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HIGHLIGHTS

® Bionic self-assembly strategy forms bulk supramolecular nanohelices and interfacial dynamic bilayers to enhance ion transport and

interfacial stability.

e Reinforced asymmetric cells exhibit a high coulombic efficiency of 99.66% over 2400 cycles, while the corresponding full cells retain

86% of their initial capacity after 1000 cycles, demonstrating outstanding electrochemical stability and durability.

e Scorpion tail-inspired flexible battery design provides stable energy output under various mechanical states and powers wearable

SEensors.

ABSTRACT The rapid growth of wearable electronics demands power sources that are
not only flexible and durable but also inherently safe. Conventional lithium-ion batteries
pose safety risks due to toxic and flammable electrolytes. Aqueous metal-ion batteries
offer a promising alternative, yet their application remains limited by poor mechanical
compliance, leading to interfacial instability and electrolyte leakage. Here, we report a
bionic self-assembly strategy for aqueous zinc-ion batteries using a lipopeptide elec-
trolyte additive named C,¢K, enabling bulk self-assembly into supramolecular nano-
helices to accelerate ion transport and interfacial organization into a dynamic bilayer
for interphase regulation. This dual-function synergistically suppresses the formation
of Zn dendrites or side reactions, enabling stable Zn plating/stripping. This achieves an
ultralong cycling stability and ultrahigh cumulative plating capacity along with a high

coulombic efficiency. Therefore, the synergistic reinforcement endows the pouch cell to

deliver a high initial capacity, allowing to power electronics in a safe manner. In a follow-
ing manner, a scorpion tail-inspired bionic flexible battery structure is designed to deliver sustainable energy outputs across various mechanical
states using the reinforced systems, effectively powering the wearable multimodal sensors. Our results present a self-assembly strategy using a
lipopeptide additive to synergistically reinforce the ions transport and interfacial stability, coordination with a bionic structural design, potentially

offering a bioinspired routine for high-performance flexible batteries for wearable electronics.
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1 Introduction

The integration of multimodal sensing systems for bioel-
ectronics and bio-machine interface has gained increasing
attention in wearable electronics [1] and has been show-
ing promising potentials for applications in monitoring
physiological signals such as movement status, body tem-
peratures, sweat metabolites, and heart rates [2—-5]. Given
that the functionality of the sensors and the transmission
of data within these systems are dependent on a constant
and stable power supply, the seamless integration of power
sources with multimodal sensing systems is inevitable for
developing advanced wearable technologies [6]. In this
regard, traditionally rigid batteries are no longer appropri-
ate for bendable, stretchable, and fordable applications [7].
Although supercapacitors offer high power densities and
rapid charging capabilities, their reliance on non-Faradaic
energy storage modes leads to severe self-discharge [8].
On the other hand, state-of-the-art lithium-ion batteries
(LIBs) have been extensively studied to be employed as
flexible power sources due to the high energy densities
(250-400 Wh kg™!); their reliance on flammable and
toxic organic electrolytes presents tough challenges to the
sustainability and safety for stable and long-term power
needs. Additionally, the limited availability of lithium
resources, coupled with the harsh manufacturing condi-
tions, results in high costs and hinders the widespread
adoption of LIBs [9].

Therefore, the development of aqueous flexible batteries
that provide stable power output, extended operational life-
times, and adaptability to complex geometries has become
a key issue for the advancement of wearable electronics.
Regarding this, aqueous zinc-ion batteries (ZIBs) show great
potential for applications in wearable electronics as flexible
power systems, owing to their low cost, high safety, and

durable sustainability [10]. Metallic Zn provides a high volu-
metric capacity (5855 mAh cm™>, approximately three times
that of LIBs with 2060 mAh cm™) and possesses a favora-
ble electrode redox potential (-0.762 V vs. standard hydro-
gen electrode, SHE) [11]. However, the ZIBs suffer from
irreversible issues including the formation of uncontrolled
Zn dendrites during cycling and severe side reactions such
as self-corrosion and hydrogen evolution reaction (HER)
at the anode/electrolyte interface, along with the asynergy
between ions transport in the bulk solution and ions flux at
the interface, which lead to short circuits and ultimately an
attenuated calendar life of the batteries [12]. Many efforts
have been put forth to address these challenges, with rep-
resentative electrolyte additives offering an effective way
to modulate electrolyte properties by optimizing metal-ion
solvation structures and generating protective layers [13, 14].
Nevertheless, in most cases the amphiphilic nature urges
the additives to self-assemble into supramolecular architec-
tures in the electrolytes, which usually impede the metal
ions transport due to capturing and encapsulation. This can
aggravate the asynergy between ions transport and ions flux
[15]. In addition, the limited deformation capability of zinc
foil and cathode current collector (e.g., Ti foil or carbon
cloth) may lead to the potential leakage of electrolytes and
separator—electrode separation under deformation [16, 17].
Collectively, these issues may severely compromise the per-
formances of aqueous wearable metal-ion batteries [17].
After thousands of years evolution, nature represents
the pinnacle of engineering, where bionic structure—func-
tion coupling offers innovative design paradigms for highly
efficient systems [7, 18-21]. Specifically, the helical ion
channels are evolved to accelerate the transport of entities
through the cells [22, 23]. While the ultrathin, self-adaptive,
and dynamic bilayers (such as phospholipid membranes) can
high-efficiently and selectively capture and release targets
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[21, 24]. Inspired from these principles, the synergistic
improvement of bulk ion transport and interfacial stability is
simultaneously achieved through the dual self-assembly into
helical structures and self-adaptive bilayers of a minimalistic
lipopeptide composed of an aliphatic chain and an amino
acid (palmitoyl-lysine, C,;K) [25, 26]. Specifically, the C,cK
molecules self-assemble into supramolecular nanohelices
in the solutions, mimicking the biological ion channels to
accelerate the metal-ion transport. While the simplistic lipo-
peptide dynamically forms ultrathin bilayers at the interface,
akin to cellular membranes, thus homogenizing the ion flux
and electric field distributions. In contrast to the commonly
accepted concept of asynergy, this synergistic effect enables
uniform metal-ion plating/stripping and high efficiency to
address the formation of dendrites or side reactions, thus
notably reinforcing the CE of the aqueous metal-ion batter-
ies. This allows the pouch cell to deliver a high initial capac-
ity to power electronic devices in a safe and eco-friendly
manner. Further drawing inspiration from the rigid-flexible
coupling of a scorpion’s tail [27], the wearable metal-ion
batteries of bionic conformations are engineered using the
reinforced metal-ion batteries, thereby providing exceptional
mechanical adaptability once encountering diverse deforma-
tions for integrated multimodal sensing applications. This
represents a substantial step toward high-performance and
sustainable secondary batteries for wearable electronics.

2 Experimental Section
2.1 Materials

The palmitic acid with purity of >95% was obtained from
Alfa Aesar (China) Chemical Co., Ltd. Fmoc-Lys(Boc)-OH,
1-hydroxybenzotriazole anhydrous (HOBt), O-(1H-benzotri-
azol-1-y1)-N,N,N’,N’-tetramethyluronium hexafluorophos-
phate (HBTU), N,N-diisopropylethylamine (DIEA), and
Rink amide MBHA resin were purchased from GL Biochem
(Shanghai) Ltd. Triisopropylsilane (TIS), hexafluoroisopro-
panol (HFIP), dichloromethane (DCM)), trifluoroacetic acid
(TFA), and N,N-dimethylformamide (DMF), all of pep-
tide synthesis grade, were supplied from BMJ Technology
(Beijing) Co. Ltd. Chloroform, methanol, petroleum ether,
acetonitrile, and N-methyl-2-pyrrolidone (NMP) were
purchased from Sigma-Aldrich (Shanghai) Trading Co.,
Ltd and used without further purification. Zinc foils with
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thickness of 100 pm or 20 pm were purchased from Tianjin
EVS Chemical Technology Co., Ltd. Specifically, zinc foils
with thickness of 17 pm were prepared via repeating roll-
ing of commercial Zn foils. Glass fiber separators (GF/D)
were purchased from Cytiva Bio-technology (Hangzhou)
Co., Ltd. Zinc sulfate heptahydrate (ZnSO,-7H,0, AR) and
sodium sulfate (Na,SO,, AR) were purchased from Sinop-
harm Chemical Reagent Co., Ltd. Copper, titanium foils,
coin-type cells (CR2025), and Super P were purchased
from Guangdong Canrd New Energy Technology Co., Ltd.
Ultrapure water (18.2 MQ cm) was processed using a Milli-
Q purification system.

