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ABSTRACT: Organic electrode materials (OEMs) are promising
for sodium-ion batteries but often suffer from dissolution and poor
durability. We report a bis-anthraquinone anode, DABT, in which
amino groups lower the redox potential and form hydrogen bonds to
suppress dissolution. DABT delivers ~245 mAh g~ at an average
voltage of ~1.54 V, with an initial Coulombic efficiency of 98% and
79% capacity retention after 2500 cycles at 2C. Ex situ character-
izations reveal a reversible C=0 < C—O conversion, coordinating
Na* at four carbonyl sites. Paired with a Na;V,(PO,); cathode, the ‘ e
full cell achieves 160 mAh g~' at 0.5C with an average voltage of Long cydling, low-temperalure tolerant Na ion batte
~1.5 V, retaining >60% capacity after S00 cycles at SC. Notably, the
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DABT//Na;V,(PO,); full cell retains 84% capacity at —20 °C after 100 cycles, underscoring robust low-temperature performance.
This study provides a concise molecular-engineering strategy for high-performance organic anodes and advances the practical

deployment of SIBs.
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With the rapid expansion of renewables, scalable, low-
cost, and sustainable energy storage has become
urgent.l_3 Sodium-ion batteries (SIBs) are attractive owing
to Earth-abundant sodium, favorable economics, and inter-
calation chemistries analogous to Li systems.” Yet the larger
Na" radius slows diffusion and accelerates structural degrada-
tion in conventional inorganic anodes, compromising cycle life
and impeding deployment.” Organic electrode materials
(OEMs) offer a compelling alternative: their compositions
are resource-rich and environmentally benign,’ and their
electrochemistry can be precision-tuned through molecular
design—Dbackbone engineering, functional-group substitution,
and polymerization—to optimize potential, kinetics, and
stability. Lightweight frameworks with flexible redox centers
enable fast Na* storage and multielectron transfer, delivering
high specific capacities.” Coupled with inherent sustainability
and recyclability, these attributes position OEMs as a
promising direction for next-generation SIB anodes.”

Among various organic anode materials, sodium carboxylate
salts are the most widely studied exemplars, e.g., disodium
terephthalate (Na,TP)’ and sodium naphthalene dicarbox-
ylates (Na,—NDC),"’ whose redox relies on the reversible
enolate conversion of —COO™/C=0 groups. Nevertheless, a
low initial Coulombic efficiency arises from their intrinsically
low redox potentials (<1.0 V vs Na*/Na), which drive first-
cycle electrolyte decomposition and irreversible SEI formation,
consuming sodium and reducing capacity.'' Although
strategies such as presodiation, electrolyte/SEI engineering,
polymerization, and conductive composites have improved
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performance, a complete solution remains elusive.'” These
limitations motivate the exploration of alternative organic
anode motifs with elevated redox potentials, suppressed
dissolution, and high ICE, enabled by rational molecular
design and electrode/electrolyte engineering.

Anthraquinone (AQ) and derivatives have long been
explored as cathode materials for SIBs due to well-defined
carbonyl centers and rigid z-backbones."> AQ_ typically
operates at ~2.0 V vs Na*/Na,'* which is insufficient for
high-energy cathodes. Crucially, AQ’s redox potential is
molecularly tunable: grafting electron-donating substituents
(—OH, —NH,) lowers the potential and shifts AQ_into the
anode window, with —NH, exerting a stronger donating effect
than —OH.">'® This strategy opens a pathway to repurpose
AQ frameworks as low-voltage anodes. Yet unmodified/small-
molecule AQ systems still suffer from high solubility, low
electronic conductivity, and loose packing, leading to low ICE,
rapid fading, and poor rate performance.17 Current advances
are dominated by interfacial/electrolyte tactics—carbon coat-
ings, high-concentration electrolytes, and solid-state electro-
lytes—whereas molecular-level redesign of anthraquinone
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Figure 1. (a) Molecular structure of the DABT. (b) Electrostatic potential (ESP) surface highlighting the electron-rich carbonyl O atoms and
electron-deficient N—H groups. (c) Frontier molecular orbital energy levels of DABT. (d) Crystal packing of DABT showing an intramolecular
NH-+O hydrogen bond with a bond length of 1.86 A. (e) Intermolecular hydrogen-bonded network of DABT.

