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Linkage Effects of Phenanthrene-based Polymeric Anodes 
for Lithium-Ion Batteries
Yu-Ruei Kunga,b,*, Huai-Sheng Chinb, Santosh U. Sharmac, Li Chenc, Zi-Yun Ouc, Hung-Ju Yenc,* 

Organic polymer anodes are increasingly recognized as promising alternatives to graphite due to their structural tunability, 
surface-dominated lithium-ion storage, and intrinsic safety advantages. However, establishing clear molecular design 
principles that connect polymer structure to lithium-storage kinetics and electrochemical performance remains a major 
challenge. In particular, the role of linkage olinkage chemistry in regulating lithium-ion storage behavior is often 
oversimplified and poorly understood. Herein, a systematic series of polyamides (PQ-polyamide) featuring identical aryloxy-
phenanthrene backbones but distinct linkages is designed to elucidate the influence of linker on lithium-ion storage 
behavior. By isolating linkage effects while maintaining a constant redox-active backbone, we demonstrate that substituent 
engineering plays a decisive role in determining reversible capacity, rate capability, and charge-storage kinetics. 
Electrochemical analyses reveal that all polymers store lithium predominantly through surface-controlled processes, while 
the extent of pseudocapacitive contribution varies significantly with linkers. Among the series, PQ-d incorporating a diphenyl 
ether linker delivers the highest reversible capacity of 470 mAh g⁻¹ after 100 cycles at 0.1 A g⁻¹ and exhibits the largest 
surface-controlled contribution, as evidenced by b values approaching unity and dominant capacitive behavior. A 
comparative kinetic analysis indicates that linkages promoting conformational flexibility and balanced electronic character 
facilitate enhanced accessibility of redox-active sites and rapid lithium-ion storage. In contrast, excessively rigid or strongly 
electron-withdrawing substituents lead to diffusion limitations and reduced electrochemical utilization. This work 
establishes substituent engineering as an effective molecular strategy for regulating lithium-ion storage kinetics in 
polyamide-based anodes and provides general design guidelines for the development of organic electrode materials.

Introduction
The rapid expansion of electric vehicles, portable electronics, 
and grid-scale energy storage systems has driven an urgent 
demand for lithium-ion batteries with higher energy density, 
faster charge-discharge capability, and improved safety.1-3 
Currently, graphite dominates the commercial anode market 
owing to its low cost, mature manufacturing infrastructure, and 
stable cycling performance.4 Nevertheless, graphite suffers 
from inherent limitations associated with its intercalation-
based lithium-storage mechanism.5 At high current densities, 
sluggish solid-state lithium diffusion leads to severe 
polarization, rapid capacity decay, and non-uniform lithium 
deposition.6-8 These issues not only limit rate performance but 

also raise safety concerns related to lithium plating and 
dendrite formation during fast charging.9-12

To overcome these limitations, alternative anode materials 
based on fundamentally different lithium-storage mechanisms 
have been actively explored.13, 14 Among them, organic polymer 
electrodes have emerged as particularly attractive 
candidates.15, 16 Unlike inorganic intercalation hosts, polymers 
store lithium ions mainly through localized redox reactions 
involving π-conjugated frameworks and heteroatom-containing 
functional groups.17, 18 Such surface or near-surface redox 
processes significantly reduce dependence on long-range 
lithium diffusion, enabling rapid charge–discharge kinetics and 
more homogeneous lithium-ion flux.19, 20 Consequently, 
polymer anodes are expected to suppress lithium dendrite 
formation and improve operational safety, especially under 
high-rate conditions. Another key advantage of polymer 
electrodes lies in their molecular-level tunability.21 Through 
rational chemical design,22 polymer backbones23 and side-chain 
substituents can be precisely tailored to modulate electronic 
structure, redox potential, mechanical flexibility, and ion-
electron transport properties.21, 24 This structural versatility 
offers a powerful platform for establishing structure-property 
relationships that are difficult to achieve in conventional 
inorganic materials.25, 26 However, despite these advantages, 
the development of high-performance polymer anodes remains 
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largely empirical, and clear molecular design principles are still 
lacking.22, 27

Polyamides represent a particularly promising class of polymer 
electrode materials. Their chemically robust backbones, rich 
heteroatom content, and strong intermolecular interactions 
endow them with good structural stability and multiple lithium-
ion interaction sites.28-30 Previous studies have shown that 
lithium ions can interact not only with aromatic π systems but 
also with amide nitrogen and carbonyl oxygen atoms, enabling 
multi-site lithium coordination within the polymer 
framework.31, 32 Moreover, polyamide backbones can be readily 
functionalized through side-chain modification, providing an 
ideal platform for systematic structural tuning.33