2.2 Lipopeptide Synthesis and Analysis

Lipopeptide synthesis was performed on a CEM Liberty
Lite microwave peptide synthesizer, which facilitated depro-
tection, coupling, and cleavage reactions via microwave-
assisted Fmoc solid-phase peptide synthesis [28]. The syn-
thesis was initiated on Rink amide MBHA resin to ensure
C-terminal amidation. Resin deprotection was carried out
with 20% piperidine and 0.1 M HOBt in DMF, followed by
coupling of Fmoc-Lys(Boc)-OH. Palmitic acid was subse-
quently conjugated to the peptide chain using HBTU/HOBt/
DIEA for carboxyl activation and amide bond formation.
Upon completion of synthesis, the lipopeptide was cleaved
from the resin and the Boc-protecting group on lysine was
removed using a TFA/TIS/H,O (a ratio of 95:2.5:2.5) cleav-
age mixture. The cleavage solution and DCM washings were
collected, filtered into a round-bottom flask, and purged with
nitrogen to remove residual volatile components. The treated
raw product was subsequently dissolved into chloroform and
extracted by mixing with water using a separation funnel.
After collection of the product from evaporation of chloro-
form, it was further dissolved in methanol and then extracted
by adding petroleum ether (boiling point around 60 °C).
After being extracted by petroleum ether a few times, the
peptide was collected by evaporating the methanol phase.
The final collected solid product was lyophilized for 2 days
and then subjected to reversed-phase HPLC (RP-HPLC)
purification and mass spectrometry (MS) analysis to verify
the purity [28, 29]. The lyophilized lipopeptide powders
were then dissolved in 2.0 M ZnSO, aqueous solution to
prepare the electrolytes with different concentrations.

@ Springer
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The RP-HPLC analysis was conducted using a Waters
2695 Alliance system at 25 +2 °C. Prior to analysis, the lipo-
peptide aqueous solution was filtered through a 0.4-pm filter
and subsequently injected into a Fortis Xi C18 reversed-
phase column (250 x 4.6 mm?, 5 um particle size). Chro-
matographic separation was achieved using gradient elution
with two mobile phases: solvent A (0.1% TFA in water) and
solvent B (0.1% TFA in acetonitrile). The elution gradient
was programmed as follows: 0-0.1 min, 36% A; 0.1-25.0
min, 36% — 11% A; 25.0-25.1 min, 11% — 0% A [28]. The
flow rate was set to 1.0 mL min~', and UV detection was
performed at 220 nm. For MS analysis, a Bruker Biflex III
matrix-assisted laser desorption/ionization time-of-flight
(MALDI-TOF) mass spectrometer equipped with a 337-nm
nitrogen laser was employed. a-Cyano-4-hydroxycinnamic
acid was used as the matrix. The lipopeptide was dissolved
ina 1:1 (v/v) acetonitrile/water mixture containing 1% TFA.
A 0.8-pL aliquot of the sample—matrix mixture was spotted
onto a metal sample plate and left to air-dry at ambient tem-
perature. Mass spectra were acquired in the positive linear
mode under an acceleration voltage of 20 kV, with external
calibration performed using a standard material. To ensure
reliable data acquisition, 120 laser pulses were accumulated
and averaged, with laser power adjusted to remain just above
the ionization threshold.

2.3 Preparation of Cathode Materials and Electrode
Fabrications

MnO, was synthesized via a hydrothermal method. 0.474 g
of KMnO, and 2.718 g of MnSO, were each dissolved in 30
mL of deionized water. The solutions were rapidly mixed
and stirred for 30 min, resulting in a purple-brown color.
The mixed solution was then transferred to a Teflon-lined
autoclave and heated at 140 °C for 12 h. After cooling to
room temperature, the obtained precipitate was washed for
several times with deionized water, followed by drying at
80 °C for 12 h. The obtained MnO, was ground into a fine
powder using an agate mortar. To prepare (NH,),V,0y, 1.0 g
of NH,VO; was dissolved in 50 mL of deionized water and
stirred for 10 min to obtain a light-yellow solution. Then,
0.45 g of C,H,0,-2H,0 was added to the solution and stirred
for an additional 20 min to yield a reddish-orange mixture.
The mixture was then transferred to a PTFE-lined reaction
vessel (100 mL) and subjected to hydrothermal treatment

© The authors

at 200 °C for 20 h. The product was collected by centrifu-
gation, washed for several times with deionized water and
anhydrous ethanol, and then dried in a vacuum oven at 60
°C for 24 h.

The surface of Zn foils was polished to remove native
oxide layers. The polished Zn foils were then punched into
disks or cut into rectangles for use as Zn electrodes. Unless
otherwise specified, the thickness of the Zn foil was 100
pm. A commercial Cu foil with a thickness of 80 um was
used as the current collector and was subjected to the same
treatment as the zinc electrode described above. The MnO,/
(NH,),V,04 cathode used in the coin cells was prepared
by mixing MnO,/(NH,),V,0,, super P, and polyvinylidene
fluoride (PVDF) with a mass ratio of 7:2:1 in NMP and
casted onto the Ti foils (10 pm). The electrodes were dried
at 60 °C for 12 h in vacuum. The mass loading of the active
material was approximately 1.8 mg cm~2. To achieve higher
mass loading while keeping environmental sustainability,
MnO, cathode for pouch cells were fabricated by dispersing
MnO,, Super P, and a water-based composite binder (car-
boxymethylcellulose and styrene-butadiene rubber at a ratio
of 2: 3) in a mass ratio of 80: 15: 5 in water. The mixture was
homogenized using an ultrasonic mixer to form a stable dis-
persion and then was coated onto a graphite paper (100 pm).
The electrodes were vacuum-dried at 60 °C for 12 h, achiev-

ing the active material loading of around 10.0 mg cm™.

2.4 Critical Micelle Concentration Determinations

Pyrene Fluorescence Probe Method: Due to the extremely
low aqueous solubility of pyrene, a stock solution was
first prepared in methanol at a concentration of 0.01 mM.
A 100-pL aliquot of stock solution was added to the test
tube. After complete evaporation of methanol, 10 mL of the
lipopeptide solution with 2.0 M ZnSO, was introduced. To
achieve uniform dispersion of pyrene within the lipopeptide
solution, the mixture was subjected to ultrasonication for
30 min. The resulting solution contained pyrene at a final
concentration of 1.0x 10~ mM. The prepared solution was
then transferred to a quartz cuvette and analyzed using a
Hitachi F-4500 fluorescence spectrophotometer (Japan)
with an excitation wavelength of 334 nm. Emission spectra
were recorded over the range of 350-450 nm. The CMC of
the lipopeptide was determined by plotting the fluorescence
intensity ratio (/,/I;) versus concentrations, where I, and I;

https://doi.org/10.1007/s40820-026-02071-5
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represent the intensities at 373 and 384 nm, respectively.
The CMC was identified as the inflection point of the /,/I;
versus concentration curve. Surface Tension Method: The
surface tension measurements were taken using a Kriiss K11
tensiometer based on the du Noiiy ring method [28]. A plat-
inum-iridium alloy ring was immersed in the test lipopep-
tide solution with 2.0 M ZnSO, and gradually withdrawn,
during which the force exerted on the ring arose from both
gravitational and surface tension forces. The tensiometer
automatically corrected the surface tension values using the
Harkins and Jordan equation to ensure accuracy. As the lipo-
peptide concentration increased, the surface tension of the
solution progressively decreased until the CMC was reached.
Further increases in concentration led to negligible changes
in surface tension, thus enabling the determination of the
CMC from the inflection point of the surface tension versus
concentration curve. Conductivity Method: The C (K solu-
tions with 2.0 M ZnSO, in a range of concentrations were
prepared, and a 1.0-M KCI solution was used as a standard
reference. The impedance of both the lipopeptide solutions
and the reference solution was measured using an Ivium
electrochemical workstation. Given that conductivity is
inversely related to resistivity, the conductivity of each lipo-
peptide solution was calculated by comparing its impedance
to that of the standard, whose conductivity was obtained
from established literature values. To determine the CMC,
the conductivity was plotted as a function of lipopeptide
concentrations. Two distinct linear regions were observed,
and the intersection point of the two fitted lines was taken
as the CMC.

2.5 Spectroscopic Ellipsometry and Neutron Reflection

The SE measurements were taken using a Jobin—Yvon UVI-
SEL spectroscopic ellipsometer over a typical wavelength
range of 300-600 nm. A liquid cell specially constructed for
facilitating the SE measurement at the solid-liquid interface
with an incident light at 70° with respect to the sample surface
was used. The experimental data were analyzed to give the
thickness (t) and the optical constant (the refractive index,
n) of the layer involved, using the software called DeltaPsi2
developed by Jobin—Yvon. The amount of the lipopeptide
adsorbed is calculated using Eq. (1) proposed by De Feitjer
et al. [28].

