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a b s t r a c t

Quinone-based electrode materials hold significant promise for next-generation sodium-ion batteries due

to their structurally tailorable frameworks, high theoretical capacities, and favorable redox potentials.

However, dissolution in organic electrolytes and structural instability during cycling critically impair their

capacity retention and cycling durability. Herein, we designed and synthesized two novel acylimide ma-

terials N,N’-bis(2,6-anthraquinone diamine)-biphenyl diimide (DQ-BDI) and N,N’-bis(anthraquinone-2,6-

diamine)-perylenyl diimide (DQ-PDI) with the gradual enhancement of π-conjugation. Electrochemical

characterization reveals exceptional performance in DQ-PDI. At the current density of 50mA/g, the DQ-

PDI delivered the first discharge specific capacity of 158 mAh/g, and the capacity retention of 99% after

100 cycles, with the coulombic efficiency of nearly 100%. At a high current density of 500mA/g, the DQ-

PDI displays a high discharge capacity of 152 mAh/g. The reduction peaks of DQ-PDI located at 2.28V

and 1.34V are the insertion reactions of sodium ion from the carbonyl groups on PTCDA unit and on

DAAQ unit at both ends, respectively, and the two oxidation peaks at 2.58V and 1.53V corresponds to

extraction reactions. Compared with DQ-BDI, DQ-PDI exhibits a larger π-conjugation plane, which sig-

nificantly enhances the intermolecular π-π interactions. It can well reduce the dissolution of the mate-

rial in organic electrolyte, resulting in a higher discharge capacity, superior cycling stability and accel-

erated reaction kinetics. Our π-conjugation extension strategy establishes a new paradigm for designing

dissolution-resistant, high-performance organic electrodes.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

As n-type carbonyl compounds, quinone molecules are highly

promising organic electrode materials owing to their suitable re-

dox potentials and high theoretical capacities derived from two-

electron redox behavior [1]. However, a critical issue hindering

their application is the high dissolution of simple quinones with

basic structural units in organic electrolytes, leading to severe ca-

pacity decay and poor cycling performance [2]. A common modi-

fication strategy involves the formation of quinone salts. This ap-
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proach is crucial for mitigating the dissolution of quinone-based

organic materials. The presence of strongly hydrophilic functional

groups in these salts, such as -ONa, -SO3Na, and -COONa, ef-

fectively suppresses dissolution in organic electrolytes and en-

hances the structural stability of the quinone molecules during

the charge/discharge processes. Nevertheless, forming salts (salifi-

cation) significantly increases the molecular weight of the quinone

electrode material, consequently reducing its theoretical specific

capacity. This is particularly pronounced for high molecular weight

groups like -SO3Na (103 g/mol). Additionally, the electron-donating

effect imparted by introduced groups (-ONa, -COONa, -SO3Na) can

lower the redox potential [3]. Another consideration is that many

of these salts incorporate relatively stable water of crystallization.

https://doi.org/10.1016/j.cclet.2025.111881

1001-8417/© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
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While the water may facilitate sodium-ion solid diffusion and sta-

bilize the crystal structure during cycling, it can also adversely af-

fect the electrolyte. Beyond salification, polymerization of small-

molecule quinones to form polymeric quinones constitutes another

effective strategy to inhibit dissolution in organic electrolytes [4].

Although polymerization enhances the cycling stability of small-

molecule quinones, the practical capacity of the polymers often

falls below the theoretical value due to limited utilization of active

sites [5]. Moreover, significant challenges remain in polymer syn-

thesis, product purification, and reproducibility. Furthermore, im-

purities, which are difficult to separate from the target product,

can severely affect the charge/discharge performance of quinone

electrodes and lead to variations in product composition, morphol-

ogy, and crystallinity [6].