Several studies have explored structure-property relationships 
in polymer electrode materials, focusing on factors such as 
backbone conjugation, heteroatom incorporation, and 
substituent electronic effects.15, 34 For instance, conjugated 
polymers and polyimide-based electrodes have shown that 
increased π-conjugation and electron-withdrawing groups can 
enhance electronic conductivity and redox reversibility.35, 36 
However, in most reported systems multiple structural 
parameters are modified simultaneously, making it difficult to 
isolate the intrinsic influence of linkage chemistry on lithium-ion 
storage behavior. Further these studies have highlighted the 
potential of organic electrode materials for rechargeable 
batteries, where carbonyl- and quinone-based compounds 
typically deliver reversible capacities of ~150–300 mAh g⁻¹ 
depending on the number of redox-active sites and molecular 
structure.37-39 In addition, the structural tunability, low cost, and 
environmental compatibility of organic materials make them 
promising candidates for next-generation metal-ion 
batteries.29, 40

Despite these advantages, most existing polyamide-based 
electrode studies focus on improving performance through 
backbone modification or increasing redox-active unit density, 
while the influence of substituent chemistry is often treated as 
a secondary factor.41 In many cases, linkage effects are 
discussed solely in terms of electron-donating or electron-
withdrawing strength.42, 43 Such an oversimplified electronic 
perspective neglects other critical factors, including steric 
hindrance, conformational flexibility, backbone planarity, and 
accessibility of redox-active sites.44, 45 These structural and 
kinetic factors can play an equally important role in determining 
lithium-ion storage behavior, particularly for surface-
dominated polymer electrodes.46, 47 In reality, extended 
aromatic linkers may increase the density of accessible π 
systems for lithium-π interactions, while flexible linkages can 
enhance electrolyte penetration and expose buried redox sites. 
Conversely, rigid or strongly electron-withdrawing substituents 
may stabilize electronic states but hinder ion transport or 
reduce redox kinetics. Disentangling these effects requires a 
carefully controlled molecular system in which the polymer 
backbone remains constant while the linkage structure is 
systematically varied.48-50 To address this challenge, we design 
and synthesize a series of polyamides denoted as PQ-
polyamides. Although structure-property correlations in 
polymer electrodes have been widely investigated, most studies 

Scheme 1. Chemical structures of PQ-polyamides.

involve simultaneous variations in backbone structure, redox-
active units, or conjugation length, making it difficult to isolate 
the intrinsic role of linkage chemistry.51 In contrast, the present 
study adopts a controlled molecular design in which all 
polymers share an identical aryloxy-phenanthrene redox-active 
backbone while only the linkage structure is systematically 
varied. This strategy allows the influence of linkage chemistry 
on lithium-ion storage behavior to be examined independently 
from backbone-related effects. Beyond conventional electronic 
considerations, the results reveal that linkage chemistry can 
regulate lithium-storage kinetics through multiple structural 
factors, including conformational flexibility, accessibility of 
redox-active sites, and interfacial lithium-ion transport. By 
establishing a direct correlation between linkage structure and 
electrochemical kinetics, this work provides new molecular-
level insights into polymer electrode design that extend beyond 
previously reported studies focusing primarily on backbone 
modification or substituent electronics. 
In addition to backbone conjugation and heteroatom density, 
linkage chemistry represents an important yet underexplored 
molecular design parameter in polymer electrodes. While 
backbone modification directly alters the intrinsic redox 
framework and heteroatom density determines the number of 
potential coordination sites for lithium ions, linkage structures 
can influence electrochemical behavior through multiple 
structural and kinetic factors. These include conformational 
flexibility of the polymer chain, steric accessibility of redox-
active sites, intermolecular packing, and electrolyte penetration 
within the polymer matrix. Because linkage modification can 
regulate these properties without altering the fundamental 
redox-active backbone, it offers a versatile strategy for tuning 
lithium-ion storage kinetics while preserving the intrinsic 
electrochemical functionality of the polymer framework. 
Therefore, systematic investigation of linkage chemistry 
provides a complementary and potentially generalizable design 
lever for optimizing polymer-based electrode materials.
To implement this design strategy, we synthesized a series of 
polyamides denoted as PQ-polyamides, all sharing an identical 
aryloxy-phenanthrene backbone but incorporating six distinct 
linkers with different aromaticity, linkage chemistry, and 
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Figure 1. Cyclic voltammograms of (a) PQ-a, (b) PQ-b, (c) PQ-c, (d) PQ-d, (e) PQ-e, and (f) PQ-f recorded for a representative single cycle in the voltage window of 0.02-3.0 V (vs. 
Li/Li⁺) at a scan rate of 0.1 mV s⁻¹.

