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1. Introduction

Li-ion batteries (LIBs) dominate the energy storage markets for
portable electronics and electric vehicles due to the high energy
density and long cycle life. However, the commercial LIBs suffer
from limited and unevenly distributed lithium resources in the
earth crust, motivating researchers to exploit low-cost and
high-sustainability alternatives to LIBs. Sodium-ion batteries
(SIBs) are promising alternatives to LIBs because of the abun-
dance and low cost of sodium sources and the comparable

reaction potential to Li (–2.71 V for
Na/Naþ vs. �3.04 V for Li/Liþ).[1–3] To
achieve high-energy batteries, high-capacity
electrodes have to be used, inducing fast
capacity decay due to the particle pulveriza-
tion caused by a large volume change
during sodiation/desodiation cycles. The
particle pulverization in SIBs is much more
severe than that in LIBs, due to the 1.4 times
larger ion size of Naþ than Liþ.[4–6] Almost
all high-capacity organic and inorganic
electrode materials in SIBs suffer from
severe particle pulverization.[7–11] Among all
antipulverization technologies, self-healing
chemistry stands out as an ideal solution
because of the spontaneous healing process
without the assistance of external additives
and energy.

Self-healing chemistry, which plays a
critical role in curing the mechanical injury

of living organisms, widely exists in biological systems to auto-
matically heal the cracks and damages in the living body. It is
enabled by a self-motivated process, which recovers the damages
by living body itself without any external assistance. Inspired by
the self-healing chemistry in biological systems, considerable
research efforts have been devoted to mimicking the self-healing
process in the other fields such as organic materials, polymers,
and biomaterials.[12–16] The self-healing process maintains the
structural integrity and prolong the lifetime of materials without
external input of additives and energy. Recently, the self-healing
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Sodium-on batteries (SIBs) are promising alternatives to lithium-ion batteries
(LIBs) because of the low cost, abundance, and high sustainability of sodium
resources. Analogous to LIBs, the high-capacity electrodes in SIBs always suffer
from rapid capacity decay upon long-term cycling due to the particle pulverization
induced by a large volume change. Circumventing particle pulverization plays a
critical role in developing high-energy and long-life SIBs. Herein, tetrahydroxy-
1,4-benzoquinone disodium salt (TBDS) that can self-heal the cracks by hydrogen
bonding between hydroxyl group and carbonyl group is employed as a cathode
for sustainable and stable SIBs. The self-healing TBDS exhibits long cycle life of
1000 cycles with a high rate capability up to 2 A g�1 due to the fast Na-ion
diffusion reaction in the TBDS cathode. The intermolecular hydrogen bonding
has been comprehensively characterized to understand the self-healing mech-
anism. The hydrogen bonding-enabled self-healing organic materials are
promising for developing high-energy and long-cycle-life SIBs.
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chemistry was applied in rechargeable batteries to heal the cracks
of electrode materials during battery cycling.[17–20] For example,
the silicon anode in LIBs suffers from 400% volume expansion
during the lithiation process, which causes severe particle pulver-
ization of the micro-sized silicon.[21,22] Though decreasing the
particle size of silicon to nanoscale mitigates the particle
pulverization, it remarkably enhances the cost and reduces the
volumetric capacity of the silicon anode.[23–27] Alternatively,
the self-healing binder based on the hydrogen bonding was used
to combine the crackedmicro-size Si together through the binder
and maintain the structure integrity of the micro-sized Si
anode.[28] To ensure that all the binders are well contacted to
form a 3D network, a high content of binder is required, reduc-
ing the overall capacity of the electrodes. To reduce the binder
content but still maintain the self-healing capability, we devel-
oped a polymer binder (sodium alginate) that can self-heal the
organic electrode material (sodium rhodizonate).[29] The
oxygen-rich active material and hydroxyl group-rich polymer
binder enable the self-healing chemistry in the organic electrode
due to the hydrogen bonding between oxygen and hydroxyl
group. To maintain the high self-healing capability, the amount
of inactive polymer binder required in electrodes is higher than
traditional electrodes. Moreover, the polymer binder can only
bond with the surface of the organic micro-particles, but the
cracks and pulverization in the organic micro-particles still exist
and cannot be healed. In addition, the electrolyte will penetrate
into cracks and form solid electrolyte interphase (SEI), reducing
the ionic and electronic conductivity of Si electrodes. To suppress
the formation of cracks, the active materials should have a capa-
bility to self-heal themselves, which is an ultimate solution for
high-capacity electrodes. The active materials should have hydro-
gen bonds that can heal the cracks by these intermolecular hydro-
gen bonding and retains the mechanical and electronic
properties of the materials upon long-term cycling.