(AQ) to simultaneously depress redox potential and suppress
dissolution remains underexplored.'®

Here, guided by molecular design principles, we identify and
validate a bis-anthraquinone anode, 4,4’-diamino-[1,1’-bian-
thracene]-9,9’,10,10’-tetrone (DABT), which addresses these
limitations through a concise, molecule-centric strategy. DABT
links two 1-aminoanthraquinone units via a C—C bond and
integrates (i) electron-donating —NH, groups that lower redox
potential and, via intermolecular hydrogen bonding, suppress
dissolution; (ii) four carbonyl active sites enabling efficient
multielectron/multi-ion storage; and (iii) an extended -
conjugated backbone that enhances charge delocalization and
electronic transport. Benefiting from these features, DABT
achieves a capacity of 245 mAh g™ at 0.1 C with an average
voltage of ~1.54 V, along with 98% initial Coulombic
efficiency and 79% capacity retention after 2500 cycles at
2C. Ex situ FTIR and XPS verify the reversible C=0/C-0O
conversion, while DFT calculations confirm Na* coordination
at the four carbonyl sites. In Na;V,(PO,); full cells, the
material demonstrates robust cycling stability and maintains a
high capacity at —20 °C, confirming its practical potential. This
work provides a molecular design blueprint for next-generation
organic anodes and promotes sustainable development of
sodium-ion batteries.

Figure la depicts DABT as two anthraquinone units linked
by a C—C single bond with amino substituents at the 4/4’
positions. The molecular electrostatic potential (ESP) map
(Figure 1b) shows pronounced negative potential localized on
the carbonyl oxygens—identifying the C=O groups as the
primary redox-active sites—whereas the amine hydrogens bear
positive potential and act as hydrogen-bond donors. Frontier-
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orbital analysis (Figure 1c) yields HOMO = —5.68 eV and
LUMO = —2.87 eV (AE = 2.81 eV), indicative of a relatively
narrow gap that is conducive to charge transfer and a lower
redox potential. Crystal packing (Figure 1d) reveals an N—H---
O hydrogen-bond network with a short H---O contact of 1.86
A. Consistently, the intermolecular O--H binding energy is
—45.49 kJ mol™' (Figure le), evidencing strong hydrogen-
bonding interactions that stabilize the lattice and help suppress
DABT dissolution in the electrolyte. Compared to AQ, the two
amino groups in DABT enable it to construct a stable
intermolecular hydrogen-bond network through the “anchor-
ing effect” of its amino groups. It is also noteworthy that
DABT possesses two amino groups, which provide more sites
for intermolecular hydrogen bonding. Therefore, DABT can
form a larger and denser hydrogen-bond network, further
enhancing the structural stability of the material and reducing
the interfacial charge-transfer resistance of the organic cathode.
This facilitates ordered and rapid charge transport within the
molecule, accelerates the kinetics of the electrochemical redox
reactions, and thereby contributes to the long-cycle-life
performance of the DABT cathode.

The molecular structure and morphological characteristics of
DABT were systematically investigated using Fourier-trans-
form infrared spectroscopy (FTIR), X-ray diffraction (XRD),
3C nuclear magnetic resonance (NMR), and scanning
electron microscopy (SEM). As shown in Figure Sla, FTIR
spectra display characteristic absorption bands at 1600—1700
cm™! (C=0 stretching), 3200—3400 cm™ (N-H stretching),
and 1100—-1200 cm™' (C—N stretching), confirming the
presence of amine and carbonyl groups. SEM images (Figure
S1b) reveal irregular particles smaller than 30 gm. Solid-state
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Figure 2. (a) Charge and discharge curves of DABT. (b) The rate performance of the DABT electrode. (c) The long-term cycle performance of the
DABT electrode during 2500 cycles at 2C. (d) Comparison of DABT with related works. (e, f) The charge and discharge curves and cycling

performance of DABT at —20 °C.