electronic characteristics. This molecular platform enables 
direct comparison of linkage effects on lithium-ion storage 
behavior without interference from backbone variations. 
Through systematic electrochemical characterization, including 
galvanostatic cycling, rate capability testing, and cyclic 
voltammetry (CV) based kinetic analyses, we establish clear 
correlations between linkage structure and electrochemical 
performance. The results demonstrate that linkages balancing 
π-conjugation, conformational flexibility, and electronic 
neutrality promote dominant surface-controlled lithium 
storage and improved rate capability. These findings provide 
mechanistic insights into linkage-regulated charge-storage 
kinetics and offer molecular design guidelines for the 
development of high-performance organic polymer electrodes.

Results and Discussion
Structural Considerations and Scope of This Study

The molecular structures, synthesis routes, film-forming 
behavior, thermal stability, solubility, and detailed 
physicochemical characterizations of the PQ-polyamides series 
have been comprehensively reported in our previous work.52 
Briefly, all polymers share an identical aryloxy-phenanthrene 
polyamide backbone and differ only in the linkage introduced 
via dicarboxylic acid skeletons. These polymers exhibit high 
molecular weight, amorphous morphology, excellent thermal 
stability, and good processability, ensuring that differences 
observed in electrochemical behavior arise primarily from the 
incorporated linkers. In the present work, we therefore focus 
exclusively on elucidating how systematic linkage variation 
influences lithium-ion storage behavior, electrochemical 

performance, and charge-storage kinetics in these 
phenanthrene-based polyamide anodes.
Compared with previously reported organic polymer 
electrodes, where electrochemical performance is typically 
tuned through modification of the redox-active backbone or by 
increasing the density of redox sites, the present study adopts 
a different molecular design strategy. Most prior studies 
introduce new functional groups or extend conjugation along 
the polymer backbone, making it difficult to decouple backbone 
effects from substituent contributions. In contrast, the PQ-
polyamide system used here maintains an identical aryloxy-
phenanthrene backbone while systematically varying only the 
linkage structure. This controlled molecular framework enables 
direct evaluation of how linkage chemistry influences lithium-
ion storage behavior, charge-storage kinetics, and 
electrochemical accessibility of redox-active sites, thereby 
providing clearer mechanistic insight into substituent-driven 
kinetic regulation in polymer electrodes. The key 
physicochemical parameters of the polyamides, including 
inherent viscosity, glass transition temperature, and thermal 
stability, are summarized in Table S1 for clarity.

Electrochemical Redox Behaviour of PQ-polyamides

To elucidate the lithium-ion storage behavior of PQ-polyamides 
series, the electrochemical properties were systematically 
investigated using half-cell configurations with lithium metal as 
the counter and reference electrode (supplementary note 1). 
As all polymers share an identical aryloxy-phenanthrene 
backbone and differ only in their linkages, this system provides 
an ideal platform to evaluate linkage-driven effects on 
electrochemical performance. By combining CV, galvanostatic 
charge-discharge (GCD) measurements, and kinetic analyses, 
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Figure 2. Galvanostatic charge-discharge profiles of (a) PQ-a, (b) PQ-b, (c) PQ-c, (d) PQ-d, (e) PQ-e, and (f) PQ-f measured at 0.1 A g⁻¹ within a voltage range of 0.02-3.0 V (vs. Li/Li⁺).

we aim to establish clear correlations between linkage, lithium-
ion storage mechanism, and electrochemical properties. The 
following discussion focuses on how variations in linkage 
chemistry influence redox behavior, specific capacity, rate 
capability, and charge-storage kinetics, while the fundamental 
lithium-storage mechanism remains governed by the polyamide 
backbone. 
Figure 1 shows the cyclic voltammograms of PQ-polyamides 
recorded for a representative single cycle in the voltage range 
of 0.02-3.0 V (vs. Li/Li⁺) at a scan rate of 0.1 mV s⁻¹ (see Figure 
S1 for full cycles). All polymers exhibit similar overall CV profiles, 
indicating that lithium-ion storage is predominantly governed 
by the identical aryloxy-phenanthrene polyamide backbone. 
During the cathodic sweep, a pronounced reduction feature 
appears at very low potential (~0.02 V) for all samples, which 
can be attributed to deep lithiation of the conjugated aromatic 
framework through Li⁺-π interactions involving the aromatic 
phenanthrene backbone and linkages. A broader reduction 
peak located at intermediate potentials (~0.76-0.86 V) is 
associated with lithium-ion coordination at heteroatom-
containing sites, such as amide nitrogen and carbonyl oxygen 
atoms. In the anodic sweep, a broad oxidation peak centered at 
~0.93-0.96 V corresponds to the reversible extraction of lithium 
ions from the lithiated polymer matrix, while a weaker oxidation 
shoulder at higher potentials (~2.44-2.47 V) is related to the 
delithiation of more weakly bound or surface-accessible lithium 
species, indicating a largely reversible redox process.53-55 
Although the fundamental redox mechanism remains similar 
across the series, the magnitude of the current response varies 
significantly depending on the linkage. Polymers bearing 
aromatic linkers (PQ-c to PQ-f) exhibit higher current densities 
than that of aliphatic analogues (PQ-a and PQ-b), reflecting an 
enhanced lithium-ion storage activity arising from additional π-
conjugated systems.