¥ SHANGHAI JIAO TONG UNIVERSITY PRESS

T(n —ny)
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a

where n is the refractive index of the layer with thickness z,
n,, is the refractive index of the aqueous surfactant solution,
anda = %, indicating the change in the refractive index of
the C,¢K solution with increasing concentration. Its value is
close to 0.18 cm® g~! for a variety of surfactants [29].

The NR measurements were taken at the SURF reflectom-
eter, Rutherford Appleton Laboratory (Oxford, UK,), utilizing
neutron beams with wavelengths ranging from 0.5 to 6.5 A.
Samples were prepared by clamping a stainless steel trough
against the polished face of a silicon block (< 111> orienta-
tion; 6 cm X 5 cm X 1.2 cm). The sample cell was mounted on a
computer-controlled goniometer stage and filled with approxi-
mately 2 mL of the test solution, including ordinary lipopep-
tide in H,O with 2.0 M ZnSO,, deuterated lipopeptide in D,O
with 2.0 M ZnSO,, and deuterated lipopeptide in H,O with 2.0
M ZnSO,. The neutron beam entered through the narrow edge
of the silicon block, reflected from the solid-liquid interface,
and exited from the opposite side. Horizontal and vertical slits
were used to define the beam profile, resulting in an illumi-
nated area of about 4 cm X 3 cm on the interface. Reflectivity
measurements were taken at three incidence angles (0.35°,
0.8°, and 1.8°), covering a wave vector (k) range from 0.012
t0 0.5 A™!. Below the critical angle, reflectivity was expected
to be unity and used for normalization. A constant background
signal, typically around 2.0 x 10~® in both D,O and H,O (with
2.0 M ZnSQ,), was subtracted based on the average reflectiv-
ity between 0.3 and 0.5 A~!. The obtained reflectivity profiles
were analyzed using a model-fitting approach based on the
optical matrix formula. The fitting procedure was initiated with
an assumed interfacial structural model, followed by the calcu-
lation of the theoretical reflectivity, which was then compared
with the experimentally measured data. The procedure was
iterated until a good fit was obtained.

2.6 Microscopy and Spectroscopy Characterizations

For AFM measurements, 10 uL of a 2.0-M ZnSO, solution
containing the lipopeptide was dispensed onto the freshly
cleaved mica surface and incubated for 3 min to enable
the adsorption of C,cK molecules into a stable structure
at the mica interface. Excess solution was subsequently
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removed by gently tilting the mica and applying a nitrogen
gas stream to avoid disruption of the assembled structures.
AFM images were obtained using a Bruker Dimension
Icon system. For TEM measurements, the lipopeptide
solutions with 2.0 M ZnSO, of various concentrations
were prepared and allowed to self-assemble for 24 h. Ten
microliters of each sample was applied onto carbon-coated
copper grids and left for 2 min to promote adhesion of the
self-assembled structures. Excess solution was removed
with filter paper. Subsequently, 10 puL of the uranyl ace-
tate solution at 2.0 wt% was added to the grid to enhance
image contrast. After adhesion for another 2 min and
drying with filter paper, the grids were observed using
a JEM-2100F transmission electron microscope operated
at an accelerating voltage of 120 kV to examine the self-
assembly at various concentrations. Surface morpholo-
gies were further characterized by SEM equipped with
EDS (Hitachi SU8600, Japan). Additional morphological
and topographic analyses were conducted using CLSM
(Olympus LEXT OLS4100, Japan) and optical micros-
copy (YUESCOPE YMIOR, China). Surface roughness
measurements were obtained by white-light interferometry
(Zygo NewView 8200, USA).

The XRD patterns were recorded using a Shimadzu
XRD-6000 diffractometer equipped with a CuK, radiation
source (A=1.5416 10\). FTIR measurements were taken in
attenuated total reflectance (ATR) mode using a Thermo
Scientific Nicolet iS50 spectrometer, with a scan range of
4000 to 400 cm™'. XPS analysis was conducted using a
Thermo Scientific ESCALAB 250Xi instrument with an Al
K, X-ray source (1486.6 eV). Contact angle measurements
of the electrodes were taken using a video-based contact
angle goniometer (OCA 20, Dataphysics, GER). '"H-NMR
spectra were obtained on a Bruker 600 MHz spectrometer
using deuterated water (D,0) for field frequency locking.
Raman spectra were acquired using an XploRA Plus con-
focal Raman microscope (Horiba, Japan) with a range of
4000-50 cm™!. For zeta potential measurements, the Zn
powder (1 mg mL~") was dispersed in various electrolyte
solutions (2.0 M ZnSO, aqueous solutions) and allowed to
equilibrate for 2 h at room temperature. The zeta potentials
of the resulting dispersions were determined using a Zeta-
sizer Nano-ZS instrument (Malvern, UK).

© The authors

2.7 Scorpion Tail-mimic Flexible Battery Fabrications

A multilayered stack composed of Zn anode, separator,
cathode, and insulating layer was processed into a long
strip with multiple perpendicular branches. Each branch
was subsequently wrapped around the central trunk,
forming densely-stacked, metamere-like energy storage
units. The unwrapped flexible sections interconnected the
metamere-like stacks, ensuring structural integrity while
imparting remarkable flexibility to the overall device
(Fig. S1a). Finally, the system was encapsulated with poly-
dimethylsiloxane (PDMS) via thermal curing to prevent
electrolyte leakage and ensure robust electrode—separator
contact under various deformation conditions, allowing
the flexible battery to be completed (Fig. S1b). All wear-
able device experiments were strictly conducted in accord-
ance with the ethical requirements approved by the Ethics
Committees of Zhejiang University and Westlake Univer-
sity (AP#22-038-3-GCC-3, approval date: 01 December
2022, expiration date: 30 November 2025).

2.8 Electrochemical Measurements

The electrochemical performance of the Zn anodes
was evaluated using 2025-type coin cells where What-
man GF/D glass fiber film functioned as the separator.
For pouch cells, cathodes (7.9 cm X 5.5 cm), Zn anodes
(8.2 cmXx 5.7 cm, thickness: 80 pm), and separators (8.5
cm X 6.0 cm) were assembled. The electrolyte consisted of
either 2.0 M ZnSO, or 2.0 M ZnSO, containing C,cK was
used in ZnllZn, ZnlICu, ZnlIMnO,, and Znll((NH,),V,O4
cells. Electrochemical measurements, including cyclic vol-
tammetry (CV), linear sweep voltammetry (LSV), poten-
tiodynamic scanning (Tafel), chronoamperometry (CA),
and electrochemical impedance spectroscopy (EIS) meas-
urements, were taken on the CHI660E electrochemical
workstation. For ZnlICu cells, CV curves were recorded
at a scan rate of 2 mV s™! within a potential range of -0.3
to 0.6 V. ZnlMnO, full cells were tested at 0.5 mV s~!
between 0.8 and 1.8 V, while Znll(NH,),V,O, full cells
were scanned at 0.5 mV s~! within 0.2-1.6 V. Hydrogen
evolution behavior was evaluated using LSV at 5 mV s~!
with Ti foil as the working electrode, Zn foil as the counter
electrode, and Ag/AgCl as the reference electrode. Tafel
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plots were recorded at a scan rate of 0.01 V s~ with Zn
foil as the working electrode, Ti foil as the counter elec-
trode, and Ag/AgCl as the reference electrode. CA meas-
urements were taken at a fixed overpotential of -200 mV.
The EIS measurements were taken over a frequency range
of 0.1-10° Hz. Unless otherwise stated, all electrochemical
experiments were conducted at 25 °C.

Measurements of Zn>* transfer number. The Zn>* transfer
number was determined using the potentiostatic polarization
method, as described by Eq. (2):

I4(AV = I4Ry)

bypr = —————— 2
2 Io(AV — IgsRgs) @)

where Igg and I, represent the steady-state and initial cur-
rents, respectively, and Rgg and R, denote the charge-transfer
resistances at steady-state and initial conditions. The applied
overpotential (AV) was fixed at 20 mV.

Measurements of Zn>** desolvation and transport behavior.
The Zn deposition process is governed by the efficient des-
olvation of Zn>*. The activation energy (E,) was calculated
using the Arrhenius equation by analyzing the EIS data of
the symmetrical cells at different temperatures. The relation-
ship is expressed by Eq. (3):

1 -E,
R = Aexp < ﬁ) (3)

ct

where R, is the charge-transfer resistance, A is the fre-
quency factor, R is the gas constant, and 7T is the absolute
temperature.