13C NMR (Figure Slc) shows resonances at 180—188 ppm
(carbonyl carbons) and 145-150 ppm (N-substituted
aromatic carbons), with aromatic carbon signals at 100—140
ppm. XRD patterns (Figure S1d) exhibit sharp diffraction
peaks, indicating high crystallinity. TGA results (Figure S2)
demonstrate thermal stability up to 230 °C with a two-stage
decomposition profile.

The galvanostatic charge—discharge (GCD) profiles in
Figure 2a show first-cycle discharge/charge capacities of
241/243 mAh g, corresponding to an initial Coulombic
efficiency (CE) of 99%, markedly higher than that of most
organic electrodes.'” This high CE is primarily attributed to
the moderate first-discharge potential (~14—1.5 V vs Na/
Na*), which effectively suppresses low-potential-induced
irreversible side reactions and excessive solid—electrolyte
interphase (SEI) formation. Figure 2b assesses the rate
performance under a stepwise sequence from 0.1C to 3C. As
shown, the discharge capacity decreases from ~245 mAh g™ at
0.1C to ~145 mAh g™ at 1C and ~95 mAh g~ at 3C. When
the current density returns to 0.1C, the capacity recovers to
~235 mAh g' (~96% of the initial value), underscoring
robust structural integrity and rapid, highly reversible Na*-
storage kinetics. Figure 2c¢ displays the long-term cycling
performance of the DABT electrode at a current density of 2C.

1021

After 2500 cycles, the discharge capacity gradually decreases
from ~95mAhg™ to ~75mAhg™', corresponding to a
capacity retention of approximately 80%. Figure 2d compares
the performance of representative organic anode materials in a
three-dimensional space defined by specific capacity, current
density, and cycle life.”*~*" DABT sustains a reversible capacity
of ~100—110 mAh g™" at a current density of S00 mA g~' and
retains 2500 cycles, evidencing synergistic optimization across
the capacity—rate—lifetime space and highlighting its strong
promise as an anode material for sodium-ion batteries. Organic
cathodes suffer from intrinsic issues such as poor conductivity,
dissolution, and limited cycle life, which are aggravated at low
temperatures and cause fast capacity fade. To address this, we
designed a hydrogen-bond-stabilized small molecule that
improves electron conduction, structural stability, and
dissolution resistance, thereby enhancing the low-temperature
performance. As can be observed in Figure 2e, at —20 °C, the
GCD profile of the Na//DABT battery remains well-defined,
delivering a specific capacity of ~#125.5 mAh g~'. Consistently,
at the same temperature, the DABT cathode obtained ~80%
capacity retention after 100 cycles (Figure 2f), highlighting
robust Na-storage kinetics under low-temperature conditions.

The electrochemical kinetics of the DABT-based electrode
was evaluated using cyclic voltammetry (CV) measurements.
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Figure 3. (a) CV curves at different scan rates. (b) Determination of b-values by plotting log(i) versus log(v) for Peaks 1—4. (c) Relative
contributions of capacitive and diffusion-controlled processes at various scan rates. (d) GITT profiles illustrating the voltage response and

corresponding diffusion coefficients during cycling.

As shown in Figure 3a, four distinct redox peaks (Peak 1—4)
were observed, corresponding to multielectron transfer
reactions. The peak current increased with scan rate, while
the peak positions exhibited slight shifts, indicating typical
quasi-reversible redox behavior. The b-values for Peaks 1—3
(Figure 3b) were obtained from the log i—log v plots using the
following equation: log i = log a + b log v; here, i is the peak
current (A) and v is the scan rate (mV s™'). Linear fits yield b
= 0.779, 0.621, and 0.502 for the three representative redox
peaks. A slope of b & 0.5 indicates diftusion-controlled kinetics,
whereas b = 1.0 reflects capacitive/surface-controlled behavior;
intermediate values signify mixed contributions. To further
quantify the capacitive contribution, the current response was