Although all polymers exhibit broadly similar CV profiles, the 
differences in current response are relatively subtle in the 
representative single-cycle curves and should therefore be 
interpreted with caution. Rather than relying on visual 
comparison of a single CV trace, the electrochemical ranking 
discussed here is based on the combined trends from cyclic 
voltammetry at multiple scan rates (Figure S2), galvanostatic 
charge-discharge capacities, and rate-performance 
measurements. In this context, PQ-c and PQ-d exhibit 
comparatively stronger electrochemical utilization, whereas 
PQ-e and PQ-f show lower reversible capacities and weaker 
overall electrochemical response. These results demonstrate 
that while the polyamide backbone determines the intrinsic 
lithium-storage mechanism, linkage plays a critical role in 
regulating lithium-ion accessibility and electrochemical activity, 
which is further reflected in the subsequent cycling and kinetic 
analyses.
Following the redox features observed in CV, the lithium-ion 
storage capability of PQ-polyamides was further evaluated by 
GCD measurements at a current density of 0.1 A g⁻¹ (≈0.06 C) 
within a voltage window of 0.02-3.0 V (vs. Li/Li⁺), as shown in 
Figure 2. All polymers exhibit a pronounced irreversible capacity 
loss during the first cycle, which is characteristic of organic 
electrode materials and can be attributed to electrolyte 
decomposition and solid-electrolyte interphase (SEI) formation, 
particularly at low potentials where deep lithiation of the 
conjugated framework occurs56. Notably, PQ-d exhibits the 
highest initial discharge capacity among the series, exceeding 
~600 mAh g⁻¹ at the first cycle, indicating extensive lithium 
uptake during the initial lithiation process. 
After the initial activation, charge-discharge profiles gradually 
stabilize upon subsequent cycling, reflecting the establishment 
of a more reversible lithiation-delithiation process, in 
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agreement with the largely reversible redox behavior observed 
in the CV curves. Clear differences in reversible capacity are 
observed among the six polymers despite the presence of the 
same aryloxy-phenanthrene redox-active unit in their polymer 
chains. These differences likely arise from variations in the 
linker structures, which can influence polymer chain packing, 
free volume, and accessibility of the redox-active sites. For 
example, the diphenyl ether linkage present in PQ-d introduces 
an angled yet relatively rigid structural motif that may increase 
chain spacing and free volume, potentially facilitating 
electrolyte penetration and lithium-ion access to the polymer 
matrix. Upon prolonged cycling, PQ-d maintains the highest 
reversible capacity, stabilizing at approximately 470 mAh g⁻¹ 
after 100 cycles, followed by PQ-c with a capacity of around 290 
mAh g⁻¹. PQ-a, PQ-b, and PQ-e exhibit moderate capacities in 
the range of 190-220 mAh g⁻¹, while PQ-f delivers the lowest 
capacity, remaining below 160 mAh g⁻¹. The gradual capacity 
increase observed during the early cycles for most samples can 
be attributed to progressive activation of redox-active sites and 
improved electrolyte penetration into the polymer matrix.57-59 
The overall capacity trend closely follows the CV current 
responses discussed earlier. Polymers showing higher current 
densities in the CV measurements, particularly PQ-d and PQ-c, 
also exhibit higher initial and reversible capacities under 
galvanostatic conditions, suggesting more effective utilization 
of redox-active sites. In contrast, PQ-f displays limited capacity, 
consistent with kinetically hindered lithium-ion storage. These 
results confirm that while the polyamide backbone governs the 
intrinsic lithium-storage mechanism, the linkage structure 
critically determines the extent of lithium uptake and its 
reversibility during cycling. 