In summary, organic quinone salts increase material molecu-

lar weight, thereby diminishing theoretical specific capacity. Sim-

ilarly, polymeric quinones often fail to completely suppress disso-

lution or ensure robust cycling stability solely through molecular

weight increase. While some quinone-based materials may exhibit

high initial capacity, the predominant challenge to cycling per-

formance remains dissolution in the electrolyte, compounded by

volume changes, generation of unstable intermediates, irreversible

phase transitions, and side reactions [7]. Therefore, mitigating dis-

solution is paramount for improving the electrochemical perfor-

mance of organic quinone electrodes. Strategies to address disso-

lution include adjusting the conjugated structure and increasing

molecular weight by extending the planar π-conjugated system

with more -C=O groups. Such extension also enhances π-π inter-

actions between neighboring molecules, both of which contribute

to enhanced structural stability [8]. Furthermore, an extended π-

conjugated system improves the electronic conductivity of quinone

electrodes via π-π stacking interactions facilitated by resonance

effects [9]. In conjugated molecules, resonance delocalizes elec-

trons across the π-system. This effect enhances electronic conduc-

tivity within the conjugated region, improving the rate capability

for electron transfer and sodium ion insertion/extraction in organic

electrode materials. Moreover, as the conjugation region expands,

the quinone electrode achieves greater stability due to the reso-

nance effect [10].

Although extended π-conjugated systems for dissolution miti-

gation have been investigated in the lithium-ion and zinc-ion bat-

teries, research on extended conjugated structures in the sodium-

ion batteries (SIBs) is limited [11–13]. To address the challenge of

dissolution for quinone compounds as cathode materials in the

SIBs, this study designed and synthesized two cathode materi-

als (DQ-BDI and DQ-PDI) based on anthraquinone small molecules

(Fig. S1 in Supporting information), leveraging an extended π-

conjugation strategy. The successful design and synthesis of the

highly conjugated compounds effectively improved the electro-

chemical performance of the anthraquinone system [14]. Notably,

DQ-PDI possesses a larger π-conjugation plane and stronger in-

termolecular π-π interactions than DQ-BDI. The large conjugated

π-system within the molecular structure significantly reduces an-

thraquinone dissolution in organic electrolytes [15–17]. The results

demonstrate that extending the π-conjugated system effectively

reduces dissolution of quinone electrodes in organic electrolyte,

leading to improved charge/discharge performance. Additionally,

this study provides a detailed discussion of the sodium ion inser-

tion/extraction mechanism.

The structures of DQ-BDI and DQ-PDI were investigated by X-

ray diffraction (XRD) and Fourier transform infrared spectroscopy

(FT-IR). As shown in Figs. 1a and b, the sharp diffraction peaks

in the XRD patterns indicate that both compounds exhibit high

crystallinity. Notably, the presence of diffraction peaks correspond-

ing to the starting materials qualitatively suggests the formation

of new products. In the FT-IR spectrum of DQ-BDI (Fig. 1c), the

Fig. 1. XRD of (a) DAAQ, BPDA, DQ-BDI and (b) DAAQ, PTCDA, DQ-PDI. FT-IR of (c)

DAAQ, BPDA, DQ-BDI and (d) DAAQ, PTCDA, DQ-PDI.

absorption peaks at 3424 and 3336 cm−1 are assigned to the N–H

stretching vibrations of the -NH2 group from DAAQ, while the char-

acteristic peaks at 1672 and 1729 cm−1 correspond to the C=O

stretching vibrations of DAAQ and BPDA, respectively. In addition,

the absorption peak at 1331 cm−1 represents the C–N stretching

vibration in the imide moiety [18]. The slight shift in the C=O vi-

bration frequency of DQ-BDI compared to BPDA and DAAQ may

arise from extended π-conjugation in the product [19]. Critically,

the absence of a C–O stretching vibration at ∼1100 cm−1 (char-

acteristic of anhydride groups) combined with the emergence of

the C–N peak at 1331 cm−1 confirms that the anhydride groups

of BPDA underwent imidization to form C–N bonds, thereby ver-

ifying the successful synthesis of DQ-BDI. In the FT-IR spectra

of DQ-PDI (Fig. 1d), C=O stretching vibrations from PTCDA and

DAAQ appear at 1770 cm−1 and 1662 cm−1, respectively. The tele-

scopic vibrational peaks at 3200 cm−1 (-NH2 stretching) and 1312

cm−1 (C–N stretching) originate from the DAAQ reactant. The re-

tention of characteristic peaks from both precursors indicates that

DQ-PDI incorporates structural features of its feedstocks. Further-

more, the disappearance of the anhydride C–O vibration at ∼1100

cm−1 demonstrates participation of carbonyl groups of PTCDA in

the imidization reaction. Concurrently, the appearance of the C–N

stretching peak at 1312 cm−1 provides conclusive evidence for the

successful synthesis of DQ-PDI [20].