Measurements of exchange current density. The Zn plat-
ing/stripping kinetics is governed by the exchange current
density (i), which is determined using Eq. (4):

.. 2F
= iy 4)

where i represents the (dis)charge current density, F is Fara-
day constant, R is the gas constant, T is the absolute tem-
perature, and # denotes the total overpotential.

Measurements of Zn>* conductivity. The ionic conductiv-
ity (o) of Zn* in different electrolytes was measured using
Cu electrodes and is calculated according to Eq. (5):

U_L 5

where o represents the ionic conductivity, L is the distance

between two electrodes, R is the bulk resistance, and A is
the electrode area.
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Measurements of EDL capacitance. The electric dou-
ble-layer capacitance was calculated from CV tests using
Eq. (6):

c=k (6)
\%

where C is the capacitance, i, is the double-layer current,
and v is the scan rate. The linear fit of i. versus v was used to
extract the capacitance from the slope.

The double-layer current i, was defined as half of the cur-
rent difference between the forward and reverse scans at 0
V, which is calculated using Eq. (7):

i.=0—b_ @)

where i(v)+ and i;” represent the forward and reverse scan cur-
rents at 0 V, respectively.

Measurements of the Zn depth of discharge (DoD,,,). The
DOD,, for a Zn metal anode using Zn foil is calculated using

Eq. (8):

M

oDy = xx 1074

X 100% (8)

Zn,volume

where x (pm) is the thickness of the Zn foil, y (mAh cm™?)
represents the Zn areal capacity applied in electrochemical
testing, and Cz, .1, 18 the theoretical volumetric capacity
of Zn (mAh cm™3).

Measurements of the galvanostatic intermittent titration
technique (GITT). The cell was discharged/charged for
10 min at 0.1 A g~! and then relaxed for 40 min to reach the
voltage equilibrium. The ion diffusion coefficient is calcu-
lated by Eq. (9):

2 2

Dy = = <M> < = > &)
nT S AE,

where 7, n,, V,,,, and S present the constant current pulse

duration, the amount of active material, molar volume, and

the electrode—electrolyte interface, respectively. AE is the

steady-state voltage change under the current pulse. AE is

voltage change under the constant current pulse after the
eliminating of iR drop.

2.9 Computational Calculations and Simulations

Ab initio calculations. The first-principles calculations based
on density functional theory (DFT) were conducted using
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the Vienna Ab initio Simulation Package (VASP) [30]. The
exchange—correlation energy was described using the Per-
dew—Burke—Ernzerhof (PBE) functional within the gener-
alized gradient approximation (GGA) [31]. The electronic
structure was described using projected augmented wave
(PAW) potentials [31], with valence electrons treated within
a plane-wave basis set at a cutoff energy of 450 eV. Partial
occupancies of the Kohn—Sham orbitals were accounted for
using Gaussian smearing with a width of 0.05 eV. The elec-
tronic self-consistency criterion was set to an energy con-
vergence threshold of 107> eV, while geometric optimization
was considered converged when the force on each atom was
below 0.02 eV A~'. A vacuum layer of 18 A was introduced
perpendicular to the surface to eliminate periodic interac-
tions. Van der Waals interactions were incorporated using
the DFT + D3 method with Grimme’s empirical correction

[32]. The adsorption energy (E,,,) is determined according

ads

to Eq. (10):
Eads = Etotal - Esubstrale - Eadsorbate (10)
where E, .1, Eprates A1 Eygeorpate FEPresent the energy of

the entire system after adsorption, the energy of surface
model before adsorption, and the energy of adsorbed mol-
ecules, respectively.

Quantum chemistry (QC) calculations. All calculations
were conducted using Gaussian 16 (Revision C.01). The
hybrid PBEO functional combined with the D3 version of
Grimme’s dispersion correction with Becke—Johnson damp-
ing (DFT-D3BJ) was employed [32]. Geometry optimiza-
tions and frequency calculations were performed using the
6-311+ G(d,p) basis set. To account for solvation effects,
the Solvation Model Density (SMD) implicit solvation
model [33] was applied throughout. The interaction energy
between A and B is computed as Eq. (11):

Ebind = Ecomplex -

(EparlA + EpartB) (1 1)

where E

complex denotes the total energy of the complex, while
Eia and E

parg COrTespond to the energies of the isolated
species A and B, respectively.

CGMD simulations. All CGMD simulations were con-
ducted using the GROMACS 4.6.7 package with the GRO-
MOS 96 force field [34]. Atomic parameters, such as bond
lengths, angles, and dihedral angles, were derived using the
Automated Topology Builder (ATB) Version 3.0. Partial
charges on the atoms were calculated with DFT, utilizing
the B3LYP functional in Gaussian 16 and the 6-31+ G(d,p)

© The authors

basis set. Two distinct simulation models were constructed
to investigate the migration behavior of Zn?* in C;(K
self-assembled bilayer and the self-assembly of C,(K into
nanohelices in the electrolyte. The first model involved the
placement of two test molecules symmetrically within a 5
nm X5 nm X 10 nm simulation box, followed by the addition
of ZnSO, molecules (8 Zn** and 8 SO,*7) and 2811 water
molecules. The second model, which represented a larger
system, incorporated 200 C,;,K molecules, 50 7Zn** and 50
SO42_ ions, and 28,393 water molecules within a 15 nm x 15
nm X 15 nm box. Both simulations were performed under the
NPT ensemble, maintaining a temperature of 298.15 K and
a pressure of 1 bar. The first simulation ran for 2 ns, while
the second was extended to 100 ns. A time step of 2 fs was
employed, and prior to MD simulations, energy minimiza-
tion was performed using the steepest descent method until
the maximum force reached below 1 kJ mol~! nm™!, with
a step size of 0.001 ps. Initial velocities were assigned fol-
lowing the Maxwell-Boltzmann distribution at 300 K. The
SPC/E model was used to represent water. Periodic bound-
ary conditions were applied in all directions. The equations
of motion were integrated with the leapfrog algorithm. For
the NPT simulations, pressure was maintained isotropically
at 1 bar using the Berendsen method, while the temperature
was controlled using the V-rescale thermostat. Electrostatic
interactions were calculated using the Particle-Mesh Ewald
(PME) method [35] with fourth-order interpolation and a
grid spacing of 1.2 A. A Lennard-Jones cutoff radius of 1.0
A was used for van der Waals interactions.

Finite element simulations. Finite element simula-
tions were conducted using COMSOL Multiphysics 6.2,
employing the “Cubic current distribution” physics inter-
face to model both the current density and ion concentra-
tion fields. The ion concentration dynamics were governed
by Fick’s first law of diffusion, while ion migration fol-
lowed the Nernst—Planck equation. The simulation mod-
els simplified the geometry of the system, featuring two
electrodes of 6 pm in length and separated by 4 pm. To
represent the zinc anode surface morphology, three semi-
circular protrusions with a radius of 4 pm were placed
on the anode surface. The electrolyte was modeled as the
primary medium for ion transport. Boundary conditions
were applied to the anode and cathode potentials, with
the anode held at a zero-potential boundary and the cath-
ode potential defined by the polarization voltage measured
experimentally. The initial concentration of Zn>* was set

https://doi.org/10.1007/s40820-026-02071-5
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at 2 M, and the diffusion coefficients for Zn* in the elec-
trolyte were assigned values of 1.0x 1077 and 3.0x 107'6
m? s~!. The exchange current density for the battery was
set to 1 mA cm~2, and the system was maintained at a

temperature of 298 K.

3 Results and Discussion

3.1 Bionic Bulk Helical and Interfacial Bilayered
Self-Assembly

In order to achieve synergistic reinforcement in the metal-
ion batteries, a bioinspired lipopeptide was designed. Due
to the intrinsic amphiphilic nature, lipopeptides can self-
assemble into supramolecular architectures in the solu-
tion and adsorb on the interface to form dynamic cellular
membrane-like bilayers [25]. In this regard, a minimalis-
tic lipopeptide C (K, composed of a palmitic acid as the
hydrophobic tail to trigger the self-assembly and a posi-
tively charged lysine (K) as the hydrophilic head exhibit-
ing a strong affinity toward negatively charged metallic
complexes, was synthesized through the Fmoc solid-phase
peptide synthesis technology (Figs. 1a, S2, and S3) [28].

