
sequent electrode compositions were standardized at 5.5%
binder, 30% conductive carbon, and 64.5% CuDEPP AM. The
morphology of the composite electrodes was examined using
SEM (Figure 5), revealing a uniform dispersion of pristine
CuDEPP particles and conductive carbons (Figure S5) across
all samples, regardless of the conductive additive used.

However, variations in the electrode microstructure were evident
depending on the type of conductive additive. GNP, with its pla-
nar, sheet-like structure (Figure S5a), appeared to form a more
continuous and efficient conductive network. This may result
from the planar structure of GNP, which reduces agglomeration
compared to spherical carbon additives. Similar advantages have
been observed in LFP cathodes, where graphene-based conduc-
tive additives act as buffers, improving the dispersion of active
particles [42]. The point-contact nature of the other additives
with the AM restricts electron transfer, likely contributing to
lower electronic conductivity.

Electrochemical performance was evaluated by cycling the electro-
des between 4.5 and 1.8 V versus Li*/Li at a current density of
0.1A g™'. The discharge profiles, shown in Figure 6a, exhibit
sloped voltage curves without distinct plateaus, suggesting rapid
pseudocapacitive redox reactions. This behavior is attributed to
a combination of double-layer capacitance and multiple redox
reactions, a characteristic commonly observed in such organic
electrodes [43]. The first-cycle discharge capacities of the CuDEPP
electrodes followed the order: CuDEPP-GNP > CuDEPP-AC >
CuDEPP-SC > CuDEPP-KB > CuDEPP-GNP/SC, with values of
194, 178, 175, 170, and 142 mAh g™, respectively. As expected,
CuDEPP-GNP exhibited the highest discharge capacity, indicating
that GNP enhances both conductivity and structural connectivity

100 A

80

60 -

DOS (states/eV)

40

20 A

—— Total-DOS
C-DOS
0-DOS

-1.0 -0.5 0.0 0.5 1.0 15 2.0

E—Eg (eV)

FIGURE4 | (a)The atomic structure of the PTCDA-GNP heterojunction at an interlayer distance of 3.7 A, viewed from two-different orientations to
emphasize unit cell geometry, stacking arrangement, and interfacial alignment. (b) Total and atom-PDOS for the PTCDA-GNP composite. The Fermi

level is set to 0 eV. The presence of continuous electronic states at the Fermi level indicates a metallic character of the heterostructure, though a subtle

discontinuity is present in the conduction band. Colored regions represent the contributions from individual atomic species to the electronic structure.

Batteries & Supercaps, 2026

5 of 10

85U017 SUOWILLOD 8A1IE81D) 8|qeotdde 8Ly Aq peussnob afe sejoiie VO ‘88N JO Sa|nI o} Akeid18UIUO /8|1 UO (SUONIPUOD-PUR-SLLIB)/LID" AB 1M ARIq 1 U1 UO//SdNL) SUORIPUOD PUe SWS | 8U188S *[9202/50/2Z] Uo Akeid1auljuo A8|IM ‘042005202 11eA/Z00T OT/I0p/Wod™A8 | 1m-Aselq puljuoadoune-A1is Iweyd//sdny Wwolj pepeoumoq ‘S ‘9z0Z ‘£2299952



FIGURE 5 | The SEM images of CuDEPP-based electrodes with various conductive additives: (a) GNP, (b) SC, (c) AC and (d) KB.

within the electrode. This superior performance can be attributed
to the continuous electronic states at the Fermi level and the effi-
cient charge transport pathways enabled by the strong interfacial
interaction between CuDEPP and the planar, conductive GNP net-
work. Interestingly, although hybrid graphene-CB conductive net-
works have been reported to enhance electronic percolation in
some inorganic cathodes [44], the expected synergistic effect
was not observed here, suggesting that SC may disrupt the planar
conductive pathways provided by GNP in the CuDEPP electrode.