Organic electrode materials have high molecular composition
tunability and abundant structural diversity.[30–39] Hydrogen
bonding has been demonstrated as an effective strategy to
enhance the performance of organic electrode materials in
alkali-ion batteries.[40–42] The organic materials that have
hydrogen bonding can self-heal themselves through intermolec-
ular hydrogen bonding without the assistance of external
binder or other additives. In this work, an organic cathode
material, tetrahydroxy-1,4-benzoquinone disodium salt (TBDS,
Figure 1c), was selected as a model to demonstrate the concept
of self-healing electrodes in SIBs because of the intermolecular
hydrogen bonding between hydroxyl groups and carbonyl groups
(Figure 1d). 2,5-Dihydroxy-1,4-benzoquinone (DHBQ, Figure 1a)
and 2,5-dihydroxy-1,4-benzoquinone disodium salt (DBDS,
Figure 1b) are employed as control electrodes. DHBQ without
the sodium oxide groups suffers from fast capacity loss because
of high solubility in the organic electrolyte, while DBDS without
the hydroxyl groups cannot form the intermolecular hydrogen
bonding to trigger self-healing chemistry in the organic cathode.
The improved electrochemical performance of TBDS is due to
the synergy of salinization and hydrogen bonding-enabled
self-healing chemistry, which address the dissolution challenge
and particle pulverization challenge of organic electrodes, respec-
tively. Therefore, TBDS shows the best cycle life among the three
organic materials. It delivers a high reversible capacity of

248.9mAh g�1 at the current density of 20mA g�1 and retains
a reversible capacity of 107.5 and 76.6mAh g�1 at the high
current density of 1000 and 2000mA g�1 for 1000 cycles,
respectively. The isomer of TBDS with the same name
(TBDS, C6H2Na2O6,) but different property also exhibited excel-
lent performance in SIBs.[43] The superior electrochemical per-
formance of TBDS demonstrates that the intermolecular
hydrogen bonding-enabled self-healing chemistry is promising
for high-stability and high-sustainability organic SIBs.

2. Results and Discussions

The self-healing organic material (TBDS) and control materials
(DHBQ and DBDS) were characterized by X-ray diffraction
(XRD), Raman spectroscopy, Fourier-transform infrared spec-
troscopy (FTIR), thermogravimetric analysis (TGA), scanning
electron microscopy (SEM), and transmission electron micros-
copy (TEM). As shown in Figure 2a, S1a and S2a, Supporting
Information, TBDS, DHBQ, and DBDS show sharp XRD peaks
in the range from 10 degree to 80 degree, indicating good crys-
talline structures. In the Raman spectra (Figure 2b and S2b,
Supporting Information), the sharp peak at �150 cm�1 repre-
sents the sodium-oxygen vibration, while the sharp peaks at
�1550 cm�1 (Figure 2b), �1630 cm�1 (Figure S1b, Supporting
Information), and �1600 cm�1 (Figure S2b, Supporting
Information) represent the stretching vibration of carbonyl
groups. The peak intensity of carbonyl groups is stronger in
FTIR spectra than that in Raman spectra, so FTIR is a better tech-
nique to characterize the hydrogen bonding between hydroxyl
group and carbonyl group. In the FTIR spectrum of TBDS
(Figure 2c), the strong and broad peaks centered at �1480 cm�1