The Fourier transform infrared spectroscopy (FTIR) and
energy-dispersive X-ray spectra (EDS) characterizations
confirmed the adsorption of the minimalistic lipopeptide
molecules on metallic foil, showing the characteristic
peaks and elemental compositions of peptidic entities,
respectively (Figs. S4 and S5, Table S1). This could be
further verified by high-resolution X-ray photoelectron
spectroscopy (XPS) measurements, showing a distinct
N Is peak and a noticeable positive shift of the electron
binding energies of the metallic atoms upon introducing
C,¢K (Fig. S6) [36]. In order to in-detail investigate the
self-assembly behaviors, the critical micelle concentra-
tion (CMC) of the lipopeptide was firstly determined to
be 0.09-0.10 mM using the pyrene probe fluorescence,
surface tension, and specific conductivity methodolo-
gies, respectively (Fig. 1b) [37]. This demonstrates that
a concentration of no less than 0.10 mM was required to
synergistically achieve bulk and interfacial self-assem-
bly. Therefore, in the later investigations, 0.10 mM was
assumed. Notably, the smooth evolution curves of the /,/1;
ratio (from 1.53 to 1.26) and surface tension (from 73.4 to
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34.0 mN m™") suggested that C,4K presented characteristic
self-assembly behaviors of amphiphilic building blocks,
organizing into supramolecular architectures with distinct
hydrophobic/hydrophilic sections in the solution and an
extensive membrane at the interface [28].

Subsequently, the dynamic interfacial behaviors of the
minimalistic lipopeptide were characterized by spectro-
scopic ellipsometry (SE) (Fig. S7), revealing a typical
Langmuir adsorption with the deposition amount evolved
from a linearly rapid rising (with a calculated slope of
0.12 m~2) to a stable equilibrium plateau when the con-
centration reached and exceeded the CMC in the adsorp-
tion isotherm profile (Fig. 1c) [29]. At this point, the
maximum adsorption weight of C,(K was measured to
be 4.22 mg cm2, with a calculated average thickness of
approximately 3.0+ 0.1 nm. Furthermore, the atomic force
microscopy (AFM) characterizations visually verified the
adsorbed membrane, showing the amplified occupation
area with increasing the concentrations (Fig. S8). Upon
surpassing the CMC, a uniform and densely packed mem-
brane with the measured average thickness of 3.3+0.2 nm
dominated the views, consistent with the SE findings
(Figs. 1d and S9). Furthermore, the neutron scattering
(NR) measurements demonstrated that the membrane
exhibited a sandwich-like structure (Fig. le) [38], com-
posed of two K-residue layers at two ends (exterior) and
an interdigitated palmitic alkyl chain phase in the mid-
dle (interior) (Fig. 1f; Table S2), with an apparent total
thickness of 3.2 +0.1 nm, consistent with the previously
obtained results and suggestive of a bilayered alignment.
Therefore, it can be concluded that the minimalistic
lipopeptide self-assembled into cellular membrane-like
bilayers (Fig. 1g) at the liquid—solid interface, offering
ultrathin, self-adaptive, and dynamic solid electrolyte
interface to impede dendrites growth or HER side effects
[24].

Similar to state-of-the-art amphiphilic building blocks,
C,cK molecules could self-assemble into supramolecular
architectures when the concentration reached or exceeded
CMC. Specifically, nanohelical structures were achieved
at the concentration of 0.10 mM under the transmission
electron microscopy (TEM) observations (Fig. 1h, i). With
concentration increasing, the nanohelices further ripened
to denser (0.20 mM) and coalesced (0.30 mM) nanoheli-
ces (Fig. 1h, ii and iii) and finally evolved into nanotubes
with a statistical outer diameter of 266 23 nm and inner
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mination of the C;(K lipopeptide using three strategies. From top to bottom: pyrene probe fluorescence spectroscopy, surface tension-concen-
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min at the solid-liquid interface. d AFM characterization of the topological morphology of the self-assembled membrane at 0.10 mM of C (K.
The right panel shows the corresponding height profile along Line #1 in the left image. € NR curves of the interfacially self-assembled bilayer of
C,¢K. f Schematic cartoon showing the configuration of the self-assembled bilayer achieved from the NR fittings. g Schematic cartoon showing
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self-assembly evolution of C;¢(K. i CGMD simulations showing the bulk self-assembly kinetics of C;(K into nanohelices

diameter of 191 +32 nm at 1.0 mM (Figs. 1h, iv and S10).
Plausibly, the subtle force equilibrium among hydropho-
bic interactions, electrostatic repulsive interactions, and
hydrogen bonding led to the aggregated strands to twist
[39]. Furthermore, the coarse-grained molecular dynam-
ics (CGMD) simulations investigated that at the initial
beginning of self-assembly, the hydrophobic interactions
drove the aggregation of the alkyl chains. While the hydro-
philic K headgroups oriented outwards, interacting with
the surrounding solvent molecules and forming oligomeric

© The authors

clusters (Fig. 11, ii). Subsequently, these aggregates elon-
gated and started twisting to reduce the torsions, forming
the periodic helical conformations (Fig. 1i, iii). Over time,
the stable nanostructures emerged, culminating in the
well-defined nanohelices to mimic the natural ion channels
(Fig. 1i, iv). Based on the combinational theoretical and
experimental findings, the self-assembly procedure of the
designed lipopeptide could be depicted, where the metal-
philic K residues were distributed outside the hydrophobic
scaffolds, thus establishing ion-channel like configurations

https://doi.org/10.1007/s40820-026-02071-5
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(Figs. 1g and S11). This laid the basis of enhancing metal-
ion transport in the electrolyte [40].

3.2 Synergistic Enhancement of Metal ion Transport
and Interfacial Protection

Combining the bulk nanohelical and interfacial bilayered
organizations, it was intriguing to study the electrochemical
performances of the aqueous metal-ion batteries at the pres-
ence of C;¢(K. The Raman spectroscopy characterizations
demonstrated that the relative proportions of the solvent-
separated ion pair (SSIP, [Zn2+(H20)6~SO42_]) at 984 cm™!
and the contact ion pair (CIP, [Zn**(H,0)5-0S0;27]) at
994 ¢cm~! remained unchanged at the presence (46.2% vs.
53.8%) or in the absence (45.0% vs. 55.0%) of C (K (Fig.
S12) [41]. In addition to the consistent v, _y, vibrations (Fig.
S13) and vSO,*", vibrations (Fig. S14) in the FTIR spec-
tra along with the negligible chemical shift in the '"H-NMR
spectra (Fig. S15), it could be speculated that C,(K self-
assembly had a minimal impact on the solvation of Zn** or
the hydrogen bonding networks, suggesting that the electro-
chemical mechanisms underlying the ZIBs did not change
upon introducing the lipopeptide.

The electrostatic potential (ESP) calculations demon-
strated that the electron density of the C;4K molecule was
predominantly localized at the electronegative oxygen and
nitrogen atoms, surpassing that of H,O (Fig. S16), thereby
indicating its high feasibility of coordination with metal ions
[24, 36]. Subsequently, the quantum chemistry calculations
revealed that the C,(K molecule exhibited much stronger
binding affinities toward SSIP (— 92.41 kcal mol~!) and
CIP (— 81.84 kcal mol™) (Fig. 2a), compared to its interac-
tion with Zn>* (= 16.95 kcal mol™") and that of H,0O with
Zn** (= 6.55 kcal mol™) (Fig. S17). Given that the solva-
tion structure of Zn>* remained unchanged, this enhanced
interactions plausibly arose from the anion-bridged adsorp-
tion of the solvated Zn>* onto the self-assembled nano-
helices. Therefore, upon applying an external electric
field, the metal ions could migrate along the nanohelical
architectures and facilitate mobility (Fig. 2b) [15, 23].
This speculation was validated by the ionic conductivity
measurements, during which the lipopeptide-containing
electrolyte exhibited a quite high ionic conductivity up to
60.39 mS cm™!, approximately twice of that in the native
ZnSO, case (35.58 mS cm™h) (Fig. 2c¢), thus confirming
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the transport-enhancing effect of the bionic supramolecular
nanohelices.

