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HIGHLIGHTS

e Self-assembled zwitterion (C,,) induces localized high-concentration electrolytes, regulating Zn>* solvation, guiding selective ion

transport, and enabling uniform solid electrolyte interface formation.

e A comprehensive set of advanced analyses (Guinier, PDDF, Porod) combined with spectroscopy and simulations reveals that C,,

self-assembles into ~3.8 nm quasi-spherical aggregates and bilayer-like interfacial structures.

e C,, enables ultrastable cycling (>2800 h) in symmetric cells and record areal capacity (8.1 mAh cm™2 at 50 mg cm™2) in ZnllVO,/
CNT full cells, highlighting its practical potential for high-energy Zn batteries.

Abstract Localized high-concentration electrolytes (LHCEs) are considered as promising

electrolyte candidates to resolve technical issues of metal batteries owing to their unique t j ed, NN
interfacial properties and solvation structures. Herein, we propose a self-assembly chemical 3 A%N%YY O

strategy into the LCHEs induced by ordered nanostructure of zwitterionic co-solutes for % Zwitterionic effect A

highly efficient and ultrastable zinc (Zn) metal batteries. Through the systematic screening 4 CIP/AGG facilitation
of six zwitterionic compounds, 3-(decyldimethylammonio)propanesulfonate salt (C,,) with I

the decyl chain and zwitterions was determined as an optimum to construct quasi-spherical

aggregates with a periodic length of 3.77 nm, as confirmed by comprehensive synchro-

nous small-angle X-ray scattering, Guinier, pair distance distribution function, Porod, and e
other spectroscopic characterizations and molecular dynamic simulation. In particularly, -

this self-assembled structure in electrolyte environments was attributed to increasing the
proportion of both contact and aggregated ion pairs for the formation of LHCEs as well
as to providing fast and selective Zn>* conducting channels and uniform solid electrolyte
interfaces for facilitated charge transfer kinetics. Moreover, the preferential adsorption of the self-assembled C,, on the Zn(002) surface
modulated the electrical double layer to suppress hydrogen evolution and corrosion reactions. Consequently, the ZnllZn symmetric cells in
Zn(OTY),/C, electrolytes showed long-term plating/stripping behaviors over 2800 h at 1 mA cm~2 and 1 mAh cm™2 as well as over 1200 h
even at 5 mA cm™2 and 5 mAh cm™2 with a very high depth of discharge of 42.7%. Furthermore, the ZnllVO,/CNT full cells in Zn(OTf),/

C,, electrolytes delivered a record-high capacity of 8.10 mAh cm™ at an ultrahigh cathode mass loading of 50 mg cm™2 after 150 cycles.
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1 Introduction

In recent years, the ever-increasing demand for safe and
cost-effective energy storage systems has motivated the
development of advanced rechargeable batteries [1-3].
Among various battery technologies, aqueous zinc metal
batteries (ZMBs) are considered as promising alternatives
to traditional lithium-ion batteries (LIBs) owing to their
low cost, inherent safety, environmental friendliness, and
high theoretical capacity of zinc (Zn) anode (820 mAh g™!
or 5855 mAh cm™>) [4]. However, the practical application
of ZMBs has been hindered by their relatively low energy
density and limited cycling stability, primarily resulting
from severe side reactions and the uncontrolled growth of
Zn dendrites [5, 6]. To address these challenges, electrolyte
and interfacial engineering, such as precise electrolyte com-
position design, artificial solid electrolyte interface (SEI)
development, and solid-state electrolyte innovations [7,
8], have been investigated so far. In particular, electrolyte
additives are regarded as the practical and effective solu-
tion owing to their simplicity and efficiency. Examples vary
from inorganic anions or cations to adsorptive organic mol-
ecules, supramolecular compounds, and polymers [9, 10].
However, the performance improvements by these additives
still remain limited. For example, inorganic anions may par-
ticipate in the controlled solvated structure or SEI forma-
tion, but offer minimal guidance for Zn>* deposition [11].
Inorganic cations mainly address the "tip effect" by limiting
dendrite growth through competitive reactions, yet they have
little influence on the solvating regulation [12]. Moreover,
supramolecular compounds and polymer additives are lim-
ited by complex synthesis processes, significant increases in
internal resistance, and poor performance under high cur-
rent densities [13]. Common adsorptive organic molecules
also face challenges such as incomplete coverage of the Zn
anode, inhibited Zn>* transport kinetics, and increased polar-
ization [14]. When the concentration of additives increased

to improve coverage, excessive viscosity or poor solubil-
ity often occurred due to the "like dissolves like" principle,
which makes it difficult to further regulate the electrolyte
environment and interfacial regions [15]. Furthermore, it is
very challenging to fully understand the nanoscale struc-
tural changes in the electrolyte environment induced by these
additives due to the lacking of in-depth analysis on the solu-
tion environment [16-18].

The design of new co-solute additives is critical for
forming stable solution environments, regulating solvation
structures, modifying electric double layer (EDL) for the
suppression of side reactions, uniform electric and ionic
field distributions, and reversible Zn deposition [19, 20].
The introduction of self-assembled or structured additives
is expected to effectively construct ion channels on the
EDL and provide favorable pathways for Zn>* ion transfer.
This interphacial modification also reduces a direct contact
of water with the electrode surface to suppress hydrogen
evolution reaction (HER) and corrosion. Examples include
the inorganic ZnV;Og, the polymer methoxy polyethylene
glycol-phosphate (mPEG-P), and the biomolecule bovine
serum albumin (BSA) [21-23]. Although the concept of
self-assembly has been demonstrated in these works, in-
depth characterization and detailed analyses on the ordered
structure are still lacking. In order to address this limita-
tion, more comprehensive analytical techniques are needed
to provide the fundamental foundation for the self-assem-
bly into the ordered structure [24]. In this work, we first
applied these analytical techniques, including Guinier, pair
distance distribution function (PDDF), Porod analysis, and
theoretical calculations, for the deep understanding about
the local environment of nanostructures.

