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ABSTRACT: Quasi-solid-state Zn metal batteries show great potential for next-
generation batteries due to their inherent safety and high energy density. However,
the mismatch between the static quasi-solid electrolyte surface and the dynamic Zn
anode volume change will lead to inferior interfacial contact, which severely
hinders the development of Zn-based batteries. Herein, a unique steric molecular
combing strategy is proposed to design an ultrafast self-healing electrolyte for
constructing a dynamically self-adaptive interface. Theoretical simulations and
experimental characterizations reveal the steric molecular combing effect, which
combs and straightens the guar gum molecular chain by inhibiting the
intramolecular rotation. Concomitantly, the stretched molecular chain exposes more alcoholic hydroxyl active sites, enabling
rapid dynamic cross-linking for ultrafast self-healing electrolytes. Consequently, the full battery shows an ultralong cycling
lifespan of 10000 cycles with 98.5% capacity retention, and stable Zn stripping/plating is achieved at 10 mA cm−2 and 10 mAh
cm−2, respectively, pushing forward the next-generation high-performance zinc-ion battery.

Art water, the latest popular children’s toy, has several
intriguing properties, such as shape adaptability, high
viscoelasticity, and reusability (Figure S1a). It is also

called “fake water” due to its highly similar appearance to
water, which is actually a sort of hydrogel. This attractive
shape-adaptive behavior is attributed to its dynamic cross-
linking.1,2 These dynamic cross-linking bonds form the matrix
of art water, which can tie the guar gum chains to lock the
shape temporarily. When the substance is subjected to an
external impact, the dynamic bonds will be broken and then re-
form again at a different location, explaining its nature of high
shape adaptability.3,4 In particular, it can heal spontaneously
once it receives external damage such as an external puncture.5

Due to their exceptional advantages, such dynamic intelligent
materials perform an inspiring role in up and coming fields
such as soft robotics,6,7 biomedical engineering, and 3D
printing.8,9 This exclusive shape-adaptive performance makes
the substance totally different from the published traditional
gel electrolyte and the artificial interface layer of the battery.10

Herein, we propose a concept for applying modified quasi-
solid-state “art water” with highly self-adaptive behavior to
zinc-ion batteries as electrolytes for the first time. Quasi-solid-
state zinc-ion batteries are perceived as the most promising
candidates for the forthcoming wearable electronic products
due to the unique advantages of Zn metal, including high
volumetric capacity (5854 Ah L−1), abundant resources in the
Earth’s crust, and facile manufacturing.11,12 Equally impor-

tantly, it avoids the use of aqueous electrolytes that lead to
irreversible reactions. including parasitic hydrogen evolution
reaction (HER), zinc corrosion, and irreversible byprod-
ucts,13−15 which will severely deteriorate the cell performance
of zinc-ion batteries. Therefore, it is believed that a gel
electrolyte will pave the way for an anticorrosion and highly
stable Zn anode. However, the development of quasi-solid-
state zinc-ion batteries has been plagued by severe interfacial
issues. During cycling, the Zn metal anode will inevitably
develop some “hot spots” originating from uneven ion
diffusion and deposition (Figure S1b),16,17 where the Zn
plating/stripping rate is higher than that at other positions,
resulting in the differential dynamic expansion of the zinc
anode.18−20 Unfortunately, the static quasi-solid electrolyte
surface cannot match the dynamic Zn anode, which will lead to
an initial tight interface into a semicontinuous state after deep
charge/discharge cycling and ultimately a premature failure of
the battery.21−23

In recent years, considerable efforts have been devoted to
addressing the interfacial issue.24−27 A promising strategy is
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establishing in situ solid electrolyte interphase via cation
solvation regulation;28 However, because of the high charge
density of Zn2+ and the low dissociation degree of Zn salt in a
wide concentration range, this leads to the limited modulation
of the interfacial stability and low reversibility of the zinc
anode. In addition, a rigid solid electrolyte provides an effective
tactic to stabilize the Zn metal anode, due to its high
mechanical strength and anhydrous properties.29 Unfortu-
nately, most solid electrolytes encounter low ionic conductivity
problems,30−32 resulting in sluggish Zn2+ diffusion kinetics, low
discharge capacity, and poor cycle lifespan. Moreover, the rigid
surface also cannot maintain a conformal contact with the Zn
metal anode during the dynamic plating/stripping process at a
microscale level.33 Therefore, the interfacial issue is still a
major obstacle in developing advanced ZIBs with long cycle
life. Thus, it is meaningful to construct a close interface to
suppress Zn-dendrite-induced microvoids through dynamic
self-healing electrolytes to achieve a dendrite-free zinc anode.
In this work, inspired by the interesting self-adaptive “art