The 1H and 13C NMR spectra of DQ-BDI and DQ-PDI are shown

in Fig. S2 (Supporting information), where the deuterated dimethyl

sulfoxide (DMSO–d6) was used as solvent. Both DQ-BDI and DQ-

PDI show six distinct proton signals in the 1H NMR spectra (Figs.

S2a and b). Since -NH2 in the structures of DQ-BDI and DQ-PDI

are active hydrogens, the peaks are not obvious here. Peaks at

3.35ppm and 2.5 ppm correspond to residual water and solvent

DMSO–d6, respectively. In DQ-BDI, the peak at 7.84ppm arises

from aromatic protons on the BPDA moiety, while in DQ-PDI, the

peak at 7.85ppm corresponds to the aromatic protons on the

PTCDA unit. The remaining three peaks in each spectrum are at-

tributed to aromatic protons of the DAAQ component. The 13C

NMR spectra of DQ-BDI and DQ-PDI (Figs. S2c and d) show well-

resolved peaks consistent with literature data for analogous com-

pounds [14,21–24], with no detectable impurity signals, confirming

the high purity of DQ-BDI and DQ-PDI.

XPS analysis further validated the composition of DQ-BDI and

DQ-PDI. Deconvolution of the C 1s spectrum for DQ-BDI (Fig.

2a) revealed four components at 290.5 eV (π-π ∗), 288.7 eV (C=O),
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Fig. 2. XPS from C 1s in (a) DQ-BDI, (b) DQ-PDI. and N 1s in (c) DQ-BDI, (d) DQ-PDI.

Resistivity of (e) DQ-BDI, (f) DQ-PDI and conductivity of (g) DQ-BDI, (h) DQ-PDI.

286.8 eV (C–N), and 284.9 eV (C–C) [25]. The C 1s spectrum of DQ-

PDI was consistent with that of DQ-BDI (Fig. 2b). In Figs. 2c and d,

the peaks centered at 400.5 and 399.3 eV in the high-resolution N

1s spectra of DQ-BDI and DQ-PDI were associated with their C–N

and -NH2, respectively [26]. These XPS results align with the FT-

IR data, corroborating the chemical structures of DQ-BDI and DQ-

PDI. Critically, the enhanced π-π ∗ satellite peak intensity in DQ-

PDI relative to DQ-BDI indicates a higher degree of π-conjugation

and stronger π-π interactions resulting from its extended conju-

gated framework. The relationship of the resistivity and conductiv-

ity of DQ-BDI and DQ-PDI with the change of pressure are shown

in Figs. 2e-h. DQ-BDI achieved the minimum resistivity and the

maximum conductivity (7×10−8 μS/cm) at 4MPa. While DQ-PDI

exhibited a continuous decrease in resistivity with increasing pres-

sure, reaching its minimum resistivity and maximum conductiv-

ity (8.82×10−4 μS/cm) at 30MPa. The average resistivity of DQ-

PDI (46,656 M� cm) was significantly lower than that of DQ-

BDI (1.57×107 M� cm), corresponding to an average conductiv-

ity of 2.50×10−4 μS/cm for DQ-PDI and 6.4×10−8 μS/cm for DQ-

BDI. These results conclusively demonstrate that the extended π-

conjugation in DQ-PDI substantially enhances its electrical conduc-

tivity.

Mass spectrometry (MS) analysis was conducted to confirm

the molecular structures of DQ-BDI and DQ-PDI (Figs. S3a and

b in Supporting information). The observed m/z values of 735.15

(C38H18N4O8) for DQ-BDI and 832.47 (C52H24N4O8) for DQ-PDI

align with theoretical molecular weights, verifying successful syn-

thesis. Thermo-gravimetric analysis (TGA) under N2 atmosphere

assessed thermal stability (Figs. S3c and d in Supporting informa-

tion). DQ-BDI exhibited onset decomposition at 346 °C, whereas

DQ-PDI demonstrated superior stability with decomposition onset

at 385 °C. This 39 °C enhancement in thermal stability indicates the

structural robustness imparted by extended π-conjugation system

of DQ-PDI.