Subsequently, the effect of the interfacial self-assembly
was investigated. Specifically, the molecular orbital analy-
sis revealed that C,¢(K exhibited enhanced electron transfer
capability compared to H,O due to the lower lowest unoccu-
pied molecular orbital (LUMO) and higher highest occupied
molecular orbital (HOMO) energies (Fig. 2d). The density
functional theory (DFT) calculations demonstrated that
C,¢K had a stronger adsorption energy (-1.60 eV) than H,O
(-0.29 eV) on Zn(002) plane (Fig. 2e), through the electron
transfer between the amide O atom and Zn surface (Fig. 2f).
Obviously, the molecules employed tilted configurations on
the metallic surface, in addition to the interdigital nature
of the palmitoyl chains, underlying the foundation why the
height of the interfacial self-assembly (~3.3 nm as discussed
above) was lower than twice of two lipopeptide molecule
lengths (~ 5.4 nm) [24, 42]. This endowed a smaller contact
angle on the Zn surface (79°) of the C,4K-contained elec-
trolyte compared to that of the native ZnSO, solution (99°)
(Fig. S18) along with the decreased zeta potential of the Zn
powder from -5.9 to -2.5 mV (Fig. S19), thus suggesting
the dynamic, robust interfacial self-assembly of C;cK on
the electrolyte—electrode interface [14, 24]. Moreover, the
cyclic voltammetry (CV) characterizations via the ZnllZn
symmetric cells indicated that the electrical double-layer
(EDL) capacitance attenuated to 162 from 270 pF cm™>
upon introducing C;¢K (Figs. 2g and S20), demonstrating
that the ultrathin bilayers penetrated the inner Helmholtz
plane (IHP), isolating H,O molecules away as well as pro-
moting Zn>* desolvation and suppressing corrosions from
the Zn surface. Therefore, the effect on corrosion behav-
iors of C,¢K interfacial self-assembly was further evaluated
using the Tafel experiments. The results demonstrated that
the corrosion was gradually mitigated upon introducing
C,cK., showing a linearly fitted remittance slope of — 11.57
mA cm~> mM~! from original 4.14 mA c¢cm~? in the native
ZnSO, solution to 2.95 mA cm™* when the concentration of
C,¢K reached CMC (Figs. 2h and S21). Notably, the corro-
sion current density kept constant after CMC regardless of
concentrations, probably attributed to the overspreading of
the supramolecular bilayer, thereby minimizing the corro-
sions. In addition to the increased corrosion potential (from
— 1.007 to — 1.004 V) (Fig. S21) and the decreased initial
HER potential (from — 1.897 to — 1.934 V) (Fig. S22), it
could be supposed that the by-products formed on Zn anodes
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were efficiently suppressed upon C (K interfacial self-
assembly. In fact, the SEM characterizations demonstrated
that the Zn electrode maintained a smooth surface with neg-
ligible XRD signals of by-products after 16-day immersion
at the presence of C (K (Fig. 2i, top panel), in contrast to
the randomly oriented hexagonal by-products in the con-
trol (Fig. 2i, bottom panel), which presented characteristic
diffraction peaks (located at 8.3°, 16.4°, and 24.6°) corre-
sponding to the by-products of Zn,SO,(OH)4-5H,0 (ZHS,
PDF#39-0688) (Fig. 2j) [43]. This again highlighted the
high-efficiency suppression of corrosions or side reactions
toward metallic electrode of C(K interfacial self-assembly.

© The authors

3.3 Enhanced Reaction Kinetics and Uniform Metal
Deposition

The mean-square displacement (MSD) analysis from the
CGMD simulations revealed that the diffusion coefficient
of Zn** along the C (K self-assembled bilayers was higher
than those in other directions (Fig. S23), indicating a prefer-
ential transport direction upon introducing the bionic supra-
molecular membrane. And the Zn plating voltage profile
demonstrated that the ZnlICu asymmetric cell at the presence
of the lipopeptide self-assemblies exhibited smaller nuclea-
tion overpotential (17, = 97.3 mV) and growth overpoten-
tial (7,=24.7 mV) at 1.0 mA cm™? than the pristine ZnllCu
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cell (n,=134.4 mV, n,=32.8 mV) (Fig. S24), indicating a
reduced energetic barrier for Zn nucleation [44]. The elec-
trochemical impedance spectroscopy (EIS) measurements
discovered a lower charge-transfer resistance (R,,) (327.5
Q) at the presence of the lipopeptide self-assembly contrast
to that in the native ZnSO, solution (746.8 ), indicating
the more efficient charge transfer upon introducing the
lipopeptide (Fig. S25). Together with the improvement of
the Zn** transference number, which increased to 0.34 for
the reinforced ZnllZn cell with 0.10 mM C,¢(K from 0.18
for the pristine counterpart and then remained nearly con-
stant regardless of the C (K concentrations (Fig. S26 and
Table S3), these results substantiated that the synergistic
bulk nanohelical and interfacial bilayer self-assembly pro-
moted Zn" ion transport, mitigated concentration polariza-
tion and SO,*>~ accumulation at the anode/electrolyte inter-
face, thus dramatically accelerating the reaction kinetics of
Zn** plating/stripping. Therefore, the chronoamperometry
(CA) measurements taken using the symmetric cells under
an external overpotential of — 150 mV demonstrated that the
reinforced ZnllZn system showed a stable current response
with a lower current density after 50 s, in contrast to the con-
tinuous attenuation over 200-s plating process in the control
case (Fig. 3a), illustrating the suppressed 2D accumulation
and stimulated 3D diffusion for uniform Zn>* deposition.
The primary bottleneck in charge migration stems from
the metal-ion desolvation process nearby the electrode/
electrolyte interface [45]. In this regard, the desolvation
energy barrier of the Zn>" transference was quantified
using the Arrhenius activation energy (E,). Specifically,
the E, for the reinforced ZnllZn system was calculated to
be 27.3 kJ mol™!, lower than that in the native ZnSO,
solution (31.7 kJ mol~!) (Figs. 3b and $27). This remark-
able reduction suggests that the C;(K self-assemblies
interacted efficiently with the hydrated Zn%*, facilitat-
ing interfacial desolvation and thereby enhancing charge
transfer and deposition kinetics [46—48]. Furthermore, the
CV measurements of the C,¢K-contained ZnllCu asym-
metric cell revealed a higher redox peak and a reduced
overpotential compared to the pristine counterpart (Fig.
S28), indicating the improved electrochemical revers-
ibility upon synergistic reinforcing effect. In addition, the
exchange current density in the C,4K-contained ZnllZn
symmetric cell (2.22 mA cm™) notably exceeded that in
the pristine ZnllZn case (1.95 mA cm™?) (Fig. S29), further
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substantiating the accelerated Zn>* plating/stripping kinet-
ics triggered by lipopeptide synergistic self-assembly.

Rationally, the enhanced reaction kinetics by the syner-
gistic effects infers uniform and sustainable plating/strip-
ping. In this regard, the SEM characterizations demon-
strated that as the deposition capacity increased from 1.0 to
5.0 mAh cm~2 under different current densities, disordered
Zn clusters emerged and gradually evolved into moss and
flake-like structures in the pristine ZnSO, solution, ulti-
mately ripening into loosely bound by-products prone to
detachment during plating (Fig. 3c, top panel; Fig. S30a).
By contrast, the Zn deposition at the presence of C;cK
exhibited a different behavior, where the initially small
grains expanded slightly, forming well-aligned hexagonal
sheets that eventually developed into a uniform, compact,
and dendrite-free layer (Fig. 3c, bottom panel; Fig. S30b),
with a measured thickness of only 18.6 +0.6 pm, around half
of that (38.4 +6.7 pm) formed in the control case (Fig. 3d)
and closer to the theoretical thickness (~ 8.5 pm) of a Zn
deposit at an areal capacity of 5 mAh cm~2. Correspond-
ingly, the 3D white-light interferometry images of the Zn
electrode displayed a smooth and uniform deposition sur-
face (S,=3.75 pm and S, =4.80 pm) with negligible height
fluctuations (S,=52.69 pm) under the deposition capacity
of 5 mAh cm™2 at the presence of C (K, in contrast to the
substantially rough surface in the control case (S,=4.91 pm,
Sq=6.30 pm and S,=53.28 pm) (Figs. 3e and S31). Nota-
bly, the uniform Zn** deposition process and suppressed
side reactions could be visually monitored by in situ optical
microscopy characterizations. Specifically, the homogeneous
and compact Zn deposition without conspicuous dendrites or
bubbles were detected on the reinforced Zn anode during the
testing period (40 min), in contrast to the uneven and moss-
like protrusions which erupted and rapidly accumulated into
loose dendrites along with hydrogen bubbles in less than 20
min in the control system (Fig. S32).

To further elucidate the electric field distribution and ion
concentration field during Zn plating, the COMSOL Mul-
tiphysics simulations were conducted. Specifically, in the
pristine ZnSO, electrolyte case, the charge accumulation at
the protruding sites led to locally elevated current densities.
As aresult, the metal ions preferentially aggregated at these
protrusions, while it exhibited minimal presence at the flat
regions (Fig. 3f). By contrast, the interfacial self-assembled
bilayer mitigated the localized electric field intensification
at the protrusions, promoting a uniform field distribution
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self-assembly

near the surface. Consequently, Zn>* concentration remained
evenly dispersed above the reinforced anode, thus effectively
inhibiting dendrite growth (Fig. 3g).