water”, we demonstrate a steric molecular combing effect to
construct an ultrafast self-healing guar gum based electrolyte
for dynamically adaptive interfaces. Art-water solidification is a
critical point for its application in quasi-solid-state zinc-ion
batteries. However, the challenge is that guar gum in “art
water” is confronted with severe self-crimping and agglomer-
ation issues, leading to low dispersion and poor mechanical
strength. With these issues in mind, we innovatively introduced
glycerol into the guar gum system to build a steric molecular
comb. Specifically, glycerol is adsorbed on the guar gum
molecular chains through hydrogen-bonding interactions,
inhibiting the rotation of the carbon−carbon single bond,
thereby combing and straightening the molecular chain. The
resultant exposed alcoholic hydroxyl active sites can be
dynamically cross-linked with borate to achieve an ultrafast
self-healing capability. In addition, the electrolyte has a
stronger binding energy with active water molecules in the
system, reducing the number of water molecules in the primary
solvation shell of Zn2+ from 6 to 3.8. Due to the two crucial

functions of the electrolyte above, the Zn||Zn symmetrical cells
exhibit a long-term durability over 400 h at a high current
density (10 mA cm−2) and a high cycling capacity (10 mAh
cm−2) and the quasi-solid-state full battery displays a 10000-
cycle life with a capacity retention of 98.5%. This work
presents a novel and effective method to solve the solid/solid
interface issues by constructing a dynamic and self-adaptive
interface. Hence, this pioneering design provides new insight
into the challenges of solid/solid interfacial issues for
constructing long-lifespan quasi-solid-state Zn metal batteries.

The molecular conformations of guar gum molecular chains
in different systems are schematically illustrated in Figure 1.
The spontaneous free rotation of the carbon−carbon single
bond of the guar gum molecular chain will lead to irregular
curling (Figure 1a). Coiled macromolecules, with enhanced
hydrogen-bonding interactions, usually exhibit an aggregation
state. Concomitantly, most of the active alcohol hydroxyl sites
on the main chain are shielded, and the resulting guar gum
based electrolyte displays an inferior self-healing ability at high
concentrations (Figure 1b), which limits its application in
quasi-solid-state Zn-ion batteries. To solve this issue, we
developed a three-step synthetic procedure to straighten the
guar gum molecular chains. First, glycerol was added to a 1 M
ZnSO4 solution to form a binary solvent system. The optimal
content of glycerol is given in Experimental Section. Second,
we dissolved guar gum completely in the as-prepared colloid to
create a uniform solution. Glycerol is linked to the main chain
by hydrogen bonds to form a steric molecular comb (Figure
1d), which can effectively regulate the molecular conformation
of guar gum from a random coil state to a straight molecular
chain state (Figure 1e). Finally, a neutral organoboron
compound was introduced to cross-link the polymer chain
and solidify it to obtain a porous network (Figures S1c and S2)
with ultrafast self-healing and outstanding mechanical proper-
ties.

Molecular dynamics (MD) simulations were carried out to
reveal the steric molecular combing mechanism in the guar
gum/ZnSO4 and guar gum/ZnSO4/glycerol systems, respec-