It has been known that high-concentration electrolytes
(HCEs) have several advantages over dilute electrolytes, in
terms of the formation of stable SEI layers, suppression of
dendrite growth, and expansion of the electrochemical sta-
bility window [25]. The reduced solvent activity of HCEs
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is beneficial for mitigating the notorious HER in aqueous
batteries, as demonstrated by water-in-salt electrolyte with
21 molality of LiTFSI [26]. However, HCEs suffer from
inherent drawbacks such as extremely high viscosity and
the impractical use of large quantities of salts. To resolve
these issues, localized high-concentration electrolytes
(LHCESs) were developed as an alternative candidate to
HCEs. LHCE:S retain the key feature of a locally anion-rich
coordination environment while significantly lowering the
overall salt concentration, which leads to improve ionic
conductivity, facilitate SEI formation, and alleviate issues
related to viscosity and processing [27]. Despite their
advantages, traditional LHCEs that rely on inert diluents
may suffer from limited interfacial tunability and potential
stability issues [28].

Herein, we first demonstrate a self-assembled ordered
nanostructure of zwitterionic additives as co-solutes to
induce localized high-concentration electrolytes (LHCEs),
greatly improving the reversibility of Zn metal anodes. In
a sharp contrast to conventional LHCEs that rely on dilu-
ents, our approach tunes the electrolyte nanostructure via
molecular self-assembly. This approach enriches the local
Zn* concentration as well as creates a bilayered interfacial
architecture through surface adsorption, forming ion trans-
porting channels at the interface that can promote uniform
Zn** deposition and suppress parasitic reactions. Specifi-
cally, the zwitterionic compounds contain both positively
charged quaternary ammonium and negatively charged
sulfonate groups, which result in promoting the formation
of contact ion pairs (CIP)/aggregated ion pairs (AGG) by
zwitterionic effect, thereby guiding the uniform formation of
SEIs. After evaluating six kinds of zwitterionic compounds
with different alkyl chain lengths, we confirmed that the
decyl chain zwitterionic compound of 3-(decyldimethylam-
monio)propanesulfonate salt (C,,) provided the optimally
self-assembled ordered structure to form selective ion
channels within the EDL (Fig. 1). Our in-depth structural
information confirmed the nanostructured characteristics of
the self-assembled structure, which could improve both ion
carrier dynamics and local dielectric environment. Notably,
C,, also establishes a new hydrogen-bonding network with
water molecules, suppressing the occurrence of the HER and
stabilizing the interphase. These synergistic effects signifi-
cantly enhance long-term cycling stability, highlighting the
potential of self-assembled additives to advance the practical
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applicability of aqueous ZMBs toward next-generation
energy storage solutions.

2 Results and Discussion
2.1 Organization of C,, and the Associated LHCEs

In this study, we screened six zwitterionic compounds con-
sisting of quaternary ammonium and sulfonate groups, vary-
ing the length of the alkyl chain attached to the quaternary
ammonium group: ethyl, octyl, decyl, dodecyl, tetradecyl,
and hexadecyl, respectively, as referred to C,, Cg, C,g, Cy5,
C,4 and C ¢ (Fig. 1). In the initial screening process, five
zwitterionic additives of Cg, C,, C,,, C,4, and C,¢ with long
carbon chains were chosen considering their self-assembly
into the ordered nanostructure due to their amphiphilic char-
acteristics (Fig. S1). Given by that the shorter carbon chain
was less favorable for the formation of ordered structures,
C, was excluded from the initial screening and used for fur-
ther comparative analyses. We observed that C,, exhibits
stronger hydrophobic interactions due to its longer carbon
chain, making it quasi-solid and poorly soluble at room tem-
perature (Fig. S2). The similar carbon chain lengths of Cs,
C,0> C}5, and C,, are expected to exhibit comparable prop-
erties. Accordingly, we conducted preliminary screening of
these compounds by adding 1 molality (mol kg~!) of C,
co-solutes to 2 molality of Zn(OTf), electrolyte, referred
to as Zn(OTTf),/C,. Under the identical current density of
5 mA cm™2, the symmetric cells in Zn(OTf),/C,, dem-
onstrated the most stable cycling performance (Fig. S3),
indicating the optimum length of the zwitterionic additive.
Considering the significant impact of alkyl chain length dif-
ferences on the formation of ordered structure, therefore, C,
and C,, were used to investigate the electrolyte environment
and interfacial behavior.

The combined analyses of Fourier transform infrared
spectroscopy (FTIR), surface-enhanced Raman spectros-
copy (SERS), nuclear magnetic resonance spectroscopy
(NMR), molecular dynamics (MD) simulations, advanced
synchronous small-angle X-ray scattering (SAXS), etc. were
employed to meticulously investigate the impact of the C,
co-solute on Zn** solvation structure and the solution envi-
ronment. As illustrated in Fig. 2a, the peak corresponding to
the H — O stretching vibration of the electrolyte in the range
of 3000 to 3800 cm™! exhibits a significant blue shift upon
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Fig. 1 Schematic illustration of the roles of the C,, co-solute in ZMBs. C,, was carefully selected from six zwitterions to form quasi-spherical
aggregates in the electrolyte, which enrich Zn>*/OTf™ and promote CIP/AGG formation via zwitterionic effects, thereby inducing unconven-
tional localized high-concentration electrolyte (LHCE). Moreover, C,, self-assembles on the EDL to form a bilayer structure that acts as ionic

channels, enabling smooth Zn** deposition and suppressing side reactions

the introduction of C,, into 2 molality of Zn(OTf),. This
observation indicates that C,, participates in the HB network
of water molecules, thereby weakening the HB interactions
among free water molecules and mitigating the risk of HER
[29]. Although C, also induces a blue shift, it becomes less
pronounced, implying a comparatively weaker inhibition
of HER. Additionally, a new peak was observed at around
1465 cm™! in both Zn(OTf),/C, and Zn(OT),/C,,, which
corresponds to the C—H bending vibration of the — CH,
group (Fig. S4) [30]. Raman spectra further corroborated
the FTIR findings, revealing the C—H bending vibration
at 1465 cm™! and a strong C—H stretching vibration peak
around 2900 cm™! (Fig. S5) [31].