Scanning electron microscopy (SEM) revealed distinct mor-

phologies of DQ-BDI and DQ-PDI (Figs. S4a-d in Supporting infor-

mation). DQ-BDI formed rectangular blocks (16–20μm in length,

8–10μm in width). DQ-PDI adopted a lamellar structure with

smaller particle sizes (1–2μm). The reduced particle size of DQ-

PDI facilitates electrolyte infiltration, suggesting enhanced elec-

trochemical performance potential. Energy-dispersive X-ray spec-

troscopy (EDS) confirmed exclusive presence of C, O, and N in

both materials (Figs. S4e and f in Supporting information), with

C/O ratios matching theoretical values, further validating synthetic

purity.

In view of the fact that the dissolution of electrode materials

in the electrolyte seriously affects the cycling stability of SIBs, dis-

solution behavior in 1.0mol/L NaPF6-DEGMDE (diethylene glycol

dimethyl ether) electrolyte was quantified by UV–vis spectroscopy

(Fig. S5 in Supporting information). After 1-day immersion, in

the wavelength range of 200nm-600nm, DAAQ showed high ab-

sorbance (up to 8 a.u.), and that of PTCDA and BPDA reaches up

to about 4 a.u. DQ-BDI exhibited minimal dissolution (absorbance

∼2 a.u.) and DQ-PDI showed negligible solubility (absorbance ≈
0 a.u.). After 7 days, DQ-PDI maintained lower absorbance than

DQ-BDI, demonstrating its superior dissolution resistance. This in-

versely correlates with conjugation plane size, confirming that ex-

tended π-conjugation enhances molecular stability in organic elec-

trolytes.

The sodium ion storage mechanism of DQ-BDI and DQ-PDI

as sodium-ion battery cathodes were investigated through cyclic

voltammetry (CV). AS shown in Figs. 3a-c, DQ-BDI displays three

pairs of reversible redox peaks, two of which (1.98V/1.43V and

1.62V/1.30V) correspond to the redox system of the DAAQ precur-

sor. Notably, the extended π-conjugation in DQ-BDI elevates the

discharge potential by approximately 0.2V compared to DAAQ. By

comparing the CV curves of DQ-BDI, DAAQ, and BPDA with those

in the reported literature [27,28], it can be seen that the reduction

peak at 1.81V corresponds to sodium ion insertion at the central

BPDA carbonyl groups, forming C–O-Na bonds. Subsequent redox

peaks at 1.98/1.43V and 1.62/1.30V arise from sequential sodium

coordination with the terminal DAAQ carbonyl groups. In contrast,

DQ-PDI exhibits two pairs of reversible redox peaks during ini-

tial three cycles (Figs. 3d-f). According to the reported literature

[29,30], reduction peaks locate at 2.28V (PTCDA carbonyls) and

1.34V (terminal DAAQ carbonyls), corresponding oxidation peaks at

2.58 and 1.53V for sodium extraction. The proposed sodium stor-

age mechanisms are illustrated in Figs. 3g and h. For DQ-BDI, the

C=O groups of BPDA undergo the insertion of two sodium ions at

1.81V, respectively, and the C=O groups of DAAQ in DQ-BDI occur

the insertion reaction of four sodium ions at 1.43 and 1.30V. For

DQ-PDI, the insertion/extraction mechanism is similar with that of

DQ-BDI. Comparative analysis demonstrates the superior electro-

chemical stability of DQ-PDI. It exhibits enhanced cyclic stability,

with its redox peak positions remaining unchanged. Therefore, the

design strategy of extending the π-conjugated system to combine

PTCDA with DAAQ is validated, leading to DQ-PDI exhibiting re-

markable electrochemical performance.

To elucidate the redox mechanisms of DQ-BDI and DQ-PDI,

the sodium-ion batteries equipped with DQ-BDI and DQ-PDI elec-

trodes were disassembled at different levels of charging and

discharging state after three cycles at a current density of

50mA/g and then prepared for FT-IR spectroscopy. As shown in

3
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Fig. 3. Cyclic voltammetry curve of (a) DQ-PDI, (b) BPDA, (c, d) DAAQ, (e) DQ-PDI and (f) PTCDA. Charge and discharge mechanism of (g) DQ-BDI and (h) DQ-PDI.