Building on the linkage-dependent redox response observed in 
the CV curves and the distinct reversible capacities seen in the 
GCD profiles, we next evaluated the long-term cycling stability 
and rate performance of PQ-polyamides to clarify how linkage 
chemistry controls practical lithium-storage behavior. As shown 
in Figure 3a, all electrodes exhibit stable cycling at 0.1 A g⁻¹ 
(≈0.06 C), with coulombic efficiencies stabilize near unity after 
the initial activation stage, indicating that the lithiation-
delithiation process becomes highly reversible once the SEI and 
electrode/electrolyte interface are stabilized. The gradual 
increase in reversible capacity observed during the first several 
cycles is attributed to electrode activation and improved 
electrolyte wetting within the polymer matrix. Consequently, 
the coulombic efficiency values during the early cycles should 
be interpreted with caution, as small fluctuations may occur 
before the electrochemical system stabilizes. Notably, PQ-d 
shows the most pronounced capacity activation and delivers 
the best overall cycling performance, increasing steadily to ~470 
mAh g⁻¹ after 100 cycles, consistent with its stronger current 
response in CV and its higher lithium utilization under 
galvanostatic cycling. PQ-c maintains the second-highest 
capacity (≈290 mAh g⁻¹), whereas PQ-a, PQ-b, and PQ-e exhibit 

moderate capacities (≈190-220 mAh g⁻¹). In contrast, PQ-f 
remains the lowest-performing electrode (≈<160 mAh g⁻¹), 
suggesting that lithium uptake is kinetically restricted and/or 
less reversible despite the presence of aromatic content. The 
overall trend confirms the conclusion drawn from the CV and 
GCD results: while the polyamide backbone governs the 
remembering redox motif, the linkage strongly dictates the 
fraction of redox sites that are electrochemically accessible over 
repeated cycling. Rate capability measurements further 
highlight the substituent-controlled kinetic differences (Figure 
3b). With increasing current density from 0.1 to 2.0 A g⁻¹, all 
polyamide electrodes show the expected decrease in capacity 
due to increased polarization; however, PQ-d consistently 
delivers the highest capacity at low-to-moderate rates and 
shows good recovery when the current is returned to 0.1 A g⁻¹, 
demonstrating robust structural reversibility and stable 
interfacial behavior. Interestingly, at the highest current density 
of 2.0 A g⁻¹, PQ-c becomes comparable to or slightly better than 
PQ-d, implying that although PQ-d enables higher utilization at 
low rates, PQ-c may possess marginally faster charge-discharge 
response under an extreme polarization. Table S2 summarizes 
the various type of polymer-based anodes used for LIBs. To 
quantitatively probe the charge-storage mechanism behind 
these trends, the relationship between peak current and scan 
rate was analyzed (Figure 3c). The corresponding CV curves at 
various scan rates are shown in Figure S2. The derived b values 
follow the order PQ-c (0.94) ≈ PQ-d (0.94) > PQ-b (0.85) > PQ-e 
(0.78) > PQ-a (0.76) > PQ-f (0.73), indicating that PQ-c and PQ-
d exhibit a larger capacitive contribution, suggesting faster 
surface-controlled charge storage kinetics than others. This 
kinetic hierarchy explains why PQ-c and PQ-d maintain superior 
capacity retention at higher rates and why PQ-f performs poorly 
overall. 

Li⁺ Storage Mechanism Studies

During the lithiation process, lithium ions are inserted into the 
polyamide framework accompanied by a reduction of the π-
conjugated structure, while delithiation involves the extraction 
of lithium ions and the recovery of the polymer backbone to its 
original electronic state. By varying only, the chemical structure 
of the linkages, the possible lithium-ion interaction sites and the 
maximum lithiation scenarios were proposed for mechanistic 
discussion, as schematically illustrated in Figure 3d.
From the perspective of the polymer backbone, previous 
studies on lithium-aromatic interactions have suggested that a 
benzene ring can theoretically accommodate up to six lithium 
ions under an idealized and highly lithiated state.60 In addition 
to aromatic π systems, heteroatoms are also expected to 
participate in lithium-ion coordination. In particular, the 
nitrogen atoms in amide groups and the carbonyl oxygen atoms 
can serve as additional lithium-ion interaction sites, thereby 
facilitating lithium coordination within the polymer framework. 
Based on the structural features of the aryloxy-phenanthrene 
polyamide backbone, the maximum lithiation scenario 
corresponds to the accommodation of up to 30 lithium ions per 
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Figure 3. (a) Cycling performance measured at a current density of 0.1 A g⁻¹; (b) rate capability evaluated at different current densities ranging from 0.1 to 2.0 A g⁻¹; (c) b-value 
determination based on the relationship between peak current and scan rate; and (d) schematic illustration of the lithium-ion storage mechanism in PQ-polyamides, highlighting Li⁺ 
coordination with heteroatoms and Li⁺-π interactions within the conjugated backbone and substituent-derived aromatic systems.