represent carbonyl groups, which also exist in DBDS (Figure S2c,
Supporting Information) as a sharp peak at �1520 cm�1. The
redshift and broadening of the carbonyl peak for TBDS are owing
to the hydrogen bonding, which lowers the energy of the car-
bonyl group. A good indication of the hydroxyl groups in
TBDS is the broad shoulder from 3000 to 4000 cm�1

in Figure 2c, while only a weak peak at 2950 cm�1 is observed
in Figure S2c, Supporting Information, coming from the C–H

Figure 1. The molecular structure of a) DHBQ, b) DBDS, and c) TBDS;
d) the schematic illustration for the intermolecular hydrogen bonding
between TBDS molecules.
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stretching vibration in DBDS. Typically, hydroxyl group results
in a sharp peak at �3700 cm�1, but the formation of hydrogen
bonding shifts the stretching vibration peak to lower frequencies
by hundreds of wave numbers and flattened to give a broad band,
which is also confirmed by the sharp peak at 3295 cm�1 for
hydroxyl group in DHBQ (Figure S1c, Supporting
Information).[44] The thermal stability of TBDS, DHBQ, and
DBDS was studied by TGA. TBDS is stable up to 350 °C
(Figure 2d), while DHBQ (Figure S1d, Supporting
Information) and DBDS (Figure S2d, Supporting Information)
are stable up to 150 and 450 °C, respectively. The slight weight
loss from 100 to 200 °C in all three materials is due to the loss of
water molecules from organic materials. The morphology of
TBDS, DHBQ, and DBDS was characterized by SEM. As shown
in Figure 2e, S1e and S2e, Supporting Information, TBDS and
DBDS consist of micro-sized particles with a size about 1–5 μm,
while DHBQ contains larger particles with a size about
10–100 μm. The shape and size of TBDS were further studied
by TEM (Figure 2f ), confirming the micro-sized structure. To
further confirm the structure of the as-synthesized DBDS, we

also performed nuclear magnetic resonance (NMR) spectroscopy
and mass spectroscopy (MS) tests. The results are shown in
Figure S3 and S4, Supporting Information. In the 1H NMR spec-
trum (Figure S3a, Supporting Information), the peak at 4.85 ppm
comes from the solvent, D2O, and there are only one peak at
6.87 ppm from protons of DBDS. Since the two protons in
DBDS are in the same chemical environment, there are only
one type of proton in DBDS, which matches with the 1H
NMR result. Similarly, the three peaks in 13C NMR spectrum
(Figure S3b, Supporting Information) also agree with the three
different types of carbons in DBDS. Furthermore, the MS result
(Figure S4, Supporting Information) of 183.0 also matches with
molar mass of DBDS, demonstrating that DBDS was success-
fully synthesized. Thematerial characterizations prove the crystal
and chemical structures, thermal stability, and micro-sized struc-
ture of TBDS, DHBQ, and DBDS. To study the self-healing
chemistry of TBDS, electrochemical and in situ/ex situ character-
izations were carried out.