deconvoluted according to (V) = klv + k2p'/2 3030 Ag
illustrated in Figure 3¢, the capacitive contribution increased
with scan rate, reaching 63% at 0.3 mVs™'. This significant
capacitive behavior is indicative of fast surface charge storage,
which benefits the rate capability of the electrode. The sodium-
ion diffusion kinetics were further evaluated by the
galvanostatic intermittent titration technique (GITT). As
shown in Figures 3d and S3, the GITT was performed by
pulse charging/discharging with a constant current of 0.1C for
10 min (7) followed by standing for 10 min to reach steady
state voltage (E,). The average sodium-ion diffusion coefficient
(D) of DABT was calculated to be approximately10™'° cm* s,
which is comparable to or better than many reported organic
cathode materials.”>™*° This favorable Na* diffusivity,
combined with its capacitive-dominated kinetics, underpins
the excellent electrochemical performance of the DABT
electrode. Interestingly, the R value of the DABT cathode
decreased from 350 to around 100 £ after 20 cycles and then
stabilized at a lower value in subsequent cycles (Figure S4).
This reduction and stabilization of R, promotes rapid
interfacial charge conduction and reaction kinetics, thereby
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supporting the long-term cycling performance for the DABT
cathode.

To gain further insights into the electrochemical redox
mechanism of the DABT electrode, ex situ FTIR spectroscopy
and ex situ high-resolution XPS analysis were performed at
selected charge—discharge states in Figure 4a. As shown in
Figure 4b, the FTIR spectra collected during the discharge and
charge processes exhibit clear changes in characteristic
vibrational bands. Specifically, the band at 1628 cm™,
corresponding to the stretching vibration of C=O groups,
gradually decreases in intensity as the battery discharges to
1.2V (state d) and subsequently reappears upon charging to
2.4V, indicating a reversible redox transformation of carbonyl
groups. In parallel, changes in the C—N region (~1370 cm™")
are also observed, suggesting local electronic environment
fluctuations during redox cycling. High-resolution C 1s XPS
spectra acquired at various electrochemical states further
confirm these observations. As shown in Figure 4c, in the
pristine state (a), typical deconvoluted peaks are assigned to
C-C/C=C (284.8eV), C—N (286.5eV), and C=0O
(288.8 eV). Upon partial discharge to state b, a new peak at
287.3 eV emerges, corresponding to C—O groups, along with a
simultaneous decrease in the C=O peak intensity. This
indicates a partial reduction of carbonyl moieties to C—O
single bonds. As the discharge progresses to state c (fully
discharged), the C—O peak further intensifies, confirming the
continuous reduction of carbonyl sites. When recharged to
2.4V (state d), the C=O peak at 288.8eV recovers
significantly, suggesting that the redox-active carbonyl groups
are reversibly involved in the charge storage process.
Throughout the entire cycling process, the C=C/C—C and
C—N signals remain largely unchanged, indicating the
preservation of the conjugated backbone and molecular
integrity. Notably, a small peak at 292.2 eV, attributed to C—
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Figure 4. (a) Charge—discharge voltage—capacity profile of DABT during the first cycle at 0.3C; (b) in situ FTIR spectra of the DABT electrode at
different states (labeled A, B, C, and D) during the first cycle; (c) ex situ XPS C 1s spectra of DABT in the pristine state, fully discharged state (D-
1.2V), and fully charged state (C-2.4 V) during the first cycle; (d) schematic illustration of the structural evolution of the DABT molecule during
the stepwise reaction with sodium ions; (e) energy variation curve of DABT during sodium storage and the theoretical binding energies of sodium

ions at different binding sites.

F bonds, is detected and is likely derived from electrolyte
decomposition or polytetrafluoroethylene (PTFE). Ex situ
SEM analysis was carried out to examine the morphology
evolution of the DABT cathode during Na* insertion/
extraction (Figure SS). As shown, the pristine DABT cathode
exhibits an irregular block-like morphology with dispersed
particles. Upon discharging to 1.2 V, particle aggregation
becomes evident. When charged back to 2.4 V, the sample
largely recovers its initial morphology,