repeat unit. With respect to the linkages, PQ-a and PQ-b do not 
introduce additional conjugated aromatic systems beyond the 
polymer backbone; consequently, their lithium-ion storage 
behavior is primarily governed by the phenanthrene backbone. 
In contrast, PQ-c contains an additional benzene ring in the 
substituent, which introduces an extra aromatic π system from 
the backbone. Based on lithium-aromatic interaction principles, 
this additional benzene ring is considered capable of 
accommodating up to six lithium ions under an idealized 
lithiation state.61, 62

For PQ-d consisting of two benzene rings linked by an oxygen 
atom, thereby introducing two additional aromatic π systems, 
which are theoretically expected to accommodate up to 12 
lithium ions in a maximum lithiation scenario. In the case of PQ-
e, the linkage contains two benzene rings connected through a 
sulfone group. Considering both the aromatic π systems and the 
heteroatom-rich sulfone group, PQ-e is therefore estimated to 
accommodate up to 14 lithium ions under maximum lithiation 
conditions. For PQ-f with the linkage also contains two aromatic 
rings and is accordingly estimated to accommodate a maximum 
of 12 lithium ions. By summing the contributions from the 
polymer backbone and linkages, the maximum lithium-ion 
storage capacities are estimated to be 30 Li⁺ for PQ-a and PQ-b, 
36 Li⁺ for PQ-c, 42 Li⁺ for PQ-d, 44 Li⁺ for PQ-e, and 42 Li⁺ for PQ-
f per repeat unit. Based on these values, the theoretical specific  
capacities were calculated using the equation 𝐶
= (𝑛 × 𝐹)/3.6𝑀 (𝑚𝐴ℎ 𝑔^( ― 1) ), where C is the theoretical 

specific capacity, n is the number of electrons participating in 
the reaction, F is the Faraday constant (96,485 C mol–1) and M 
is the molecular weight of repeating unit.53, 63, 64 Accordingly, 
the theoretical capacities of PQ-a, PQ-b, PQ-c, PQ-d, PQ-e, and 
PQ-f are calculated to be 1515, 1444, 1752, 1751, 1707, and 
1449 mAh g⁻¹, respectively. It should be noted that this 

theoretical capacity represents an idealized upper limit based 
on the assumption that each aromatic ring can accommodate 
up to six lithium ions through complete reduction of the π-
system. In practice, such full lithiation is unlikely to be 
electrochemically accessible in polymeric electrode materials 
due to steric constraints, limited electrolyte accessibility, 
polymer chain packing, and kinetic limitations of lithium-ion 
transport within the polymer matrix. Therefore, the calculated 
value should be interpreted only as a theoretical reference 
point rather than a quantitatively achievable capacity. The 
experimentally observed capacities are expected to be 
significantly lower due to these structural and kinetic 
constraints. It is evident that a substantial gap exists between 
the theoretically predicted capacities and the experimentally 
achieved values. This discrepancy is primarily attributed to the 
difficulty of realizing complete lithiation of all aromatic rings 
and coordination sites under practical electrochemical 
conditions. Factors such as kinetic limitations, incomplete 
accessibility of redox-active sites, steric hindrance, and diffusion 
constraints restrict the effective utilization of the theoretical 
lithium-storage capacity. Consequently, only a fraction of the 
idealized lithium-ion storage sites participates in reversible 
electrochemical reactions, resulting in experimentally observed 
capacities that are significantly lower than the theoretical 
maxima.
To further quantify the lithium-ion storage mechanism and 
validate the kinetic trends inferred from the b-value analysis, 
the relative contributions of surface-controlled (capacitive) and 
diffusion-controlled processes were evaluated using the 
method proposed by Dunn et al.65, 66 According to this 
approach, the current response at a given potential can be 
expressed as i(v) = k₁v + k₂v¹ᐟ², where v is the scan rate, k₁v 
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represents the surface-controlled (capacitive) contribution, and k₂v¹ᐟ² corresponds to the diffusion-controlled component  

Figure 4. Quantitative analysis of capacitive and diffusion-controlled charge-storage contributions for PQ-polyamides at different scan rates derived using Dunn’s method, illustrating 
the substituent-dependent evolution of surface-controlled lithium-ion storage behavior.