Figure 1. Steric molecular combing effect for guar gum molecular conformation regulation. (a, b) Schematic illustrations of intramolecular
rotation and self-crimping of guar gum molecules. (c) 3D snapshot of the guar gum/ZnSO4 system obtained from MD simulations. (d, e)
Schematic illustrations of the steric molecular combing effect for stretching guar gum molecules with glycerol. (f) 3D snapshot of the guar
gum/ZnSO4/glycerol system obtained from MD simulations.
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tively. A simulated system conformation shows that guar gum
molecules are in an aggregated state and have strong
interactions with surrounding sulfate molecules in the guar
gum/ZnSO4 system (Figure 1c). In contrast, the guar gum
molecules are uniformly dispersed in the guar gum/ZnSO4/
glycerol system, and the sulfate radicals are also homoge-
neously distributed into the solution (Figure 1f). This result
suggests that steric molecular combing can inhibit molecular
agglomeration and straighten molecular chains, which is
consistent with the experimental results (Figure S3). Addi-
tionally, a single 3D snapshot of guar gum molecules in guar
gum/ZnSO4/glycerol exhibits more hydroxyl active sites in
comparison to the guar gum/ZnSO4 system (Figure S4),
which reveals the intrinsic reason for the ultrafast self-healing
capability.
To visualize the self-adaptive interface directly, we simulated

the microscopic changes of the electrolyte during the growth of
dendrites through a tip experiment, as shown in Figure 2. A

needle tip with a diameter of 20 μm was used to pierce the
electrolyte to simulate the electrochemical behavior of the Zn
dendrites after deep charge/discharge (Figure 2a). In a typical
discharge process, the Zn dendrites shrink, corresponding to
the stripping process. As seen through an optical microscope,
the electrolyte scratch gradually heals after the needle tip is
removed, as shown in Figure 2c and Figure S5. The tip
removal process can be regarded as a dendrite dissolution
process. The damaged area of the electrolyte interface
gradually heals and returns to a flat surface within 30 s. This
indicates that the electrolyte can achieve autonomous and
rapid self-healing under air conditions without any external
stimulation, which plays a vital role in building a strong and
dynamic solid−solid interface contact and inhibiting the
growth of Zn dendrites. The self-healing capacity (0.5 min)
at room temperature dramatically surpasses those of previously
reported advanced self-healing electrolytes (Figure 2b), such as
PVA/Zn(CF3SO3)2 hydrogels (10 min),34 polyion-complex

(PIC) hydrogels (720 min),35 PVDF-co-HFP-5545 polymer
(1440 min),36 and UPyMA-PETEA copolymer (60 min).37

To further demonstrate the self-healing property, the
macroscopic characteristics were determined (Figure S6). We
cut the as-prepared gel electrolyte with and without piro red
into small pieces with a scalpel. With the piro red stain
available, the fresh cut interface will be clear rather than just a
general fuzzy area. When two pieces of guar gum hydrogel
come into contact with each other, electrolytes quickly merge
into one within 30 s, further suggesting the superiority of the
steric molecular combing effect. The formation kinetics of the
borate bond is very rapid, generally considered to be 0.33
s,38,39 and with the extension of the self-healing time, the
system gradually reaches equilibrium and eventually achieves
complete self-healing. Fourier transform infrared spectroscopy
(FT-IR) was then used to investigate the enhanced steric
molecular combing mechanism for the as-prepared electrolyte.
As presented in Figure S7, the guar gum powder shows a broad
band at 3409 cm−1, which is attributed to the O−H stretching
vibrations. The apparent band at 1600 cm−1 corresponds to the
hydroxyl bending. The bands at 2906 (C−H stretching
vibrations), 1405 (C−H bending vibration), and 1150 cm−1

(C−O−C stretching vibration) are typical absorption bands of
guar gum. In the guar gum/ZnSO4 system, the spectrum of the
B(OH)4− cross-linked guar gum electrolyte exhibits an
absorption band at 1312 cm−1, which is associated with a
B−O stretching vibration. The formation of the B−O dynamic
covalent bond reveals the intrinsic reason for the self-healing
performance and proves the successful cross-linking of the
borate ion (B(OH)4−) and the hydroxyl group. When glycerol
was introduced as the second cross-linking network, the bands
at 1413 and 1109 cm−1 were associated with a CH2 bending
vibration and C−O asymmetrical stretching vibration,
respectively. The apparent bands at 1043 and 993 cm−1 are
characteristic signals of symmetrical stretching vibration of a
primary alcohol, which confirms the successful preparation of
the binary-system gel. It is worth noting that the B−O peaks
were intensified, demonstrating that more covalent bonds
could be built between guar gum and B(OH)4−. This further
proved that the steric molecular combing effect could
effectively expose more alcoholic hydroxyl active sites directly
and thus enhance the self-healing capability.