Fig. S6a (Supporting information), the DQ-BDI electrode discharged

to 1V exhibits complete disappearance of the C=O stretching vi-

bration at 1729 cm−1 and pronounced emergence of the C–O-Na

vibration at 1400 cm−1. These observations confirm full sodium ion

insertion into the DAAQ carbonyl groups. The attenuated but per-

sistent C=O peak at 1672 cm−1 indicates partial sodium occupation

of BPDA carbonyl sites. When charging to 3.5V, both C=O charac-

teristic peaks (1672 and 1729 cm−1) reappear at original intensities

and the C–O-Na feature vanishes completely. This demonstrates

complete sodium extraction and structural recovery. DQ-PDI ex-

hibits analogous spectral evolution during cycling (Fig. S6b in Sup-

porting information) with key features, including reversible disap-

pearance/reappearance of carbonyl vibrations, temporal emergence

of C–O-Na signatures and full restoration of initial spectral features

after cycling. The complete reversibility of these transformations

confirms that sodium storage occurs exclusively through carbonyl

redox reactions. Besides, both DQ-BDI and DQ-PDI maintain struc-

tural integrity throughout charge/discharge cycles and their elec-

trochemical processes are fully reversible [31,32].

To further understand the kinetic mechanism of the electro-

chemical reaction of DQ-BDI, CV tests were performed at different

scan rates (Figs. 4a and b). In the range of 0.1–0.5mV/s scan rate,

the shifts of redox peaks could be observed. The electrochemical

kinetic process was analyzed according to Eq. 1 [33]:

i = aνb (1)

where a and b are adjustable parameters, i is the peak current, and

ν is the scan rate.

The coefficient b varies in the range of 0.5–1, and the value of

b is determined by a linear fit of the log(i)-log(ν) curve. When

the value of b is close to 0.5, it indicates the diffusion con-

trol process. And when the value of b is close to 1, it indicates

the pseudocapacitance control process. The b-values of the oxida-

tion and reduction processes of DQ-BDI calculated from Eq. 1 are

4
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Fig. 4. Cyclic voltammetry curves of (a) DQ-BDI and (b) DQ-PDI electrode at dif-

ferent scan rates. Plot of logi versus logν of (c) DQ-BDI and (d) DQ-PDI at a spe-

cific peak rate. Capacitance contribution of (e) DQ-BDI and (f) DQ-PDI electrode at

0.4mV/s. Percentage of pseudocapacitance and ion diffusion capacitance in total ca-

pacity storage of (g) DQ-BDI and (h) DQ-PDI electrode.

1.223 and 0.942, 0.687, and 0.424, respectively (Fig. 4c), indicat-

ing that there are both kinetically diffusion-controlled processes

and pseudocapacitance-controlled process in electrode process dy-

namics for DQ-BDI. b-values of the four redox peaks of DQ-PDI are

0.646 and 0.767, 0.720 and 0.778, respectively (Fig. 4d), indicating

that electrode process dynamics is mainly a pseudocapacitance-

controlled process for DQ-PDI, which accelerates reaction rates for

sodium-ion insertion/extraction.

The scan rate was further used to calculate the contribution ra-

tio of diffusion control and pseudocapacitance control. The capac-

itance contribution ratio of the entire charge storage at a specific

scan rate was calculated according to Eq. 2 [33]:

i = k1ν + k2ν
1/2 (2)

where k1ν denotes the capacity contributed by the pseudocapaci-

tance and k2ν
1/2 denotes the capacity contributed by the ion dif-

fusion control.

The specific percentages of the pseudocapacitance and ion dif-

fusion capacitance at different scan rates were obtained by Eq. 2,

as shown in Figs. 4e and g. The capacitance contribution of the

DQ-BDI electrode at 0.4mV/s (red region) was 84%, and the con-

tribution of the pseudocapacitance control increases from 57% to

90% with the scan rate elevating. This high capacitive ratio sig-

Fig. 5. Charge/discharge curves of (a, b) DQ-BDI, (c, d) BPDA, (e-h) DAAQ, (i, j)

PTCDA and (k, l) DQ-PDI.

nifies rapid ion/electron transport kinetics, correlating with en-

hanced electrochemical performance [34]. In contrast, the capaci-

tance contribution of the DQ-PDI electrode at 0.4mV/s (red region)

is as high as 98%. In addition, the contribution of the pseudoca-

pacitance increases from 89% to 99% with the scan rate grow-

ing, while the contribution of the ion diffusion capacitance de-

creases from 11% to 1% (Figs. 4f and h). Compared with the DQ-

BDI electrode, the higher pseudocapacitance percentage of the DQ-

PDI electrode can promote the ion transport and charge transfer,

significantly boosting capacity and cycling stability [35].