As verified by the atomic-scale vibrational modes via
SERS, the peak intensity of H— O stretching vibration for
the C,-containing electrolyte at around 3500 cm™' becomes
stronger during the plating process in a similar manner to the
bare electrolyte (Fig. 2b). In contrast, C,,-containing elec-
trolyte demonstrates a weakening trend, which suggests that
C,, may effectively prevent water molecules from migrating
into the EDL under the applied electric field. Consequently,
the local concentration of water molecules in the EDL is
enough low to reduce the O —H peak intensity, which indi-
cates the formation of localized high-concentration elec-
trolytes for the inhibition of HER and Zn dendrite growth.
This finding is attributed to the formation of an organized

© The authors

structure of C,, on the EDL through self-assembly, further
hindering the entry of water molecules into the EDL for the
suppression of undesired parasitic reaction [32]. Further-
more, the presence of alkyl chains leads to the emergence
of peaks associated with C—H stretching vibrations near
2800 cm™!. During a plating process, the intensity of C—H
peak for the C,,-containing electrolyte decreases, while that
for the C,-containing one increases. This indicates that the
long carbon chain in C;, exhibits relatively low exposure
representing weaker C—H signals, while C, is more active,
making its C—H bonds more exposed during detection. This
behavior will be further investigated in the synchronous
SAXS section as below.

The solvation structure of C,,-containing electrolyte
was analyzed using '"H NMR (Fig. $6). The chemical shift
for the hydrogen signal of water molecules in Zn(OTf),,
originally at 4.8273 ppm, shifts to a higher field at
4.8198 ppm upon the addition of C,,. This upfield shift
is attributed to the proton shielding effect on the reduced
activity of free water and the reconfiguration of the HB
network [33]. Figure 2¢c shows the high-field "H NMR
spectra of Zn(OTf),, Zn(OTf),/C,, and Zn(OTf),/C,,, as
well as aqueous C, and C,;, solutions without Zn salts.
For both C, and C,,, the chemical shifts of the hydrogen
of the CH,SO;™ group between 2.9 and 3.0 ppm shifted
downfield upon the addition of Zn salt, while those of

https://doi.org/10.1007/s40820-025-02040-4



Nano-Micro Lett. (2026) 18:194 Page 50f20 194
(a) (b) (c)
Zn(OTH),/C,, \ Zn(OTH),
Zn(0OTf),/C, Zn(OTf),/C,,
3 | Zn(OTf) © . 3 3
3 2 3 3 505
S N\ g Zn(OTf),/C, s & |yoc o x
g ~ 2 10
> o > >
= [ - o
g g @ g znoT,C;
E e . £ E vt
= Zn(OTH),/C4q _» = 7 o,
Zn(0Tf),
3800 3600 3400 3200 3000 1000 2000 3000 4000 3.6 3.2 28
Wavenumber (cm™') SERS shift (cm™) Chemical shift (ppm)
(d) H,O Zwitterionic effect
p { {
4 / - {
Q2 -< ¢ >’ [
d’ 7 e f 1 o /{ X ( v
& ‘_'QJ J ’ ) J
ESP (a. u.) ;
4 o o 00"
(e) q};b o o 9"
7$ 1F A s
0.0 15 ﬁ
Zn-H,0 Yo e
! - o-
= ——zZn-OTf ) 5 CIP.--—.% %
>-05 ; 2 g’ Y o -6,
o Zn-C,, g [ ’ L N ‘9}
- ? 20} ; 4110 5 ! e '\ AN °
o 'S L S c | o @ &
a 2 s & 3 'y = ',' c \" ) /‘ ©
210t s € \ g %, CIP/AGG
o T . / c pELS
A da s 5 ‘
g N al PP L
S-15¢ s R 3
. o [ o 50.60%
ot oo /\ . zn(0TH),
2.0 ¢ 0 } """ A e e I C,o-induced LHCE B Zn(OTf),/C,
’ 0 2 4 6 8 10 B Zn(OTf),/C4o
r(A)

Fig. 2 Analysis of the solution environment for different electrolytes. a FTIR spectra and b SERS spectra of different electrolytes. ¢ 'H NMR
spectra of Zn(OTf), and C,/C,, solution with or without Zn(OTf),. d ESP mappings of H,0, C, and C,,. e Binding energies of Zn’*—H,0,
Zn**-C,, Zn**-C,,, and Zn**-OTf". f Radial distribution functions and corresponding coordination numbers of Zn**-O in Zn(OTf),/C,,. g
Schematic illustration of CIP, and the ratios of CIP/AGG in all solvation structure in different electrolytes

the alkyl hydrogen surrounding N7 shifted upfield.
This unique shift behavior arises from the zwitterionic
nature. The downfield shift of the CH,SO;~ peak
indicates the strengthened interaction between Zn** and
the SO;™ group, resulting in altering the chemical shift
arising from a more electron-deficient environment for
the H of CH,. By contrast, the upfield shift of the alkyl
hydrogen surrounding N* indicates more electron-rich
environment due to the interaction between N* and OTf™.
Accordingly, the electron density around N* increases,
making it more strongly attracted to the electron cloud of

SHANGHAI JIAO TONG UNIVERSITY PRESS

the surrounding H atoms. These interactions between the
zwitterionic compounds and Zn**/OTf~ effectively bring
Zn** and OTf~ into closer spatial proximity, promoting
the formation of contact ion pairs (CIP, Zn** primary
solvation structures involving direct anion coordination)
and even aggregations (AGG, larger solvation structures
where a single anion coordinates with two or more
Zn** jons). The increase in both CIP and AGG and the
corresponding reduction in solvated single ion pairs (SSIP,
Zn** primary solvation structures dominated by solvent
coordination) implies a locally high Zn** concentration
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in the electrolyte, which can improve the reversibility of
Zn deposition [34].

Electrostatic potential (ESP) mapping for H,O, C,, and
C,, was performed to visualize the distribution of surface
charge (Fig. 2d). Both C, and C,, exhibit distinct positive
and negative electrostatic regions centered around the N*
and SO;™ groups, respectively, further demonstrating their
zwitterionic effect in the electrolyte environment. For C,,
the distal region of the long alkyl chain—away from the
N* group—looks nearly white in the ESP mapping, indi-
cating a near-zero electrostatic potential. This suggests that
the alkyl chain primarily serves as a spatial modulator or
nanoenvironmental regulator, rather than directly participat-
ing in solvation.

DFT calculations were carried out to evaluate the binding
energies in a solvated environment (Fig. 2e). The binding
energy of Zn2+—H20 (—0.682 eV) is notably weaker than
that of Zn**—C, (= 0.811 eV) and Zn>*—C,, (—0.837 eV).
These results indicate that Zn>* preferentially coordinates
with the zwitterionic additives rather than with water mol-
ecules. Additionally, the binding energy of Zn**—OTf~ was
calculated to be —0.617 eV. This further explains why, in
electrolytes with lower zinc salt concentrations (<2 molal-
ity), the six-water-solvation shell is more prevalent than the
CIP, which corresponds to the case of OTf™ participating in
solvation as discussed in this paper.