In addition to the excellent self-healing properties, the steric
molecular combing effect also regulates the first solvation
structure of Zn2+ ions. The average coordination number
(ACN) in the primary solvation shell was then calculated
(Figure 3a). In 1 M ZnSO4 electrolyte, the ACN of Zn−O
(H2O) in the first hydration layer is around 6, while the ACNs
of Zn−O (H2O) in the first hydration layer under guar gum/
ZnSO4 system and guar gum/ZnSO4/glycerol system are
around 4.7 and 3.8, respectively. The reduced ACN confirmed
that the binary system could modulate the coordination of
H2O molecules with Zn2+ inside the primary solvation shell,
which suggests the reduced number of active water molecules
in the system. The modulation of the coordination structure of
Zn2+ is attributed to the large quantity of active sites exposed
by the steric molecular combing effect, which can immobilize
water molecules. This conclusion was further supported by
subsequent density functional theory (DFT) calculations. 67Zn
nuclear magnetic resonance (NMR) spectroscopy also shows
that the Zn2+ solvation sheath in the guar gum/ZnSO4/
glycerol system has fewer H2O molecules (Figure 3b). The
67Zn peak shifts higher to 6.7 ppm, indicating the reduced

Figure 2. Steric molecular combing effect for ultrafast self-healing
and self-adaptive electrolytes. (a) Schematic diagram of needle tip
simulation experiment. (b) Self-healing time of our polymer
electrolyte in comparison with those of previously reported self-
healing electrolytes. (c) Optical images for the self-healing process
after the needle tip is removed. Scale bars: 10 μm.
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electron cloud density around the Zn2+. NMR results showed
an excellent agreement with MD simulations for the lower
ACN in the guar gum/ZnSO4/glycerol system.
Density functional theory (DFT) calculations were

performed to gain a further understanding of the pivotal role
of the binary solvent in the gel electrolyte (Figure 3c,d). A
DFT analysis indicates that the hydrogen bonds in the
glycerol/water binary system are more stable than those in the
guar gum/ZnSO4 system (Figure S8), and the guar gum/
ZnSO4/glycerol system exhibits the largest interaction energy
(180.52 kJ mol−1) (Figure 3c), demonstrating that the
glycerol−water binary system can form a more robust network
in comparison to pure glycerol or water, which is vital to

immobilize free H2O molecules in the system and reduce the
coordination number of H2O molecules in the solvation shell
of Zn2+. In combination with the previous MD simulations, the
active sites exposed by the steric molecular combing effect and
their large binding energy with water molecules realize the
solvated structure modulation of Zn2+ ions. In addition, the
large binding energy with water molecules is beneficial to
improve the water-locking capacity of the gel (Figure S9).

Those aforementioned advantages and properties of the
binary-system gel make it an ideal electrolyte for quasi-solid-
state Zn-ion batteries. The proposed schematic illustrations of
interfacial issues are graphically depicted in Figure 4a and
Figure S10. In a typical discharge/charge cycle of Zn-ion

Figure 3. Steric molecular combing effect for solvated structure modulation of Zn2+ ions. (a) Coordination number between Zn2+ and O
(H2O). (b) 67Zn nuclear magnetic resonance (NMR) spectra in the guar gum/ZnSO4/glycerol and guar gum/ZnSO4 systems. (c, d) Density
functional theory (DFT) optimized structures of guar gum (GG) in different systems and the corresponding interaction energies.

Figure 4. Characterizations of self-healing and self-adaptive interface. (a) Schematic diagram of the dendrite inhibition. (b, c) SEM images of
Zn anodes after 250 cycles in the guar gum/ZnSO4 electrolyte. (d, e) SEM images of Zn anodes after 250 cycles in guar gum/ZnSO4/glycerol
electrolyte. (f) Symmetric cycling performance of Zn∥Zn cells using guar gum/ZnSO4/glycerol electrolyte at 10 mA cm−2 and 10 mAh cm−2.
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batteries, Zn dendrites will dynamically deposit and dissolve on
the Zn anode, accompanied by a severe volume expansion and
contraction. After a long-term cycling process, the Zn anodes
will gradually thicken due to the apparent cumulative effect
and inhomogeneous dendrite deterioration,21 which will make
the interface contact between the quasi-solid electrolyte and
the Zn anode electrode semicontinuous (Figure S10). The
ultrafast self-healing and self-adapting capability keep the
electrolyte and Zn anode interface dynamic and enable a
robust contact during repeated Zn plating/stripping cycles
(Figure 4a). Specifically, the self-healing electrolyte will
spontaneously return to a flat state with the gradual dissolution
of dendrites. Thus, the interface always remains in close and
effective contact, facilitating the smooth, stable, and dense
deposition of Zn metal.
In order to verify our conjecture, the morphology of the Zn