The electrochemical behaviors of the self-healing material,
TBDS, and control electrodes, DHBQ and DBDS, were evaluated
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Figure 2. Material characterizations for TBDS. a) XRD pattern; b) Raman spectrum; c) FTIR spectrum; d) TG analysis; e) SEM image; f ) TEM image.
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by galvanostatic charge and discharge. Though they show similar
molecular structure, their redox plateaus are distinct. As shown
in Figure 3a, S5a and S5c, Supporting Information, TBDS exhib-
its multiredox potentials in the range from 1.7 to 2.7 V, and
DHBQ shows a pair of redox plateaus centered at 2.8 V, which
are higher than that of DBDS in the potential range from 1.0 to
1.8 V. The increased reaction potential is due to the two hydroxyl
groups, which change the electronic structure and molecular
orbital energy levels of the organic compound. A cutoff window
from 1.5 to 3.0 V was used for the test of TBDS to avoid the for-
mation of SEI, which may prohibit the self-healing chemistry.
The cyclic voltammogram of TBDS in Figure 3b further confirms
the multiredox potentials in the range from 1.7 to 2.7 V, which
are consistent with the galvanostatic charge and discharge
curves. To further exploit the electrochemical performance,
TBDS, DHBQ, and DBDS are tested at a low current density
of 50mA g�1. TBDS exhibits a good cycling stability and retains

a reversible capacity of �190mAh g�1 after 100 cycles
(Figure 3c), while DHBQ suffers from fast capacity decay due
to the high solubility in the electrolyte (Figure S5b,
Supporting Information), and DBDS shows an increased capac-
ity in the initial 40 cycles and then suffers from capacity loss
afterward (Figure S5d, Supporting Information). The
Coulombic efficiency of both TBDS and DBDS is close to
100% upon long-term cycling. To prove that fast capacity loss
of DHBQ is caused by its solubility in the electrolyte solvent
(DEGDME), we performed a dissolution test. Two tubes were
filled with the same amount of DEGDME, and �1mg of
DHBQ was added into one tube. After a while, the DHBQ solid
was fully dissolved in DEGDME (Figure S6a, Supporting
Information), and the color of the solution turns to yellow.
Then, we performed the UV–Vis spectroscopy to further confirm
the dissolution of DHBQ. As shown in Figure S6b, Supporting
Information, compared with pure DEGDME, there is a sharp

Figure 3. Electrochemical behaviors of TBDS in sodium-ion batteries. a) Galvanostatic charge and discharge curves at 50mA g�1; b) cyclic voltammo-
grams; c) cycle life with Coulombic efficiency at 50mA g�1; d) rate capability at various current densities; e) cycle life with Coulombic efficiency at
1000mA g�1; f ) cycle life with Coulombic efficiency at 2000mA g�1.
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absorbance peak for the solution of DHBQ in DEGDME, which
further indicates its dissolution in DEGDME. Therefore, the
DHBQ molecules dissolve in the DEGDME electrolyte and then
diffuse from the DHBQ electrode to the counter electrode.
Chemical reactions, instead of electrochemical reactions, take
place in the counter electrode, resulting in fast capacity loss of
DHBQ in SIBs. Due to the stable cycle life of TBDS, we further
explore its rate capability at various current densities from 20 to
2000mA g�1. The initial capacity of TBDS at 20mA g�1 is
248.9mAh g�1, and it retains at 87.4 mAh g�1 even when the
current density increases to 2000mA g�1 (Figure 3d), demon-
strating robust reaction kinetics. In comparison, we also tested
the rate capability of DBDS from 20 to 2000mA g�1, and the
result is shown in Figure S7, Supporting Information. DBDS
shows an initial capacity of 140.0mAh g�1 at 20mA g�1 and
retains a reversible capacity of 38.2 mAh g�1 at 2000mA g�1.
The obvious difference of rate performances indicates faster reac-
tion kinetics of TBDS. The long-term cyclic stability of TBDS is
further studied at high current densities of 1 A g�1 and 2 A g�1.

As shown in Figure 3e,f, exceptional cyclic stability of 1000 cycles
can still be achieved with negligible capacity loss, demonstrating
excellent cycle life of the self-healing material.