To further elucidate the solvation environment, MD simu-
lations were performed (Fig. 2f). As verified by coordination
number (CN), C,, is barely involved in the primary solvation
structure, primarily participating in the secondary solvation
structure. Simultaneously, it promotes the incorporation of
OTf™ into the primary solvation structure, thereby increas-
ing the proportion of CIP/AGG. Specifically, the proportion
of such environments relative to the total coordination of
Zn’* increased from 11.8% in the blank electrolyte to 13.9%
in C,4-containing one (Fig. S7). This effect was attributed
to the steric hindrance and spatial modulation of the nano-
structured C,, with the long alkyl chain, as well as its ability
to locally alter the electron density of the solvation envi-
ronment. These factors likely promote electrostatic inter-
actions between OTf~ and Zn>", facilitating the formation
of stronger coordination through improved orbital overlap
and polarization of the OTf™ electron cloud. To confirm
this underestimation, we performed the deconvolution of
the symmetric stretching mode of SO;>~ peak in Raman
spectra (Figs. 2g and S8) [35, 36]. For Zn(OTf),/C,,, the

© The authors

proportion of CIP/AGG reached 90.69%, significantly higher
than 64.74% in Zn(OTf),/C, and 50.60% in Zn(OTY),.

It is well known that locally high-concentration electro-
lytes (LHCEs) combine the advantages of both dilute elec-
trolytes and highly concentrated electrolytes (HCEs), with
representative coordination structures gradually transition-
ing from SSIP to CIP/AGG [37]. Therefore, the increased
CIP/AGG proportion in the presence of C,, suggests that it
induces a locally concentrated environment by restructur-
ing the primary solvation structure, which could enhance
ionic transport and suppress parasitic reaction. Interestingly,
C, also predominantly resides in the secondary solvation
structure, while C, exhibits an additional distinct tertiary
solvation structure. This observation suggests that C,, may
induce a high-density, spatially periodic nanoenvironment
around Zn>* for the unique LHCEs. This intriguing finding
will be further discussed in detail below.

A temporal and spatial analysis of the MD snapshots was
performed to comprehensively examine whether C,, forms
large-scale aggregates or not. As shown in Fig. 3a and Fig.
S9, C,, exhibits local aggregation after 15 ns of MD simula-
tion, whereas C, remains uniformly distributed throughout
the solvent box. This aggregation is absent in the initial state
of C,, indicating that it emerges during the course of the
simulation. Additionally, Zn** ions are randomly distributed
in both the Zn(OTf), and Zn(OTf),/C, systems. Neverthe-
less, Zn>* ions in the Zn(OTf),/C,, system are predomi-
nantly localized around the C,, aggregates, suggesting that
the aggregation of C,, promotes the formation of locally
high Zn>* concentrations.

Building upon the MD simulation results, we have further
conducted a statistical analysis based on probability distribu-
tion to quantitatively evaluate the relative proportion of AGG
within the CIP/AGG configurations in the primary solvation
structure of Zn>* involving OTf™ (Fig. S10). In the pristine
Zn(OTY), electrolyte, AGG accounts for only 1.5%. On the
other hand, the introduction of zwitterionic compounds sig-
nificantly reconstructs the ion association landscape: The
AGG ratio increases to 5.5% in the Zn(OTf),/C,, system, and
it further surges to 11.1% in the Zn(OT¥),/C,. These results
clearly demonstrate that the formation of localized high-con-
centration regions depends on the aggregation of zwitterions.
Although the AGG proportion in the C,-containing system
is higher than that in C,,, C, exhibits superior dispersibility,
whereas C,, tends to spontaneously form aggregates. As a
result, the actual AGG-inducing capability of C, in localized

https://doi.org/10.1007/s40820-025-02040-4



Nano-Micro Lett. (2026) 18:194

Page 70f20 194

(@)

(b)

Zn(OTf),/Cyy (
‘*{)& BT !;ﬂ,‘ o3

S

Zn(OTH),/Cyq DLS test Zn(OTH),/Cy,
100 ——2Zn(0TH,IC, _ Zn(OTi),/C,
- Zn(OTf), 3 Zn(OTf),
3 s
s 2
= 10} , ‘a
= oy ]
w £
1
0.1 1 1 10 100
q(nm™) Diameter (nm)
(e) (9)
6
6F | ———2Zn(OTf),/IC S
'i Zn(0TH,C,, (OTH),IC, Zn(OTH),/C,,
sl i Zn(OTf),/C, —— Zn(0TH),/C,
Zn(0TH),/C, 0.6 _
~zn(0TA), Taf
Sl N\ £
E 3t % ;—E‘
2| =2 4
18
)
1} :‘«"J‘j"
\ | .‘J'*' After positive deviation
ol . . : : . o= . . . — ok . . .
00 01 02 03 04 05 0 10 20 30 40 50 1 2 3 4 5
g% (nm?) r (nm) 9% (nm?)

Fig. 3 Aggregation behavior of C, in the electrolyte environment. a Snapshots of different electrolytes after 15 ns, and Zn(OTf),/C,, at 0 s. b
Synchronous SAXS spectra (one-dimensional scattering plots) for different electrolytes. ¢ Schematic illustration of the C,, aggregation. d DLS
spectra, e Guinier plots, f PDDF plots and g Porod plots for different electrolytes

domains may be substantially underestimated in global sta-
tistical analysis. To confirm this underestimation, we have
further obtained evidence from the deconvolution of the
symmetric stretching mode of SO32‘ peak in Raman spectra
(Fig. S8). For Zn(OTY),/C,, the proportion of AGG reached
32.11%, much higher than 13.37% in Zn(OTf),/C,. Mean-
while, Zn(OTf),/C,, also exhibited the lowest proportion of
SSIP and the highest proportion of CIP, further supporting
that self-ordered C,, induces LHCE formation.