(supplementary note 2). By separating these two contributions 
at different scan rates, the dominant charge-storage 
mechanism for each polymer electrode can be quantitatively 
assessed. As shown in Figure 4, PQ-polyamide electrodes 
exhibit a substantial surface-controlled contribution, which 
becomes progressively more dominant with increasing scan 
rate. This behavior indicates that lithium-ion storage in these 
polyamide electrodes is largely governed by surface or near-
surface redox processes rather than long-range solid-state 
diffusion, consistent with the pseudocapacitive characteristics 
observed in the CV and b-value analyses. The increasing 
capacitive contribution at higher scan rates further confirms 
that rapid charge storage is enabled by readily accessible redox-
active sites within the polymer framework. Among the six 
polymers, PQ-c and PQ-d exhibit the highest capacitive 
contributions over the entire scan-rate range. Notably, even at 
a low scan rate of 0.1 mV s⁻¹, PQ-c and PQ-d already display 
substantial capacitive contributions of approximately 81.2% 
and 79.3%, respectively, which are markedly higher than those 
of other polymers. With increasing scan rate, the capacitive 
contribution for both electrodes increases further, exceeding 
90% at high scan rates. This pronounced surface-controlled 
behavior is fully consistent with their high b values (~0.94) and 
explains their superior reversible capacity and rate capability 
observed during galvanostatic cycling.
In contrast, PQ-f exhibits a significantly lower capacitive 
contribution, particularly at low to intermediate scan rates, 
indicating a comparatively stronger diffusion-controlled 
component. Although surface-controlled processes still become 
dominant at high scan rates, the larger diffusion limitation at 
practical scan rates restricts efficient utilization of redox-active 

sites, leading to inferior capacity and poorer rate performance. 
The remaining polymers (PQ-a, PQ-b, and PQ-e) display 
intermediate behavior, with moderate capacitive contributions 
that increase gradually with scan rate, reflecting a mixed 
charge-storage mechanism. Overall, the capacitive-diffusion 
contribution analysis provides strong quantitative evidence that 
substituent chemistry directly regulates lithium-ion storage 
kinetics in PQ-polyamides. Linkages that promote extended π-
conjugation and conformational flexibility, such as the diphenyl 
ether group in PQ-d, facilitate dominant surface-controlled 
lithium storage and superior electrochemical performance. 
These results further corroborate the linkage-kinetics-
performance relationship established through CV, rate 
capability, and b-value analyses. It should be noted that b-value 
analysis and Dunn-type capacitive separation provide 
phenomenological insights into charge-storage kinetics and 
cannot unambiguously distinguish true pseudocapacitive 
behavior from diffusion-limited processes occurring in porous 
or disordered electrode structures. Therefore, these analyses 
are interpreted here as indicators of relative kinetic differences 
among the polymers rather than definitive mechanistic proof.
In addition, electrochemical impedance spectroscopy (EIS) was 
conducted to further probe the interfacial charge-transfer 
characteristics of PQ-polyamide electrodes before and after 
cycling, and the corresponding Nyquist plots are presented in 
Figure S3. All electrodes exhibit a depressed semicircle in the 
high- to medium-frequency region followed by an inclined line 
at low frequencies, which can be attributed to the combined 
contributions of charge-transfer resistance at the electrode-
electrolyte interface and ion diffusion within the polymer 
matrix. The absence of a well-defined vertical Warburg region is 
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consistent with the predominantly surface-controlled lithium-
ion storage behavior observed from the CV and capacitive 
contribution analyses.62