The mechanism for fast reaction kinetics of TBDS is further
investigated by cyclic voltammetry (CV) at various scan rates,
galvanostatic intermittent titration technique (GITT), and electro-
chemical impedance spectroscopy (EIS). With elevated scan rates
from 0.1mV s�1 to 1.0 mV s�1 in CV (Figure 4a), the redox peak
current remarkably enhances and the cathodic peak shifts to a
lower potential, while the anodic peak shifts to a higher potential
due to the increased polarization. The linear fit of natural loga-
rithm relationship of scan rate and peak current in Figure 4b dis-
plays that the slopes of cathodic and anodic peaks are 0.607 and
0.539, respectively. Since the slope values are close to 0.5, the
reaction kinetics of TBDS is mainly controlled by the Na-ion dif-
fusion.[45] GITT is conducted to further study the overpotential
and equilibrium potential of TBDS during initial charge and
discharge cycles. As shown in Figure 4c–e, after one activation
cycles, the sodiation/desodiation potentials in the second and

Figure 4. Reaction kinetics of TBDS. a) CV at various scan rates; b) the ln relationship of peak current and scan rate; potential response of TBDS electrode
in the c) first cycle, d) second cycle, and e) third cycle during GITT measurements; f ) equilibrium potential versus specific capacity during GITT
measurement OCV= open-circuit potential.
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third cycles show highly reversible multistep plateaus with very
low overpotential, indicating a fast phase transition. The single
flat potential plateau at 2.0 V with a high overpotential of �0.1 V
in the first sodiation (Figure 4c) is due to the high stress and
irreversible phase changes in the first lithiation process. To fur-
ther explore reaction kinetics of the self-healing material (TBDS),
EIS technique was conducted to understand the impedance
evolution upon long-term cycling. The impedance spectra in
Figure S8, Supporting Information show depressed semi-circles
with slope tails where the semi-circle at a high-frequency region
represents the interphase resistance of the TBDS electrode, while
the straight line at the low-frequency region represents the dif-
fusion resistance. During 50 cycles, the interphase resistance
gradually increases from 5Ohms to 35 Ohms. The small inter-
phase resistance indicates fast reaction kinetics, which is consis-
tent with the good capacity retention of TBDS at high current
densities. The galvanostatic charge and discharge results prove
that TBDS has higher cycling stability than DHBQ and
DBDS, while the rate performance, CV, GITT, and impedance
tests further confirm fast reaction kinetics of TBDS. The electro-
chemical results suggest that organic materials with self-healing
hydrogen bonding are promising for SIBs. To understand the
self-healing mechanism, we did theoretical calculations for
DHBQ, DBDS, and TBDS molecules and in situ/ex situ charac-
terizations for the pristine and cycled TBDS electrodes.

The IR spectroscopy for three materials was calculated at the
B3LYP/6-311þþG(d, p) level of theory, and the results are pre-
sented in Figure S9, Supporting Information. The stretching
vibration of the carbonyl group in these materials was observed

at 1736.13, 1684.21, and 1575.35 cm�1 for DHBQ, DBDS, and
TBDS, respectively. The calculated carbonyl group frequencies
generally follow the trend of experimental measurements.
Next, we investigated the influence of hydrogen bonding on
the IR peak shifts by studying the interaction between TBDS
molecules. Specifically, we analyzed the potential energy surface
as a function of the center of mass (COM) distance between two
TBDS molecules, as depicted in Figure S10a, Supporting
Information. The minimum energy configuration was found
at a COM distance of 7.3 Å. The IR spectra of each TBDS dimer,
as well as the TBDS monomer, were compared and shown in
Figure S10b, Supporting Information. Notably, upon dimer
formation through hydrogen bonding, the carbonyl peak of
the TBDS monomer at 1564.92 cm�1 experiences a redshift to
1555.53 cm�1 when the COM distance is 7.3 Å. Moreover, the
hydroxyl group in TBDS also exhibits lower frequencies and
shows sensitivity to the COM distance between two TBDS
dimers. This leads to the obvious peak shift in the IR spectra
between 2200 and 3000 cm�1, consistent with the observed broad
shoulder in the experiment.