As verified by the aforementioned 'H NMR and MD
simulation results, the introduction of C facilitates the

SHANGHAI JIAO TONG UNIVERSITY PRESS

formation of CIP between Zn>* and OTf™. Although the
binding energy between C,, and Zn?" is stronger than that
between Zn>* and OTf", the formation of CIP is not simply
governed by static binding energy. Instead, it is governed by
multiple factors, including local ion ratio and spatial struc-
tural stability. Therefore, the enhancement of CIP proportion
by C,, has profound practical implications. To further reveal
the effect of C; on the intrinsic coordination tendency of
7Zn** under locally enriched conditions, we have constructed
MD simulation about a water-free, high-C,-concentration
system (Fig. S11). It is found that the coordination number
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of Zn** with OTf™ approaches 2, matching the stoichiom-
etry of Zn(OTf),, thereby confirming that C,, promotes
OT{™ coordination through spatial regulation rather than
direct competition (Fig. S12). Therefore, these findings
confirm a new ion-structuring mechanism, which is totally
different from that of conventional LHCEs. Specifically, the
zwitterionic C;, molecules tend to be self-assembled into
forming localized domains. These domains further promote
the local enrichment of Zn** and OTf™ through strong elec-
trostatic and dipole interactions. Such cooperative assembly
not only leads to the formation of CIP/AGG, but also enables
to manipulate interfacial nanostructures for favorable elec-
trochemical environments (Fig. 1).

The organization of ordered nanostructure, which is key to
the construction of new type LHCE, was further confirmed
using synchronous SAXS analyses. As shown in the two-
dimensional SAXS images (Figs. S13-S15), the scattering
patterns of the C,,-containing electrolyte exhibit a broader
intensity distribution, particularly in the high-q region, rep-
resenting an increase in small-angle scattering. This finding
indicates that the aggregation of C,, is attributed to the for-
mation of larger repeating structures on a nanoscale, thereby
altering the distribution or assembly of colloids [38]. On
the other hand, the scattering pattern of the C,-containing
electrolyte was similar to that of the blank electrolyte, as
characterized by relatively concentrated scattering rings,
demonstrating no significant repeating structures. Ultravio-
let—visible (UV-vis) spectroscopy further confirms the pres-
ence of self-assembly behavior. The addition of C, leads to
the appearance of a new peak at~250 nm (Fig. S16), which
is attributed to the interaction between the C, and Zn(OTf),,
solely altering the overall energy levels and electronic struc-
ture [39]. On the other hand, C,, with the longer carbon chain
increases the polarizability of its electron cloud. The forma-
tion of self-assembled conformations facilitates intramolecu-
lar transitions of n—o", leading to a new peak at~210 nm
and exhibiting more complex spectral features [40].

As shown in the one-dimensional scattering plots
(Fig. 3b), only the Zn(OTf),/C,, electrolyte exhibits a promi-
nent peak at a scattering vector g of 1.67 nm~!, whereas the
Zn(OTf),/C, electrolyte cannot do it. Given by Bragg’s law,
C,, forms a periodic length of 3.77 nm in an electrolyte
solution, which is nearly twice greater than the length of the
C,o molecule itself (Fig. 3c). This assembled structure was
also consistent with the hydrodynamic diameter obtained
from dynamic light scattering (DLS) (Fig. 3d). Peaks
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corresponding to the dynamically diffusing core region of
the aggregation were observed in a range from 2 to 4 nm
for Zn(OTf),/C,,, whereas no such peaks were detected for
Zn(OTf), and Zn(OTf),/C,. Therefore, it is confirmed that
the long chain length and zwitterionic characteristics of C,,
contribute to showing self-assembly behaviors in an aque-
ous solution, resulting in regularly ordered nanostructures
[41]. This self-assembly of C,, also provides a rationale for
the weakening of C—H signals during plating, as indicated
by SERS results.

We have further studied the low-q region based on the
Guinier theorem (Fig. 3e). All three electrolytes display
concave curves in the Guinier plots, the characteristic of
polydisperse systems. The scattering intensities (In 1)
of Zn(OTf),, Zn(OTY),/C,, and Zn(OTf),/C,, increase
sequentially, corresponding to an increasing degree of
aggregation. This further confirms that the long carbon
chain of C,, facilitates aggregation behavior in water,
resulting in a higher overall scattering intensity. For an ideal
polydisperse system, the ideal aggregate radius of gyration
R, can be derived from the Guinier theorem. A larger R,
corresponds to a more uniform particle distribution and
higher ordering in the solution [42]. The fitted R, values
from small-angle region (0 to 0.1 nm~?) for Zn(OTf),,
Zn(0TY),/C,, and Zn(OTY),/C,, are 9.902, 10.051, and
23.541 nm, respectively (Table S1). The shorter chain length
of C, has a relatively minor influence on the formation of
aggregates, resulting in very minor change in R,. On the
other hand, the self-assembled structure induced by the
hydrophobicity of the long carbon chain C,, is associated
with stronger intermolecular interactions, forming the larger
ordered structures that modify the electrolyte environment
in a favorable manner [43].

The PDDF was analyzed for the relative positions and
distributions of colloidal particles in the three electrolytes
(Fig. 3f). Unlike the oscillating curves of the other two
electrolytes, the curve for Zn(OTf),/C,, is notably smooth,
indicating a more uniform size distribution of aggregates,
which implies stronger and more stable interactions [44].
The maximum value of the vertical axis P(r) signifies that
C, has the highest probability of forming an ordered struc-
ture. The nearly symmetric single peak shape of Zn(OTf),/
C,, elucidates that its aggregates correspond to a quasi-
spherical shape as referred to previous works [45, 46]. Thus,
we gain an in-depth understanding about the morphology of
aggregates generated by 1 molality of C, in the electrolyte.
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It is postulated that this structure can direct a more uniform
electric field distribution, facilitating the uniform distribu-
tion of Zn" ions for the improved reversibility of Zn deposi-
tion. The as-observed r,,,, for Zn(OTf),/C, is 54.813 nm,
significantly larger than the nearly same values of around
25 nm for both Zn(OTf), and Zn(OTT¥),/C, (Table S1). Fur-

thermore, the value of r, . is nearly twice larger than that

of R,, which confirms that C,, is assembled into large-scale
aggregates and then anchors Zn>* to achieve stability. The
decay portion of the curve decreases more rapidly than the
growth portion, which also implies a higher probability of
generating larger stable aggregates.