Upon cycling, noticeable changes in the impedance response 
are observed for all polymers, reflecting interfacial 
reconstruction and stabilization of the electrode/electrolyte 
interface. In general, polymers with higher capacitive 
contributions and larger b values, particularly PQ-c and PQ-d, 
exhibit relatively smaller increases in charge-transfer resistance 
after cycling, indicating more stable interfacial kinetics and 
efficient lithium-ion transport. In contrast, PQ-e and PQ-f show 
significantly larger impedance growth upon cycling, suggesting 
increased interfacial resistance and slower charge-transfer 
processes, which is consistent with their lower reversible 
capacities and rate performance. These EIS results further 
support the conclusion that substituent chemistry plays a 
critical role in regulating interfacial charge-transfer behavior in 
polyamide-based electrodes. 
To further elucidate the kinetic characteristics of lithium-ion 
storage, electrochemical impedance spectra were additionally 
analyzed in the frequency domain, and the corresponding Bode 
plots are provided in the Supporting Information Figure S4. In 
the Bode magnitude plots, PQ-polyamide electrodes exhibit a 
negative slope in the intermediate-frequency region, indicating 
a gradual transition from kinetically limited interfacial processes 
at low frequencies to faster electrochemical response at higher 
frequencies.67 Such behavior is characteristic of electrodes 
dominated by surface or near-surface charge-storage processes 
rather than purely diffusion-controlled lithium transport, 
consistent with the pseudocapacitive features identified from 
CV and Dunn analyses61, 62, 68 The Bode phase plots reveal a 
distinct phase-angle minimum for each polymer electrode. The 
frequency at which this minimum occurs is defined as the knee 
(characteristic) frequency (𝑓𝑘), which reflects the dominant 
electrochemical relaxation process of the electrode.68 The 
associated relaxation time constant (𝜏) can be estimated 
according to 𝜏 = 1/𝑓𝑘. Based on this analysis, PQ-a, PQ-b, PQ-
c, PQ-d, PQ-e, and PQ-f exhibit knee frequencies of 
approximately 316.24, 343.43, 439.83, 257.33, 235.64, and 
637.44 Hz, corresponding to relaxation times of 3.16, 2.91, 2.27, 
3.89, 4.24, and 1.57 ms, respectively. Interestingly, PQ-f exhibits 
the shortest relaxation time among the investigated polymers 
but does not deliver the highest capacity. This observation 
indicates that fast charge-transfer kinetics alone do not 
necessarily guarantee high reversible capacity. While a short 
relaxation time reflects rapid interfacial charge-transfer and 
ion-transport processes, the achievable capacity also depends 
on the number and accessibility of electrochemically active sites 
within the polymer matrix. In the case of PQ-f, structural factors 
such as polymer packing or steric constraints may limit the 
utilization of redox-active units despite relatively fast kinetic 
behavior. In general, a higher knee frequency (shorter 
relaxation time) indicates a faster characteristic 
electrochemical response to the applied perturbation69 Among 
the series, PQ-c and PQ-d exhibit relatively short relaxation 
times while simultaneously delivering high reversible capacities 
and dominant surface-controlled contributions, indicating an 

effective balance between rapid interfacial kinetics and 
accessible redox-active sites. In contrast, PQ-e shows the 
longest relaxation time, reflecting slower electrochemical 
relaxation and increased kinetic limitations, which is consistent 
with its lower capacitive contribution and inferior 
electrochemical performance. Although PQ-f displays the 
shortest relaxation time, its overall lithium-ion storage 
capability remains limited, suggesting that fast relaxation alone 
is insufficient to ensure high reversible capacity and that 
effective utilization and stability of redox-active sites are 
equally critical.

Conclusion
In this work, we systematically investigated the lithium-ion 
storage behavior of a structurally well-defined series of 
polyamides (PQ-polyamides) featuring an identical aryloxy-
phenanthrene backbone and six distinct linkages. By decoupling 
backbone redox chemistry from substituent effects, this study 
provides clear molecular-level insight into how substituent 
engineering governs electrochemical activity, charge-storage 
kinetics, and practical battery performance in polymer-based 
anodes. All polymers exhibit reversible lithium-ion storage 
dominated by surface-controlled processes; however, 
pronounced differences in capacity, rate capability, and kinetic 
response arise solely from variations in substituent structure. 
Among the series, PQ-d delivers the highest reversible capacity 
and most favourable cycling performance, while PQ-c exhibits 
excellent kinetic response and rate capability. Comprehensive 
electrochemical analyses including CV, galvanostatic cycling, b-
value evaluation, capacitive-diffusion contribution analysis, and 
impedance spectroscopy-collectively demonstrate that 
substituents promoting extended π-conjugation and 
conformational flexibility facilitate greater accessibility of 
redox-active sites and faster interfacial lithium-ion storage. In 
contrast, rigid or strongly electron-withdrawing substituents 
impose kinetic limitations, increase interfacial resistance, and 
restrict effective utilization of theoretical redox sites, leading to 
inferior electrochemical performance.
Overall, this work establishes substituent engineering as a 
decisive strategy for regulating lithium-ion storage kinetics and 
performance in polyamide anodes. Rather than relying solely on 
increasing redox density or electron-withdrawing strength, 
optimal battery performance requires a balanced combination 
of aromatic accessibility, structural flexibility, and interfacial 
stability. These findings provide generalizable design guidelines 
for the development of high-performance organic electrode 
materials and highlight the importance of kinetic and interfacial 
considerations in advancing polymeric energy storage systems.
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