The intermolecular hydrogen bonding interactions among
TBDS molecules were also investigated using molecular dynam-
ics (MD) simulations. A simulation system consisting of 100
TBDS molecules and 240 ethanol molecules was placed in a
cubic box. The system was then thermally equilibrated at a tem-
perature of 300 K and 1 bar for a duration of 10 nanoseconds (ns).
The radius distribution function (RDF) between the hydrogen
(hydroxyl group) and oxygen (carbonyl group) was computed
and is presented in Figure S11, Supporting Information.

Figure 5. a) FTIR spectra of TBDS electrodes before and after cycling; b) Raman spectra of TBDS electrodes before and after cycling; c) in situ synchrotron
XRD patterns and color-mapped profile of TBDS electrode and the corresponding voltage profile.
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The presence of prominent peaks at 2.0 Å in the RDF indicates
the formation of hydrogen bonds between adjacent TBDS mol-
ecules. Further analysis of the MD trajectory revealed the clusters
of interconnected TBDS molecules through hydrogen bonding,
as shown in Figure S11b, Supporting Information. Overall, our
results offer computational insights into the presence of
hydrogen bonds in the TBDS systems. The observed shift in
the IR spectra is indicative of the significant influence of
hydrogen bonding on the vibrational properties of the system.
Furthermore, the calculated RDF and identification of
hydrogen-bonded clusters in the MD trajectories reinforce the
validity of the computational predictions, highlighting the impor-
tance of hydrogen bonding in governing the system’s structural
stability and dynamics. These findings contribute to an enhanced
comprehension of the system’s vibrational and structural
properties.

To prove our hypothesis that the hydrogen bonding-induced
self-healing chemistry alleviates particle pulverization in TBDS,
ex situ FTIR, Raman spectroscopy, and in situ XRD characteriza-
tions were performed to study the structure and morphology evo-
lution upon battery cycling. FTIR characterization of fresh and

cycled TBDS electrodes shows similar absorption peaks in
Figure 5a, indicating the structure of TBDS does not change
before and after battery test. Analogous to FTIR results,
Raman spectra in Figure 5b also exhibit the same Raman peaks
in the spectra for the pristine TBDS electrode and cycled TBDS
electrode at 3 V, confirming the good molecular structure reten-
tion of TBDS. When discharged to 1.5 V, the sharp Raman peak
at �1550 cm�1 shifts to a lower value and becomes broad
because of the redox reaction between oxygen in carbonyl groups
and sodium ions, which lowers the vibration energy of the car-
bonyl group. After charged back to 3.0 V, all the peaks are recov-
ered, demonstrating good molecular structure reversibility in
SIBs. In addition to the molecular structure, we also investigated
the crystal structure change of TBDS upon cycling. The in situ
XRD results in Figure 5c display the crystal structure change dur-
ing the initial charge and discharge. The XRD peaks at 26.5°, 31°,
and 44° disappear after first discharge, while the other peaks
from 35° to 43° retain after cycling. Several new peaks at 26°,
32.5°, and 46° appear after cycling, suggesting the crystal struc-
ture change after battery test. To further confirm it, ex situ XRD
patterns for pristine and cycled TBDS electrodes after 1, 2 and

Figure 6. SEM images for TBDS electrodes a,b) before and c,d) after cycling.
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10 cycles are provided in Figure S12, Supporting Information.
An obvious XRD peak change can be observed after the 1st cycle,
and the XRD peaks are well retained thereafter. These results
demonstrate that the molecular structure of TBDS is retained,
but its crystal structure is changed after initial cycles, which is
coincident to the equilibrium potential change after the first dis-
charge in the GITT result.