Therefore, the synergistic improvement of ion transport
and interfacial stability could effectively enhance the reac-
tion kinetics and regulate metal-ion deposition (Figs. 3h and
S33). In the bulk solution, the lipopeptide molecules self-
assembled into bionic supramolecular nanohelices and their
functional groups interacted with the solvated Zn>*, promot-
ing ion transport and increasing ionic conductivities. At the
electrode interface, the self-assembled dynamic, adaptive
bilayer facilitated 7Zn>* interfacial desolvation, accelerated
the ion migration, and improved the reaction kinetics [15].

© The authors

In addition, the bilayer could serve as a protective barrier to
regulate the ion flux and electric field distribution, which
prevented direct water contact with the anode and inhibited
continuous corrosion or hydrogen evolution, thus endors-
ing uniform metal-ion deposition while impeding dendrite
growth or byproduct formation [24].

3.4 Improved Electrochemical Stability of the Metal
Electrode

Plausibly, under the synergistic effects mentioned above, the
bionic self-assembly-reinforced ZIBs may present enhanced
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performances. Accordingly, the reversibility of the metallic
anodes was investigated using the ZnllZn symmetric cells.
Specifically, the reinforced system exhibited an ultralong
lifespan exceeding 4000 h at 1 mA cm™2 for 1 mAh cm™2,
approximately 40 times longer than that tested in the pris-
tine ZnSO, electrolyte (Fig. 4a). Even under a higher cur-
rent density at 5 mA cm 2 for 5 mAh cm™2, the reinforced
cell still maintained a prolonged cycle life of over 2250 h
(Fig. 4b), achieving an exceptional cumulative plating
capacity (CPC) of up to 5.625 Ah cm™2, intensely higher
than most of the previously reported cells employing various
treatment strategies including electrolyte additives [49-58],
gel electrolytes [59, 60], anode coatings [61, 62], and func-
tional separators [63] (Fig. 4c, Table S4). Especially, the cell
sustained a stable cycling for over 1020 h at 10 mA cm™2 for
5 mAh cm~2 (Fig. S34), notably outperforming the coun-
terpart based on the pristine ZnSO, solution. These results
underscored the critical role of synergistic self-assembly in
suppressing side reactions and mitigating dendrite growth,
thereby ensuring highly reversible Zn plating/stripping.
Moreover, the reinforced ZnllZn symmetric cells exhibited
an outstanding rate performance with lower voltage hyster-
esis (Fig. S29), maintaining an ultralong lifespan of over
2300 h as the current density repeatedly increased from 0.5
to 2.5 mA cm™> (Fig. 4d). In addition, FTIR and XPS of
cycled Zn electrodes showed unchanged characteristic vibra-
tional bands and N 1s binding energy of C,(K (Fig. S35),
confirming its molecular integrity. This further highlighted
that the synergistic effect of bionic supramolecular nano-
helices and bilayers was pivotal for improving the cycling
reversibility in metal-ion batteries [64, 65].

The confocal laser scanning microscopy (CLSM) char-
acterizations demonstrated that the Zn anodes in the rein-
forced cells still exhibited a smooth and dendrite-free sur-
face after 10 cycles at 1 mA cm™ for I mAh cm™2, showing
a dense and uniform layered morphology in the SEM images
(Fig. 4e, top panel). As a control, the anode based on the
pristine ZnSO, solution revealed extensively distributed
prominent dendrites with loosely packed and disordered
structures under the same conditions, which are well-known
to severely deteriorate battery lifespan (Fig. 4e, bottom
panel). Furthermore, even after 50 cycles the reinforced Zn
anodes still maintained a flat and uniform deposition mor-
phology without detectable by-products (Fig. 4f, top panel),
contrast to the substantial accumulation of ZHS by-products
in the control case (Fig. 4f, bottom panel; Fig. S36) [43].
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Therefore, the symmetric cell tests again substantiated that
the synergistic effect of the self-assembled nanohelices and
bilayers could effectively suppress HER and associated cor-
rosion by facilitating Zn** transport and preventing water
contact.

Furthermore, the coulombic efficiency (CE) measure-
ments demonstrated that the reinforced ZnllCu asymmetric
cell at the presence of C (K exhibited an exceptional cycling
stability, preserving an average CE of up to 99.66% over
2400 cycles at 1 mA cm™2 for 0.5 mAh cm™~2 (Fig. 4g), along
with reversible and steady voltage curves (Fig. S37a). As a
control, the device in the absence of lipopeptide experienced
severe fluctuations after 70 cycles, and completely failed at
109 cycles (Fig. S37b). Furthermore, under a higher current
density at 5 mA cm~2 for 2.5 mAh cm™2, the reinforced cell
enabled stable cycling for over 400 cycles with an impres-
sive CE of 99.76% (Figs. S38 and S39a). By contrast, the
pristine ZnllICu asymmetric cell suffered from premature
CE degradation and short-circuit failure at only 76 cycles
(Figs. S38 and S39b), thus underscoring the high-efficiency
of the synergistic effect in suppressing side reactions or den-
drite growth. Moreover, the ZnllZn symmetric cells using
ultrathin Zn foils (17 pm in thickness, Fig. S40) at a high Zn
utilization rate of 50% depth of discharge (DoD,,) character-
izations demonstrated that the C,¢K-based device sustained
a long-term cycling performance for nearly 300 h with uni-
form plating/stripping, fivefold longer than that of the pris-
tine counterpart which exhibited a rapid voltage drop after
approximately only 60 h (Figs. 4h and S41). This highlighted
the reliability of the synergistically improved ion transport
and interfacial stability for sustainable plating/stripping in
metal-ion batteries, endorsing the promising potential for
practical applications in wearable electronics [64, 65].

3.5 Reinforced Electrochemical Performance
of the Full Cells

Based on the results from the symmetric cells, the ZnlMnO,
button full cells were further developed using needle-like
B-MnO, as the cathode (the B-MnO, was synthesized via a
hydrothermal method according to the previous report (Fig.
S42)) [36]. To mitigate Mn>* dissolution during cycling,
MnSO, at a concentration of 0.1 M was incorporated into the
electrolyte. The CV curves demonstrated that the ZnllMnO,
cells presented similar and typically reversible redox peaks
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(Fig. 5a), inferring that the basic charge/discharge pro-  driven by the synergistic effect of C (K self-assemblies.
cesses remained unaffected after introducing MnSO,. Espe-  Furthermore, the GITT measurements were conducted to
cially, the CV curves of the reinforced full cell displayed  evaluate the ion-diffusion coefficients (D%:) throughout the
a decreased oxidation potential by 44.6 mV, an enhanced  charge—discharge process (Fig. S44). As expected, the rein-
reduction potential by 42.0 mV and an enhanced redox cur-  forced ZnIIMnO2 cell showed higher D2+ values (~ 107 to
rent relative to the native counterpart (Fig. 5a), along with ~ 107!! cm? s™!) than the pristine counterpart, further confirm-
a more stable discharge plateau accompanied by the lower  ing the improved ion diffusion kinetics.

voltage hysteresis (Fig. S43), suggesting the accelerated The rate stability of the full cells was then evaluated.
reaction kinetics and reduced electrochemical polarization  Specifically, the reinforced battery delivered high average
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discharge specific capacities of 229.3, 226.6, 205.7, 180.7,
and 137.4 mAh g~ at 0.8, 1.0, 2.0, 3.0, and 5.0 A g™/,
respectively, surpassing those of the unprocessed coun-
terpart (Fig. 5b). Notably, the reinforced cell maintained a
high capacity of 167.9 mAh g~ after 200 cycles at 1.0 A
g~!, achieving 75% of the capacity retention and dramati-
cally outperforming the pristine ZnllMnO, case of only 32%
(Fig. 5¢). In addition, the SEM characterizations established
that the electrode surfaces in the reinforced system still
retained dendrite-free morphologies after 50 cycles at 1.0
A g7! (Figs. 5d, e), in contrast to the extensive dendrites
and sheet-like by-products in the unprocessed counterpart
(Fig. S45) [43], thus visually confirming the electrochemi-
cal analyses.

This allowed us to further test the electrochemical per-
formances of the metal-ion batteries in higher yields. Spe-
cifically, under a higher current density of 3.0 A g~!, the
reinforced ZnlIMnO, cells still kept 61% capacity retention
even after 500 cycles, whereas the pristine ZnlIMnO, cell
suffered from severe capacity fading, with only 18% capac-
ity retention under the same conditions (Fig. 5f). In fact, a
similar trend was also observed in the case of even a higher
current density of 5.0 A g~! (Fig. S46). Furthermore, the
self-discharge tests demonstrated that after being charged
to 1.8 V and rested for 48 h before discharging to 0.8 V, the
reinforced ZnlIMnO, full cells retained 98.9% of its initial
charge capacity, surpassing 91.3% retention observed in the
untreated case (Fig. 5g). In addition, the presence of C;(K
after high cathode potential treatments was confirmed by
MS and XPS analysis (Figs. S47 and S48), thus further high-
lighting the effect of the synergistic reinforcement of bionic
self-assembly in sustaining prolonged and stable cycling
performance of the metal-ion batteries.