Considering positive deviations in the Porod analysis for
all three electrolytes due to the dynamic electronic interac-
tions, the correction was needed, as shown in Fig. 3g. Since
the aggregates in the solution feature with a near ideal two-
phase system, the vertical axis was chosen for the n=4 state
[47]. Obviously, only Zn(OTf),/C,, exhibits a plateau, further
confirming that C,, forms aggregates with certain rigidity.
On the other hand, Zn(OTf), and Zn(OTTf),/C, show continu-
ous growth, indicating the intrinsic disorder [48]. Addition-
ally, Zn(OTf),/C,, shows a higher value on the vertical axis
at the plateau compared to the other two electrolytes. This
is attributed to the strong interactions among C,,, Zn**, and
OTf", which lead to a rearrangement of the electron cloud.
As aresult, Zn>* is shed out from its traditional six-hydrated
Zn>* solvation shell, leading to a higher local concentration
of Zn>* within the self-assembled larger aggregates. These
aggregates exhibit structural rigidity and provide new ion
transporting pathways [49]. Obviously, these results are the
first report about the self-assembled ordered nanostructure
of zwitterionic compounds associated with the formation of
LHCEs as verified by comprehensive MD, Raman spectra,
UV-Vis spectra, DLS, SAXS images, one-dimensional scat-
tering, Guinier, PDDF, and Porod techniques.

2.2 Investigation of C,, on Parasitic Reactions
and Interphasial Structure

Along with the solution environment, the interphasial struc-
ture was investigated performing DFT calculations on the
adsorption energies of different molecules on the Zn (002)
plane (Fig. 4a). The adsorption energy of H,O was cal-
culated to be —0.399 eV, while those of C, and C,, were
—1.312 and —1.374 eV, respectively. These results indicate
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that the zwitterions exhibit a much stronger affinity with the
Zn (002) surface compared to H,O molecules, suggesting
that they can be preferentially adsorbed onto the electrode
surface. This preferential adsorption enables effective modu-
lation of the electrical double layer (EDL), thereby suppress-
ing side reactions such as hydrogen evolution and corrosion.

The improved Zn affinity of the electrolyte by C,, was
confirmed measuring the instantaneous contact angle. As
shown in Fig. 4b, the addition of C,, reduced the contact
angle between the blank electrolyte and Zn foil from 86.6°
to 47.8°, demonstrating a significant improvement in zinco-
philicity and electrolyte wettability [50]. To further validate
the contact angle measurements in Fig. 4b, we have provided
videos of an additional set of in situ tests (Videos S1 and S2),
with the contact angle evolution recorded over 0-20 s (Fig.
S17). As clearly shown, our C, exhibits excellent wettability
toward the Zn surface, and its strong zincophilicity is beyond
question. In order to verify the interfacial structure adsorbed
by the organized C,, the contact angle between de-ionized
water and the Zn foil was measured after immersing the latter
in the electrolyte. The Zn foil treated with the C,,-containing
electrolyte exhibited a contact angle of 22.9°, much lower
than 40.7° with the blank electrolyte (Fig. S18). Notably, the
improved wettability, in a conjunction with DFT calculations,
suggests that the Zn surface adopts an ordered arrangement of
C, at the interface in a similar manner to the "lipid bilayer"
structure found in biological membranes, where hydrophilic
groups are oriented outward [51]. This unique interfacial
structure creates ionic channels that facilitate uniform and
facile Zn ion transfer for high reversibility of Zn deposition.

To verify the adsorption of C,,, capacitance-potential
measurements were carried out for electrolytes with and
without C,,. As shown in Fig. S19, the presence of C,
leads to a significant decrease in differential capacitance
across all potentials, indicating the formation of a stable
adsorbed layer. This behavior is consistent with our pro-
posed mechanism in which C;, forms ordered ion channels
at the interface.

The capability of C,, in suppressing side reactions was
analyzed through XRD spectra (Fig. S20). After immersing
in the Zn(OTY), electrolyte for 7 days, two by-products of
ZnO and Zn,(OTf),(OH),,_,-nH,0 were observed in the
blank electrolyte. While reducing the corrosion risk upon the
addition of C,, a small amount of Zn,(OTf),(OH),,_,-nH,0
still remains intact. In contrast, the addition of C,
effectively protected the Zn foil from corrosion, without any
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by-product signals. As illustrated in Fig. 4c, the Zn(OTf),/
C,, electrolyte after 20 cycles inhibited the formation of
by-products, demonstrating an increased intensity ratio of
(002) to (101) planes from 0.34 to 0.40. This suggests that
Zn tends to be grown laterally parallel to the (002) plane
for compact deposition [52]. Electron backscatter diffraction
(EBSD) in Fig. 4d further supports this observation, where
the (002) plane is clearly dominant. In contrast, the Zn anode
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cycled in Zn(OT¥), exhibits a distinct (101) plane deposition
pattern. Accordingly, the deposition of (002) plane is indeed
induced by the interfacial structure modified by the ordered
C,o- Furthermore, the uneven Zn deposition and strong side
reactions in Zn(OTf), lead to significant formation of zero
solutions (no valid results) (Fig. S21).

The electron microscopy images provide clear evidence
of this observation. First, SEM images of the Zn foils were
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observed after immersing them in the electrolyte for 7 days.
The existence of hexagonal by-products and corrosion on the
Zn foil were detected in the blank electrolyte (Fig. S22). In
contrast, the interfacial regulation of C,, allowed the Zn foil
to maintain its flat and smooth surface (Fig. S23). Through
EDX mapping (Fig. S24), S, C, and N elements were identi-
fied and their distributions were observed on the Zn surface,
which indicates that the uniform adsorption of C,, onto the
electrode surface effectively suppresses corrosion and HER.
As shown in SEM images of the Zn foils after 20 plating/
stripping cycles, the addition of C,,, was attributed to a tightly
packed, uniform, and dense surface of Zn, ensuring a den-
drite-free deposition (Figs. 4e and S25). On the other hand,
the Zn deposited in the blank electrolyte exhibited an uneven,
randomly stacked vertical structure due to uncontrolled den-
drite growth. After immersion in the Zn(OTf),/C, electrolyte,
by-products were observed on the surface of the Zn foil (Figs.
S26 and S27). After plating/stripping, the Zn anode displayed
random stacking in the Zn(OTf),/C, electrolyte and failed
in achieving the horizontally aligned deposition behavior.
The smooth and uniform Zn deposition induced by C,, was
further confirmed using laser scanning confocal microscopy
(LSCM) images (Figs. 4f and S28). The smoothness of the
Zn anode surface was significantly enhanced by the addi-
tion of C,,, while the numerous dendritic protrusions were
observed in the blank electrolyte. This smooth deposition
surface is associated with a uniform ionic flux and electric
field to avoid “tip effects” and concentration polarization,
which highlight the importance of ordered structure by C,,
for the reversible Zn deposition. This conclusion is further
supported by the surface roughness Sa, with Zn foils cycled
in Zn(OTTY), showing a value of 1.331 pm, which dramati-
cally decreased to 0.586 pm upon the addition of C,j,.