Galvanostatic charge/discharge cycling of DQ-BDI, DQ-PDI,

DAAQ, BPDA, and PTCDA was tested within voltage windows of

1.0–3.5V and 1.0–4.0V (vs. Na+/Na). It can be seen from Figs. 5a

and b that DQ-BDI delivers the initial discharge/charge specific ca-

5
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Fig. 6. Charge-discharge graph of (a) DQ-BDI, (b) DQ-PDI and long cycle perfor-

mance graph of (c) DQ-BDI, (d) DQ-PDI electrode at 100mA/g current density.

Charge and discharge curves at corresponding current density of (e) DQ-BDI and

(f) DQ-PDI. Rate performance graph of (g) DQ-BDI and (h) DQ-PDI.

pacity of 118/129 mAh/g at the current density of 50mA/g. Af-

ter 100 cycles, DQ-BDI shows a discharge specific capacity of 67

mAh/g, and the coulombic efficiency is close to 100% for each cy-

cle, but the capacity retention rate is only 58%. From Figs. 5k and

l, it can be seen that the discharge specific capacity of DQ-PDI

is 158 mAh/g in the first cycle. The capacity gradually increases

with the activation of the battery, and tends to be stabilized in

the subsequent cycles. After 100 cycles, the discharge capacity was

157 mAh/g, and the capacity retention rate of DQ-PDI was 99%.

The charging and discharging performances of raw materials DAAQ,

BPDA and PTCDA showed poorer performance at the same current

density (Figs. 5c-j). These results indicate that DQ-BDI and DQ-PDI

have higher capacity and superior cycling stability compared to

DAAQ, BPDA, and PTCDA, which are attributed to the more stable

structure formed by the enlarged π-conjugate plane of DQ-BDI and

DQ-PDI. Meanwhile, the obviously discharge plateaus located at

2.28V and 1.34V can be observed in DQ-PDI, which coincides with

the CV curves in Fig. 3e. In addition, compared to the DQ-BDI elec-

trode, DQ-PDI has better cycling performance and a higher average

discharge platform, and it can be seen that the larger π-conjugate

planes in the DQ-PDI electrode can improve the discharge plateau

of the electrode.

To assess high-rate capability, DQ-BDI and DQ-PDI electrodes

were cycled at 100mA/g within voltage windows of 1.0–3.5/4.0V

(Figs. 6a-d). The initial discharge capacity of DQ-BDI is 113 mAh/g,

and the discharge specific capacity only reached 70 mAh/g after

100 cycles, with a capacity retention rate of only 60%. On the other

hand, DQ-PDI has a discharge specific capacity of 158 mAh/g in the

first cycle, and the discharge capacity remained 155 mAh/g after

100 cycles, with a capacity retention rate of 98%. By comparing

the cyclic data in Figs. 6c and d, it can be clearly seen that DQ-PDI

has the better performance in terms of capacity and cycle stability

compared with DQ-BDI. This suggests that extended π-conjugation

plane can well enhance the structural integrity, suppress the disso-

lution in organic electrolyte, improve the carbonyl group utilization

and enhance the reaction kinetics. In addition, the charge and dis-

charge performance of DQ-PDI is more excellent compared to the

organic electrode materials with similar structures that have been

reported so far [36–38].

The rate capabilities of DQ-BDI and DQ-PDI electrodes are com-

pared in Figs. 6e-h. At current densities of 50, 100, 200, and

500mA/g, DQ-BDI exhibited average reversible specific capacities

of 112, 103, 81, and 53 mAh/g, respectively. While DQ-PDI ex-

hibited significantly enhanced performance, and the average re-

versible specific capacities of DQ-PDI are 166 mAh/g, 159 mAh/g,

157 mAh/g, and 152 mAh/g, respectively. When the current den-

sity is back to 50mA/g, the discharge specific capacity of DQ-BDI

could be back to 101 mAh/g, while that of DQ-PDI could be back

to 169 mAh/g, with a capacity retention rate of 100%. These re-

sults indicate that DQ-PDI has better rate performance, and verify

that the rate performance of organic materials can be improved by

expanding the aromatic π-conjugated system.