Figure 4d schematically illustrates the proposed sodium-ion
storage mechanism of the DABT molecule, which involves a
four-step reversible enolization-like redox process. Each redox
step corresponds to the coordination of one Na' ion to a
carbonyl oxygen atom within the molecular structure. As the
battery discharges, Na* ions sequentially insert into the DABT
framework, forming C—O~—Na* complexes, and reversibly
deintercalate during the charging process. Corresponding
structural evolution of DABT is shown in Scheme S1. Figure
4e presents the potential profile and binding energy landscape
derived from Gaussian calculations. The calculated stepwise
binding energies indicate a thermodynamically favorable Na*
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coordination at each stage of sodiation. Initially, a Na* ion
preferentially coordinates with the carbonyl oxygen at Site A,
forming DABT + 1Na, with a binding energy of —0.78 V.
Subsequently, a second Na* binds to the carbonyl at Site B,
forming DABT + 2Na (—1.4eV). As discharge proceeds, two
more Na' ions insert into Sites C and D, forming DABT + 3Na
and DABT + 4Na, with binding energies of —2.0eV and
—2.2 eV, respectively. The gradual decrease in binding energy
with increasing Na* content supports a sequential, site-specific
sodiation mechanism. As shown in Figure S6, the Gibbs free
energies (AG) of intermediate states during the discharge—
charge process were computed using this model. With
progressive Na® insertion, the intermediate structures of
Na,DABT exhibit a gradual (monotonic) decrease in the
AG, indicating increasingly stable Na-ion storage at the active
sites. These thermodynamic trends validate the proposed Na-
storage mechanism.

Practical applicability was evaluated by using a full sodium-
ion cell comprising a DABT anode paired with a Na;V,(PO,),
(NVP) cathode. Prior to pairing, the electrochemical perform-
ance of the Na//NVP half-cell was first assessed (Figure S7) to
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Figure S. (a) Schematic illustration of the DABT//Na;V,(PO,); battery configuration. (b) Rate performance and Coulombic efficiency at various
current rates (0.5—10C). (c) Charge—discharge profiles at different current rates. (d) Long-term cycling performance at a high rate of SC. (e)

Charge—discharge curves of the initial three cycles at a low temperature (—20 °C, 0.2C). (f) Cycling stability at

—20 °C (0.2C).

ensure capacity matching and stability. Figure Sa illustrates the
schematic configuration and working mechanism of the
DABT//NVP full cell. As shown in Figure 5b, at 0.5C, the
cell delivers a high discharge capacity of approximately
160mAhg™" (calculated based on the mass of the DABT
anode), corresponding to the energy density of 62 Wh kg™
(calculated based on the total mass of the cathode and anode).
Even at higher rates of 3C and 5C, the cell maintains capacities
of ~90 mAhg™' and ~80 mAh g™, respectively. At 10C, the
full cell delivers a capacity of 53 mAh g~'. When the rate is
returned to 0.5C, the capacity is recovered to 150 mAh g/,
corresponding to 98% of its initial capacity, indicating robust
structural stability and highly reversible electrochemical
behavior. The galvanostatic charge—discharge (GCD) profiles
of the full cell at various current rates (0.5—10 °C) are shown
in Figure Sc, and it can be observed that the polarization
slightly increases and the capacity decreases with increasing
current density. Long-term cycling at SC (Figure 5d) exhibits
capacity retention over 60% after S00 cycles (73 to 46 mAh
g™"). As shown in Table S1, the integrated performance of the
NVP//DABT battery is currently among the outstanding ones
for the reported organic sodium-ion battery. Even at —20 °C
and 0.2C (Figures Se and 5f), the full cell achieves initial
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discharge capacities of ~80 mAh g~' with an average voltage of
~1.25 V. After 50 cycles, capacity stabilizes at ~75 mAh g™
with 93% retention, showing high stability of the full cell at low
temperature.

In this work, a novel carbonyl-rich organic anode material,
DABT, was rationally designed for sodium-ion batteries. The
DABT anode exhibits a high capacity of ~245 mAh g~ with an
excellent rate and cycling performance from room temperature
to —20 °C. Mechanistic analysis confirms a reversible four-
electron redox process. Full cells deliver 160 mAh g™' at 0.5C
with >75% capacity retention after 250 cycles at SC.
Collectively, these results highlight the advantages of
molecular-level redox design and confirm DABT’s potential
as a high-capacity, stable, and reversible organic anode for
next-generation sodium-ion batteries.
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