electrode and the interface after 250 cycles at a current density
of 1 mA cm−2 in the guar gum/ZnSO4 and guar gum/ZnSO4/
glycerol systems were examined respectively by scanning
electron microscope (SEM). Obviously, there are enormous
cracks between the Zn anode electrode and the quasi-solid-
state electrolyte in the guar gum/ZnSO4 system after cycling
(Figure 4b). This heavy contact loss will greatly increase the
interface resistance and ultimately lead to premature cell
failure. This is due to the rigid interface and tip effect, resulting
in the formation of large dendritic flakes on the surface of the
Zn anode (Figure 4c). In addition, typical two-dimensional
hexagonal Zn dendrites with sharp tips are also formed in the

ZnSO4 electrolyte (Figure S11). In contrast, the guar gum/
ZnSO4/glycerol system maintains a continuous and firm
interfacial contact with the Zn anode after cycling, illustrating
that the self-adaptive interface with the Zn anode has been
built successfully by the construction of an ultrafast self-healing
gel electrolyte (Figure 4d). In addition, the Zn anode after
cycling also shows a flat and smooth surface (Figure 4e and
Figure S12) and no obvious byproducts were detected,
indicating that the uniform Zn deposition is facilitated in the
guar gum/ZnSO4/glycerol system. An electrochemical impe-
dance spectroscopy (EIS) test was also conducted to evaluate
the interfacial resistance for Zn||Zn symmetrical cells before
and after cycling (Figure S13). The charge transfer resistance
of the cell with the guar gum/ZnSO4/glycerol system is smaller
than in the case of the guar gum/ZnSO4 system. After 100
cycles, the resistance increases for both electrolytes, while the
resistance of the guar gum/ZnSO4/glycerol system remains
much lower than that of the guar gum/ZnSO4 system. This
demonstrates that the ultrafast self-healing capability can
effectively alleviate the interface issues and provide a
continuous and uniform ion transport channel.

The compatibility and stability of the ultrafast self-healing
electrolyte with Zn anode were evaluated using Zn||Zn
symmetrical cells. As illustrated in Figure S14, the Zn||Zn
symmetrical cell in 1 M ZnSO4 electrolyte remains stable for
100 h with an overpotential of ∼40 mV. Due to dendrite
growth, the HER, and the formation of byproducts, the time−
voltage curve suddenly fluctuates in subsequent cycles and

Figure 5. Electrochemical performance of zinc-ion full batteries with a self-adaptive interface. (a) SEM image of the MnO2 cathode material.
(b) CV curves of the full batteries in guar gum/ZnSO4/glycerol and gum/ZnSO4 electrolytes. (c) Long-term cycling performance at 1 A g−1.
(d) Long-term cycling performance at 10 A g−1. (e) Photographs of self-healing pouch cells powering a LED device: (i) before cutting; (ii)
cutting off; (iii) after self-healing.
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eventually leads to cell failure. In the guar gum/ZnSO4 system,
the Zn||Zn symmetrical cell exhibits a relatively higher cycle
stability for 300 h with an overpotential of ∼50 mV. After that,
there is a sudden and irreversible rise in the polarization
voltage, which is ascribed to the discontinuous interfaces
caused by severe Zn dendrites. In contrast, the Zn||Zn
symmetrical cell in the guar gum/ZnSO4/glycerol system
shows a stable polarization overpotential of ∼50 mV and an
ultralong life span of 1500 h, 4 times longer than that of the
guar gum/ZnSO4 system, which also confirms the superiority
of the dynamic adaptive interface. When the applied current
density and cycling capacity were increased to a high current
density and large capacity of 10 mA cm−2 and 10 mAh cm−2,
respectively (Figure 4f and Figure S15), the Zn||Zn sym-
metrical cell in the guar gum/ZnSO4/glycerol system remains
stable for 400 h. These values are superior to those of
previously reported quasi-solid electrolytes and better than
those obtained in most advanced Zn-based anodes and
electrolytes,34,40−43 reflecting the efficacy of the guar gum/
ZnSO4/glycerol system in suppressing Zn dendrite growth.
Finally, full cells were assembled to verify the availability and