The rate performance was evaluated at current densities ranging
from 0.1 to 12A g™, with each rate maintained for 20 cycles
(as shown in Figure 6b). The corresponding oulombic efficiencies
are provided in the Supporting Information (Figures S6-S10). This
range includes the typical rates utilized in LIBs, extending to
extremely fast charging conditions. At a low current density of
0.1 A g%, all electrodes except CuDEPP-GNP/SC exhibit similar
performance, with CuDEPP-GNP showing the highest discharge
capacity of 204 mAh g™ after 20 cycles. CuDEPP-AC demon-
strates a gradual increase in capacity over the first 20 cycles, sta-
bilizing at a value comparable to CuDEPP-GNP. In contrast,
CuDEPP-SC and CuDEPP-KB show lower discharge capacities,
remaining at a similar level. As the current density increases, dis-
tinct differences in rate capability and capacity retention emerge.
Up to 2A g ', CuDEPP-GNP maintains the highest discharge
capacity and demonstrates the best rate capability. Representative
charge-discharge profiles of CuDEPP-GNP at different current
densities are shown in Figure 6¢. Even at a higher current density
of 4 A g™*, the capacity remained at 134 mAh g™* indicating effi-
cient charge transport. After 200 cycles, the cell regained a capacity
of 177 mAh g%, also demonstrating good stability. This indicates
that CuDEPP-GNP provides efficient stability during cycling at
various rates. At 4Ag~', CuDEPP-KB slightly outperforms
CuDEPP-GNP, while CuDEPP-AC exhibits a significant decline
in capacity, which is further declined at 8 and 12 A g™'. At high
current densities of 8 and 12 A g™', SC exhibits higher discharge

capacity.

The lower rate capability of CuDEPP-AC can be attributed to the
predominantly microporous structure of AC (pore size typically
<2nm). While its high surface area can enhance charge storage
at low current densities, ion transport within micropores
becomes increasingly diffusion-limited under fast cycling condi-
tions, leading to increased polarization and reduced capacity at
high rates [45, 46].

The observed rate-dependent performance differences can be
understood in terms of electronic and ionic transport limitations
in the electrodes [26]. At low to medium current densities, where
charge transport is not severely limited, electronic conductivity
plays a dominant role in enabling efficient electron flow, result-
ing in higher capacity. This explains why CuDEPP-GNP, with its
planar and highly conductive structure, achieves superior perfor-
mance in such rates. However, as the current density increases,
ionic conductivity becomes the primary limiting factor since fast
ion diffusion is required to sustain charge storage. At extreme
high rates, the small particle size and isotropic morphology of
SC may shorten ion diffusion pathways. In contrast, the stacked
lamellar architecture of GNP, despite its high surface area, could
introduce tortuous ion transport pathways and impede the per-
formance at very high-rate performance [47].

Unlike inorganic cathode materials, OEMs offer greater structural
flexibility, making them highly compatible across different alkali
metal-ion battery systems. To further explore the advantages of
planner conductive additive, the electrochemical performance
of CuDEPP-GNP electrodes was evaluated as the cathode in a
Na half-cell configuration. As shown in Figure 7a, electrodes with
GNP exhibited significantly higher capacity compared to previ-
ously reported electrodes with CB (Figure S1) and the reference
cell using SC as the conductive additive (Figure S11) [13, 19].

We have also investigated the influence of GNP content on the
electrochemical performance of CuDEPP-GNP electrodes in Na-
ion cells. Thus, three different electrodes with 30 wt%, 25 wt%,
and 15 wt% of GNP were prepared to fully demonstrate their
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FIGURE 6 | (a)Initial discharge curves of CuDEPP cathodes at 0.1 A g". (b) Rate capability of CuDEPP electrodes with different conductive addi-
tives in rates 0.1, 0.2, 0.4, 1, 2, 4, 8, and 12 A g’l. (c) Selected charge-discharge curves of CuDEPP-GNP at different cycles. All electrodes contained 30%

conductive additive, 5.5% binder, and 64.5% CuDEPP active material.