Electrochemical impedance spectroscopy (EIS) elucidates charge

transfer kinetics, with Nyquist plots, equivalent circuit modeling,

and fitting parameters shown in Fig. S7 and Table S1 (Support-

ing information). The equivalent circuit (fitted via ZView software)

comprises solution resistance (Rs, high-frequency real-axis inter-

cept), charge transfer resistance (Rct, mid-frequency semicircle di-

ameter), constant phase element (CPE, double-layer capacitance)

and Warburg impedance (W, low-frequency linear region, solid-

state diffusion). Before cycling, DQ-BDI exhibits significantly lower

Rct values than BPDA/DAAQ precursors. After 100 cycles, the Rct
values increases rapidly due to the dissolution of DQ-BDI in elec-

trolyte. Whereas the Rct values of DQ-PDI before and after cy-

cling was smaller than that of the raw materials PTCDA and DAAQ,

which were 12.94 and 299.3 �, respectively. It indicates that DQ-

PDI has a more favorable structure for the diffusion of sodium ions

and has better electrochemical properties. The Warburg coefficient

σ can be calculated from Eqs. 3 and 4 [39]:

ω = 2π f (3)

Zre = R + σω−1/2 (4)

The slope obtained by the oblique fitting represents the War-

burg coefficient σ , revealing the critical diffusion kinetics (Figs. S7e

and f). After 100 cycles, the σ value of DQ-BDI increased from 16.7

S−1/2 to 209.2 S−1/2, and the σ value of DQ-PDI increased from

21.7 S−1/2 to 120.8 S−1/2. This differential evolution demonstrates

that extended π-conjugated system of DQ-PDI maintains more ef-

ficient sodium-ion diffusion pathways, mitigates structural degra-

dation during cycling and reduces diffusion barrier elevation [40].

To assess structural stability post-cycling, electrode morpholo-

gies of DQ-BDI and DQ-PDI were analyzed before and after 100

charge/discharge cycles (Fig. S8 in Supporting information). Be-

fore cycling, the morphologies of the DQ-BDI and DQ-PDI were

block structure with flat surfaces (Figs. S8a and b). After 100

charge/discharge cycles, surface cracking and particle dissolution

can be seen on the surface of DQ-BDI (Fig. S8c), while the surface

of the pole piece of DQ-PDI has minimal morphological change

(Fig. S8d). This indicates that the structural stability of DQ-PDI

is much higher than that of DQ-BDI, and also verifies that the

molecule with larger conjugation planes has better cycling stabil-

ity.
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From the synthesized molecular structure, DQ-PDI has more

number of benzene rings than DQ-BDI and all are in the same

plane, thus the π-conjugation of DQ-PDI is stronger, which can

also be verified from the comparison results of XPS. DQ-PDI has

stronger π-π interactions compared to DQ-BDI, which reduces the

energy of the system and the molecular structure is more stable,

making it difficult to dissolve in organic electrolyte. In addition,

the stronger π-π interactions also lead to better electronic con-

ductivity of DQ-PDI. The electrochemical performance results show

that the synergistic effects of extended conjugation and optimized

molecular packing collectively enhance cycling stability and reac-

tion kinetics.

In summary, two anthraquinones-based cathode materials (DQ-

BDI and DQ-PDI) for SIBs were designed and synthesized through

π-conjugation extension, significantly enhancing the electrochemi-

cal performance of anthraquinone systems. Compared with the raw

materials, DQ-BDI has a larger π-conjugation plane, and the DQ-

BDI exhibits a higher discharge platform and charge/discharge spe-

cific capacity, as well as better cycling performance and rate capac-

ity. Based on this, we further extended the π-conjugation system

and designed DQ-PDI. Compared to the DQ-BDI electrode, the syn-

thesis of DQ-PDI increased the conjugation planes of the product,

and DQ-PDI has larger π-conjugation planes, which in turn further

enhances intermolecular π-π interactions. Compared with DQ-BDI,

DQ-PDI exhibits a higher discharge platform, higher discharge ca-

pacity and coulombic efficiency, better cycling stability and rate

performance. The strategy of extending the π-conjugated system

in this study can effectively suppresses quinone dissolution in or-

ganic electrolytes, stabilizes electrochemical interfaces through en-

hanced π-π stacking and accelerates charge transfer kinetics via

extended electron delocalization, which is of great significance in

promoting the development of organic electrode materials.
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