superiority of the self-adaptive interface with Zn anodes.
Typically, cathode materials were prickly ball-shaped MnO2
(Figure 5a and Figures S16 and S17). Clearly, full batteries
with a self-healing electrolyte present a greatly enhanced
overall electrochemical performance. The energy storage
mechanism of the full batteries based on the guar gum/
ZnSO4/glycerol electrolytes is similar to that of the Zn/MnO2
battery with liquid electrolytes.44 Cyclic voltammogram (CV)
curves of the full cells in the self-healing electrolyte and pure
guar gum electrolyte were examined in the range from 0.8 to
1.8 V (Figure 5b), both presenting two overlapped anodic
peaks. In addition, the reduction peak at 1.25 V in self-healing
electrolytes is higher than 1.22 V in pure guar gum electrolytes
due to the strong interaction between electrolyte and Zn
anodes, which promotes the interfacial Zn2+ charge transfer
kinetics. In addition, in comparison with a full cell using guar
gum/ZnSO4 electrolytes (Figure S18), the full cell with an
ultrafast self-healing electrolyte has a greatly improved rate
performance, attributed to the dynamic and compact interface.
With regard to the cycling performance, the quasi-solid-state

Zn-MnO2 battery with the self-healing electrolyte exhibits a
discharge capacity of 200 mAh g−1 at 1 A g−1 after 500 cycles,
corresponding to a capacity retention of 95% with a CE value
approaching 100% (Figure 5c). In contrast, the capacity of the
full cell with the guar gum/ZnSO4 electrolyte gradually
decreased to 51.5% of the initial capacity, which is mainly
ascribed to the growth of Zn dendrites and contact loss of the
interface. More encouragingly, under a high current density of
10 A g−1 (Figure 5d), this quasi-solid-state zinc-ion cell holds
98.5% of its original capacity, again demonstrating the
superiority of ultrafast capability and the self-adaptive interface.
To verify its usability in practical application, the self-healing
quasi-solid-state ZIBs were connected in series to power an
LED device containing 51 bulbs (Figure 5e and Figure S19).
When the ZIBs are cut off at the same time, the LED device is
powered off immediately. Due to the superior self-healing
capability, when the broken quasi-solid-state ZIBs were
reconnected for 30 s, the LED device was lit up again with a
negligible difference in brightness in comparison with the
beginning state, further demonstrating the great potential of
this battery in the sustainable development of energy storage.

In conclusion, a highly stable quasi-solid-state zinc-ion
battery was constructed using an ultrafast self-healing and low
solvation coordination electrolyte to realize a robust interface
and a dendrite-free Zn anode. Glycerol is introduced as a
second network into the guar gum based electrolyte, resulting
in an effective steric molecular combing effect, which can
inhibit intramolecular rotation and straighten molecular chains,
thereby exposing more active sites of alcoholic hydroxyl
groups. Utilizing the steric molecular combing effect of glycerol
can increase the self-healing ability and modulate the solvation
structure of Zn2+, which could be proved by FTIR, NMR, and
MD simulation results. Due to its ultrafast self-healing and the
resultant self-adaptability performance, the gel electrolyte and
the Zn anode maintain a continuous and close connection in
dynamic during the repeated Zn stripping/plating process.
Benefiting from the boosted Zn reversibility, the Zn||Zn
symmetric cells remain stable for more than 400 h at a current
density of 10 mA cm−2 and a large capacity of 10 mAh cm−2.
The full batteries using the self-adaptive interface show a
capacity of 200 mAh g−1 after 500 cycles at 1 A g−1 and deliver
a high cycling performance of 98.5% capacity retention after
10000 cycles at 10 A g−1. This quasi-solid-state battery
sufficiently evidences the feasibility of the dynamic self-
adaptive interface and paves the way for practical applications
of safe energy storage devices.
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