energy storage performance, named GNP-30, GNP-25, and GNP-
15, respectively. The results indicate that the electrode with
higher GNP content delivered higher capacity (Figure 7a). At
a relatively low current density of 0.1 A g™, the discharge capac-
ities increased with cycle number. Specifically, GNP-30 exhibited
an initial discharge capacity of 207 mAh g~ (Figure S12), which
further increased to 229 mAh g* by the 20th cycle. The rate
capability of the three different cells was also evaluated at differ-
ent current densities (Figure 7b). At 0.1 A g™, the highest initial
discharge capacity was observed for GNP-30 (229 mAh g™*), fol-
lowed by GNP-25 (194 mAh g™') and GNP-15 (148 mAh g™ 1). As
the current density increased, a gradual capacity fade was
observed for all electrodes. However, GNP-30 consistently
retained the highest capacity across all rates, maintaining a dis-
charge capacity of 151 mAh g~' even at 4 A g™*, suggesting supe-
rior rate performance and efficient charge transport. As shown in
Figure S13, the coulombic efficiency rises above 95% within the
initial cycles and stabilizes at around 99%-100% upon extended

cycling. GNP-30 delivers reversible capacities of 206, 194, 177,
149, 130 and 106 mAh g™ at current densities of 04, 1, 2, 4, 8,
and 12 A g%, respectively (Figure S14).

After the rate tests, the cycling of the cells continued for another
340 cycles at 1 A g™' (Figure S15). Even after 500 cycles, GNP-30
maintained a reversible capacity of 194 mAh g™*, corresponded to
98% of the initial values at current density of 1 A g*. Similarly,
GNP-25 retained 95% of its capacity with176 mAh g* after
500 cycles. This exceptional cycling stability was further con-
firmed by the well-overlapped charge-discharge curves of
GNP-30 at cycles 50-300, highlighting minimal polarization
and highly reversible capability (Figure 7c).

Comparing rate-dependent capacity based on the total electrode
mass, rather than normalizing to AM alone, provides a more real-
istic view of the practical advantages gained through conductive
carbon optimization. Figure 7d presents such a comparison
between CuDEPP-GNP and previously reported CuDEPP-CB
electrodes. As shown, the CuDEPP-GNP system exhibits
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FIGURE7 | (a)Comparative charge-discharge curves of GNP-30, 25, 15 electrodes at 0.1 A g™* in Na-ion battery (20th cycle). (b) Rate capability of
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GNP-30 at 1 A g™* (after the rate test). (d) Rate-dependent capacity comparison based on total electrode mass for CuDEPP-GNP versus CuDEPP-CB
(data for CuDEPP-CB were adapted and replotted from Ref [13] under CC BY 4.0.).

improved performance across rates, highlighting the impact of
conductive network engineering.

3 | Conclusion

This work presents a systematic evaluation of various conductive
carbon additives for CuDEPP-based organic cathodes in both
lithium-ion and sodium-ion cells, addressing a critical limitation
of organic AMs: their inherently low electrical conductivity.
Among the tested materials, GNPs emerged as the most effective
conductive additive. Their high electrical conductivity and planar
morphology enable superior charge percolation networks that led
to a remarkable 75% reduction in bulk electrode resistivity.
Electronic structure analysis revealed the emergence of delocal-
ized electronic states near the Fermi level in the CuDEPP-GNP
composite, indicating a transition toward metallic-like conductiv-
ity. This enhanced electronic hybridization, driven by the extended
n-conjugation and crystallographic compatibility of GNPs, facili-
tates superior charge transport at the electrode interface, contrib-
uting directly to the improved performance observed in both

lithium- and sodium-ion cells. The CuDEPP-GNP composite elec-
trodes demonstrated significantly enhanced electrochemical per-
formance in both sodium-ion and lithium-ion cells. Specifically,
electrode with 30 wt% GNP (GNP-30), exhibited outstanding elec-
trochemical performance, achieving high capacities and excep-
tional cycling stability. The energy and power performance of
the GNP-based CuDEPP cathode was also notable in sodium
ion cells. At 0.1A g™', with an average discharge voltage of
2.8V, the gravimetric energy density reached approximately
641 Wh kg™' (based on AM). Even at an extreme rate of 8 A
g™, it maintained an energy density of 338 Wh kg™* and a power
density of 20.8 kW kg™". This work highlights the critical yet often
underexplored role of conductive additive engineering to unlock
the performance potential of not only CuDEPP, but a broad class
of porphyrin-based and other redox-active organic electrodes.
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