XPS was applied to investigate the surface chemistry of
the cycled Zn foil as shown in Fig. 4g. The surface adsorp-
tion of C,, drastically increased the ratio of C—C to C—H
at~285 eV compared to the blank electrolyte (Fig. S29)
[53]. This surface adsorption contributes to the modification
of inner Helmholtz layer, providing a unique Zn>* transport-
ing pathway and suppressing a direct contact of active water
with the electrode surface. Although the adsorption of C,
is associated with an increase in the ratio of C—C to C—H,
this enhancement became less pronounced than that with
C,, (Fig. S30).

It has been well known that Zn(OTf), can form a solid
electrolyte interphase (SEI) on the Zn anode surface
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containing F and S elements [54]. As shown in the in-depth
F 1s XPS spectra (Figs. S31-S33), CF; and ZnF, signals at
688 and 684 eV were still detectable in the blank electrolyte
at an etching depth of 300 s. However, these signals were
faded with further etching, representing a non-uniform SEI
[55]. By contrast, these CF; and ZnF, signals are strong in
the electrolytes containing C, and C,, even after etching
to a depth of 900 s, indicating more uniform F-rich SEIs.
Furthermore, in-depth S 2p XPS spectra demonstrate that
only the C,,-containing electrolyte shows obvious ZnS sig-
nals at around 164 eV throughout all etching depths (Figs.
S34-S36) [56]. Thus, these findings indicate the synergistic
effect of CIP/AGG formation by the C,, zwitterionic com-
pounds on the uniformity of the robust SEI containing both
F and S elements and the fast ion channels by interfacially
adsorbed C,,.

The cross section of the cycled Zn electrode was exam-
ined using focused ion beam (FIB) cutting and HR-TEM
(Fig. 4h). The flatness of the Zn surface was significantly
improved by C,, along with a smooth SEI of ~ 10 nm thick-
ness. Through the elemental radial distribution analysis
(Fig. 41), the contents of S and F show minimal variations
in the depth profile, indicating the uniformity of the SEI.
The 3D ToF-SIMS spectra further confirm the homogene-
ous existence of the SEI (Fig. 4j), which implies that C,
promoted the formation of uniform SEI composed of ZnS
and ZnF,. On the other hand, the non-uniform SEI formed in
the blank electrolyte led to cycling fluctuations and hetero-
geneous distribution of Zn, ultimately causing rapid battery
deactivation [57]. The 2D ToF-SIMS spectra further reveal
that in the presence of C,,, both the S™ and ZnF~ signals
level off at around 100 s of etching, whereas in the blank
electrolyte these signals continue to decrease throughout
600 s (Fig. S37). This further indicates that C,, enables the
formation of a more stable and homogeneous SEI. There-
fore, the zwitterionic C, at the interface not only modulates
the inner Helmholtz layer to mitigate parastitic reactions but
also guides the stable horizontal deposition of Zn**, further
highlighting the self-assembling strategy for LCHE:.

2.3 Electrochemical Performance of Zn Metal Batteries
in C,, Containing LHCEs

The superiority of C,, was verified through electrochemi-
cal characterizations. The LSV curves were employed

@ Springer



194 Page 12 of 20

Nano-Micro Lett. (2026) 18:194

replacing Zn(OTf), by NaOTTf to exclude the influence of
Zn deposition (Fig. 5a). When the response current density
reached — 10 mA cm™2, the potential of NaOTf/C,, was dra-
matically dropped by about — 1.4 V, much higher than those
of NaOTf and NaOTf{/C,. This observation is attributed to a
signficant disruption of the hydrogen-bonding network con-
sisting of free water and thus a more effective inhibition of
HER. CA curves reveal C,’s capability to guide Zn deposi-
tion (Fig. 5b). Zn(OTf),/C,, exhibits a stable 3D diffusion
pattern of CA curve, mitigating the risk of dendritic growth
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—_—

(=2
~—

associated with 2D diffusion [58]. Although Zn(OT¥),/C,
achieved a smoother curve compared to the blank electro-
lyte, it still displayed a significant portion of 2D diffusion,
leading to less stable Zn deposition. The Tafel curves show
that, with the addition of C, and C,, the corrosion cur-
rent (I,,,) of Zn(OTf), decreased from 6.78 to 3.41 and
1.82 mA cm™2, respectively (Fig. 5¢), indicating that both
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co-solutes have the capability to inhibit corrosion. Consist-
ently, measurements of the mass change of Zn immersed in
different electrolytes further demonstrate that C;, provides
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the most effective corrosion suppression (Fig. S38). None-
theless, C, is more effective for suppressing the corrosion
of the Zn electrode, which is in a good agreement with
the anti-corrosion results observed in the SEM and XRD
analyses.

We systematically investigated the ionic conductivity,
viscosity, and Zn>" transference number (t,,) of the elec-
trolytes (Fig. S39) to ensure optimal Zn>* transport prop-
erties. Since Zn(OTf),/C¢ is solid at room temperature, it
was heated to 40 °C for comparison with other samples. The
ionic conductivities of Zn(OTf),, Zn(OTf),/C,, Zn(OTf),/
C,o> and Zn(OTY),/C4 gradually decreased with increas-
ing alkyl chain length, from 67 to 53, 48, and 39 mS cm™!,
respectively. Simultaneously, the viscosity increased from
0.8 to 10.1 mPa s. This trend is consistent with the typical
behavior of electrolytes when an amount of organic compo-
nents increases [59]. On the other hand, t,, values increased
significantly, from 0.24 in the blank system to 0.46 in the C,
system, and further to 0.51 in the C,, system (Fig. S40). This
phenomenon once again confirms that the ordered structure
of C,, effectively enhances the local concentration of Zn>",
improving the contribution of Zn>* to the overall conductiv-
ity. Moreover, the self-assembled nanostructures formed by
C,, provide more orderly migration pathways for Zn>*, sup-
pressing the free diffusion of other ions and creating selec-
tive ion channels.