Since TBDS retains its molecular structure upon cycling, the
hydrogen bonding between hydroxyl group and carbonyl group
in TBDS is also retained. To verify the hydrogen bonding-
induced self-healing chemistry, we further exploit the morphol-
ogy change of TBDS before and after cycling. The cutoff window
for the TBDS electrodes is from 1.5 V to 3.0 V versus Na/Naþ,
and the electrolyte is 1M NaPF6 in DEGDME. The ether-based
electrolyte is stable in this cutoff window, so the formation of the
interphase by the decomposition of the electrolyte in the cycled
TBDS electrodes is minimized. The impact of the interphase to
intermolecular hydrogen bonding between TBDS molecules is
minimal. The H–H interactions between the hydroxyl groups
in TBDS enable the self-healing chemistry in the pulverized
TBDS electrode to self-heal the cracks as shown in Figure 6.
The healing of particle pulverization in the cycled TBDS elec-
trode mitigates the degradation of the TBDS electrode in
SIBs. Figure 6a,b shows the pristine TBDS electrode, consisting
of intact TBDS micro-particles. After 5 cycles, obvious cracks can
be observed in the cycled TBDS electrodes (Figure 6c,d). Though
there are some cracks in the cycled electrode, apparent connec-
tion between the cracked particles still exists due to the hydrogen
bonding between hydroxyl group and carbonyl group in TBDS.
The cracked particles are still connected with each other, retain-
ing the structure integrity of the micro-sized particles. This is a
key indication of the self-healing chemistry. As indicated by our
previous work, micro-sized organic particles suffer from severe
particle pulverization due to large-volume expansion and shrink-
age in the repeated charge and discharge processes.[11,29] This
results in fast capacity loss of organic SIBs upon long-term
cycling. There are three strategies to address this challenge:
1) reducing the organic particle size from microscale to nano-
scale; 2) carbon coating; and 3) self-healing chemistry. We proved
that design and synthesis of organic nanomaterials and carbon-
coated organic materials can mitigate the particle pulverization
at the price of lower volumetric capacity. In addition, the
self-healing chemistry enabled by the self-healing polymer
binder is also effective to mitigate the particle pulverization,
but a large amount of binder (15 wt%) is required in the organic
electrodes, lowering the capacity and energy density of organic
SIBs. Therefore, we employed TBDS as the organic active
material, leveraging intermolecular hydrogen bonding among
hydroxyl groups in TBDS to enable the self-healing chemistry.
TBDS exhibits higher capacity and cyclic stability than DBDS,
which lacks hydroxyl groups to form intermolecular hydrogen
bonding. The SEM results in Figure 6 confirm the intermolecu-
lar hydrogen bonding-enabled self-healing chemistry, which
self-heals the pulverization in the TBDS electrodes. Therefore,
the electrochemical behaviors and morphology change of
TBDS upon cycling illustrate that the intermolecular hydrogen
bonding-enabled self-healing chemistry is promising for
developing high-stability and high-sustainability SIBs.

3. Conclusion

In summary, a self-healing organic material based on hydroxyl
group and carbonyl group is reported for the high-stability
and high-sustainability organic SIB cathode. The hydrogen
bonding-enabled self-healing chemistry enables the superior
electrochemical performance of TBDS, in terms of long cycle life
(1000 cycles) and high-rate capability (up to 2 A g�1). CV, GITT,
and EIS techniques are used to exploit fast reaction kinetics. Na-
ion diffusion-controlled reaction kinetics is observed with a very
small overpotential after the first sodiation process, demonstrat-
ing fast Na-ion diffusion in TBDS. Ex situ/in situ FTIR, Raman,
and XRD characterizations further prove the stable molecular
structure of TBDS upon cycling. An obvious crystalline phase
change is observed after the first sodiation process, but the newly
formed crystalline structure is highly reversible in the following
cycles, demonstrating good structural retention during the sodia-
tion/desodiation process. The excellent structural stability is
ascribed to the self-healing chemistry between hydroxyl group
and carbonyl group in TBDS, which is confirmed by FTIR
and SEM results. Therefore, the organic materials with intermo-
lecular hydrogen bonding-enabled self-healing chemistry are
promising for developing high-stability and high-sustainability
SIBs.
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