To evaluate the universality of the synergistic reinforce-
ment of ion transport and interfacial stability for sustainable
plating/stripping in metal-ion batteries, (NH,),V,Oq4 was
then employed as an alternative cathode material (Fig. S49)
[66]. Similarly, the CV characterizations demonstrated that
the C,¢K self-assembly-reinforced Znll(NH,),V O, full cells
presented a reduced potential gap between the oxidation and
reduction peaks contrast to the untreated counterpart, cou-
pled with a lower R, of 211.5 Q (Fig. S50), proposing the
enhanced charge-transfer kinetics. This endorsed the higher
specific capacities of the Znll(NH,),V,0, full cells, achiev-
ing a large and reversible capacity up to 263.5 mAh g~!
even at a high current density of 5.0 A g~ (Fig. S51) and
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a superior cycling stability with retaining 70% of its ini-
tial capacity even after 500 cycles at 2.0 A g~! (Fig. S52).
And when the current density increased to 5.0 A g~!, the
reinforced cell still exhibited a sustainable stability with an
impressive 84% capacity retention after 1000 cycles, notably
outperforming 50% retention observed in the control (Fig.
S53) and competitive to recently reported rechargeable zinc-
ion batteries (Table S5).

These behaviors highlighted the application potentials of
the synergistic reinforcement strategy in practical energy
storage field and wearable electronics. In this regard, the
pouch cells of large capacities were developed using the
C,¢K self-assembly-reinforced ZIBs. Specifically, the
ZnlMnO, pouch cell was engineered using a thin Zn foil
of 80 pm in thickness with a dimension of 7.9 cm in length
and 5.5 cm in width, paired with MnO, cathode with a high
mass loading of 10.1 mg cm™2. The cell components were
organized in a layer-by-layer structure and separated and
encapsulated within aluminum (Al) plastic films (Fig. 5h).
The assessments demonstrated that the reinforced ZnllMnO,
pouch cell exhibited a high initial capacity up to 39.1 mAh
at 100 mA g~' and could maintain 80% of its capacity after
70 cycles (Fig. 51). When at an elevated current density
of 125 mA g_l, the cell could still retain 72% of its initial
capacity of 25.3 mAh after 150 cycles (Fig. S54). These
results highlighted the feasibility of the bioinspired rein-
forced pouch cell in enabling long-term and large-capacity
batteries for energy applications.

Therefore, the applicability of the pouch cell in real sce-
narios was determined. Specifically, the reinforced pouch
cell was able to be employed for wired charging of a smart
phone (Fig. 5j; Video S1). Furthermore, three interconnected
pouch cells endorsed a stable voltage up to 4.05 V (Fig.
S55), allowing the wireless smartphone charging (Fig. 5k;
Video S2). Next, the pouch cell could also be utilized to
power a baby’s toy doll and toy phone (Figs. 51, m; Vid-
eos S3 and S4), highlighting the safety and reliability of
the reinforced metal-ion batteries. Notably, contrast to LIBs
that pose risks of thermal runaway and leakage, the rein-
forced pouch cell executes with non-flammable electrolytes
and possess inherent biocompatibility and safety. In fact,
the puncture tests verified that once being pierced, the rein-
forced pouch cell could still keep constant energy output
in a benign manner (Figs. 5n, o; Videos S5 and S6). These
characteristics allowed the reinforced batteries suitable for
applications requiring rigorous safety standards such as
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wearable electronics, where stability, eco-friendliness, and
user protection are of paramount importance [20].

3.6 Application of the Reinforced Metal-ion Batteries
in Wearable Electronics

The high safety and capacity endow the bioinspired rein-
forced aqueous metal-ion batteries the availability to be
employed for wearable applications and bio-machine inter-
faces [67—69]. In this regard, the integration of the mechani-
cal flexibility and durability should be demanded, which is
actually challenging. Inspired from the conformation of the
scorpion tail, a bionic battery structure was designed [27].
Specifically, the rigid segments resembling metameres func-
tioned as the energy storage units, while the flexible sections
emulated the intersegmental chitinous membranes, ensur-
ing high adaptability toward the mechanical deformations
(Fig. 6a).

This structural design was assessed to alleviate the for-
mation of surface defects and prevent delamination of the
electrode materials from the current collector. The finite ele-
ment simulations determined that under bending of 15° or
twisting of 10°, the unwrapped flexible sections effectively
dispersed the stress and bore the dominated principal strains,
leaving the rigid segments for energy storage tolerating the
minimal stress concentration (Fig. 6b), which preserved the
overall structural integrity and cycling stability. Further-
more, when standing a high-curvature bending up to 60°
to simulate deformation once worn on a human wrist, the
maximum principal stress still primarily distributed within
the unwrapped flexible sections, leaving the rigid energy
storage segments exhibiting negligible stress accumula-
tion (Fig. 6¢). Consequently, the bionic design significantly
enhanced the battery’s operational stability under various
mechanical deformations, making it appropriate for next-
generation wearable applications.

The electrochemical performance evaluations of the bionic
flexible cell composed of the reinforced ZnlIMnO, system dis-
played a characteristic CV curve with distinct and reversible
redox peaks (Fig. S56), confirming that the scorpion tail-like
conformation did not disturb the intrinsic electrochemical
reactions. The long-term cycling performance demonstrated
that the cell retained 73% of the initial capacity after 100
cycles (Fig. S57), highlighting its convincing sustainability.
When subjected to successive deformation states including 90°
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twisting, 180° twisting, and 180° bending then recovering, the
flexible cell delivered capacity retentions of 98%, 96%, 88%,
and 99%, respectively (Fig. 6d), manifesting its acceptable
flexibility and stable energy output capability. Furthermore,
the EIS and AFM characterization (Fig. S58) demonstrated
that the ZnllMnO, wearable battery maintained nearly consist-
ent internal resistance and self-assembled bilayer morpholo-
gies at the interface after repeated bending, confirming the
mechanical robustness. Therefore, the two interconnected
flexible cells could power a thermo-hygrometer and a timer
regardless of mechanical deformations (Fig. 6e; Videos S7
and S8). Especially, when the flexible cell was worn on the
human wrist and connected to an integrated chip equipped
with temperature and pressure sensor modules (Fig. 6f), the
working voltage remained stable at 1.42 V (Fig. 6g, top panel),
allowing reliable operation of the integrated sensors. When a
hand approached then retracted from the temperature sensor,
the recorded temperature accordingly increased and declined
in a real-time manner (Fig. 6g, middle panel). In addition, the
pressure sensor could accurately monitor the pressing signals
under varying pressures (Fig. 6g, bottom panel). These results
exemplified the feasibility of the bionic flexible metal-ion bat-
teries of reinforced performances for powering smart wear-
able electronics, offering stable energy output under dynamic
mechanical conditions.

4 Conclusions

The extensive applications in wearable electronics of the
aqueous metal-ion batteries are severely hindered due to
intrinsic challenges such as electrode/electrolyte interfacial
instability during operation and structural damage under
bending/stretching. Inspired from nature, a bionic rein-
forcement strategy was developed, allowing the bioinspired
lipopeptide molecules self-assemble into bulk supramo-
lecular nanohelices to accelerate metal-ion transport and
organize into a dynamic, ultrathin bilayer at the interface
to homogenize ion flux and electric field distributions. This
dual-function mechanism synergistically enabled uniform
metal-ion plating/stripping, effectively suppressing dendrites
or side reactions. As a result, the ZnllZn symmetric cells
demonstrated reinforced cycling stability, while the ZnllCu
asymmetric cells achieved a high CE up to 99.66%, and the
Znll(NH,),V,0,4 button cells exhibited remarkable capac-
ity retention. This synergistic reinforcement endowed the
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ZnlIMnO, pouch cell a high initial capacity, allowing to
power smartphones and toy electronics in a safe manner.
Subsequently, a scorpion tail-mimic flexible battery confor-
mation was developed using the reinforced ZnlIMnO, cell,
successfully powering the temperature and pressure sensors
in integrated wearable electronics regardless of mechanical
deformations. This work presents a synergistic reinforce-
ment strategy to effectively regulate metal-ion behaviors in
the electrochemical process by bionic self-assembly, offering
an infusive advancement in developing high-efficiency aque-
ous metal-ion batteries as reliable power sources for flexible
and wearable applications.
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