The symmetric ZnllZn cells were used to investigate
the improved reversibility of Zn plating/stripping in the
C,o-containing electrolyte. In order to determine the opti-
mal concentration, the concentrations of C,, were controlled
into 0.5, 1.0, and 1.5 molality, respectively. The ZnllZn cells
exhibited cycling stabilities of 690, 2800, and 760 h, respec-
tively, at a current density of I mA cm™2 and a capacity of 1
mAh cm ™2 (Fig. S41). The best stability of C,p at 1 molality
might be attributed to a well-balanced system with a proper
ionic strength. At lower concentrations, it failed in forming
the well-defined aggregated structures for LHCEs, while at
higher concentrations, viscosity signficantly increased for
sluggish kinetics, both of which hinder the facile and revers-
ible kinetics of Zn deposition.

The electrochemical performances of the symmetric
cells were further compared in the pristine and modified
electrolytes at the identical concentration. The symmet-
ric cells in Zn(OTf), failed after 138 h at 1 mA cm~2 and
1 mAh cm~ (Fig. 5d). On the other hand, the symmet-
ric cells in Zn(OT¥),/C, and Zn(OT¥),/C,, demonstrated
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long-term plating/striping stabilities of approximately
1700 and 2800 h, respectively. The existence of C, slightly
increased the overpotential in a marginally acceptable range
owing to the improved CIP/AGG formation and t,,, which
compromise the adverse effects of higher viscosity and lower
ionic conductivity. Additionally, the self-assembly behavior
of C,, contributed to an elevated local concentration of Zn*,
resulting in a higher t,,. To further validate the advantages
of C,y, Zn plating/stripping was evaluated under severe
conditions of 5 mA cm™ and 5 mAh cm™2 with a 20 ym
thick Zn anode (DOD of 42.7%). After initial activation
for 10 cycles, the ZnllZn cells in Zn(OTY),/C,, lasted over
1200 h (Fig. Se), greatly outperforming those in Zn(OTf),
and Zn(OTY),/C,. Figure 5f compares the DOD and cycling
life of the symmetric ZnllZn cells at high current density
and deposition capacity (5 mA cm~2 and 5 mAh cm™2) with
recently published works about electrolyte modifications and
Zn anode protection for ZMBs, as summarized in Table S3.
Our C,-containing cells exhibited the highest DOD (42.7%)
and longest cycling life (over 1200 h), demonstrating the
strongest competitive performance.

In situ EIS measurements were conducted in the sym-
metric cells to investigate the electrode kinetics (Fig. S42).
As shown in the open-circuit voltage (OCV) plot, the sur-
face-adsorbed zwitterionic species significantly reduced the
interfacial charge transfer resistance (R_). After cycling, the
R, of C,, decreased significantly, whereas the decrease in
C, was relatively small. Additionally, C,, gradually exhib-
ited the superposition of two semicircles, indicating that the
formation of a new interface is due to the influence of large
aggregates on the EDL, which was not observed in Zn(OTf),
or in Zn(OTf),/C, without self-assembly. The pause in the
plating/stripping process during the in situ testing, which is
caused by the EIS measurement step, is attributed to a short
circuit in the Zn(OTf), after 50 cycles, highlighting its poor
intermittent recovery operation capability. By contrast, the
introduction of zwitterionic species effectively resolved this
issue. For further analysis, we also measured the in situ EIS
of the symmetric cells at the beginning and end of plating/
stripping during the first five cycles, as well as performed
in situ DRT analysis of the symmetric cells. Detailed results
are provided in Figs. S43 and S44. To further demonstrate
the stability of aggregates in the Zn(OT¥),/C,, electrolyte,
we measured the DLS spectra of the electrolyte after cycling
at 5 mA cm~2 and found that the peak corresponding to C
self-assembly still persists (Fig. S45). This indicates that
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the aggregates in the bulk electrolyte remain stable under
electrochemical cycling.

The plating/stripping of Zn>* on heterogeneous substrates
was further assessed by evaluating the Coulombic efficiency
(CE) in the asymmetric ZnlICu cells (Fig. 5g). At 1 mA cm™>
and 1 mAh cm™2, Zn(OT¥),/C,, maintained stable cycling
for 800 cycles (or 1600 h), achieving a CE of around 99.9%.
In contrast, Zn(OTf), failed after 35 cycles due to den-
drite formation and side reactions. Although Zn(OTf),/C,
improved cycling to approximately 300 cycles, this value
was much lower than that of Zn(OTf),/C,,. We further sup-
plemented our study with the rate performance of ZnllCu
asymmetric cells (Fig. S46). It can be seen that, at a current
density of 3 mA cm™2, the blank electrolyte already fails.
In contrast, the addition of C,, enables the cells to exhibit
higher and more stable Coulombic efficiency (CE) across
all tested current densities. Moreover, we employed Ti as an
inert electrode to test the rate performance of asymmetric
cells (Fig. S47). Due to the poorer electrical conductivity of
Ti and its unfavorable lattice matching with Zn, the blank
electrolyte fails within just three cycles. In contrast, the
addition of C,, maintains higher and more stable CE at all
current densities, whereas C, shows noticeable fluctuations
in CE. These results collectively demonstrate that C,, can
effectively enhance the performance of asymmetric cells and
exhibits broad applicability. As shown in the cyclic voltam-
metry (CV) curves of asymmetric ZnlICu cells (Fig. S48),
the overpotential during the first reduction process slightly
increased upon the addition of C,,, which is consistent with
the observations in symmetric cells. This phenomenon led
to smaller Zn nuclei formation, thereby enhancing the sta-
bility of the deposition [60]. At the same time, the areas
of both the reduction and oxidation peaks for Zn(OTf),/
C,, were larger than those for Zn(OTf), and Zn(OTf),/C,,
which means that a greater amount of Zn was deposited and
stripped. These results collectively demonstrate that C,
in the electrolyte greatly improves the fast, selective, and
uniform stable transport kinetics of Zn>*, suppresses HER
and corrosion, and eliminates dendrite formation, leading to
more reversible Zn plating/stripping.

For the practical application of the self-assembled
C,¢-containing electrolytes, ZnllVO,/CNT full cells were
assembled. The successful synthesis of the VO,/CNT was
confirmed through XRD analysis (JCPDS No. 00-031-
1438) and SEM characterization (Figs. S49 and S50). Dur-
ing the first charging cycle, an asymmetric oxidation peak
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of CV curve appears at~ 1.6 V, which is characteristic of
the phase transformation from VO, to the hydrated V,0;
(Fig. S51) [61]. As shown in Fig. 6a, the ZnllVO,/CNT cells
in Zn(OTY),/C,, clearly showed two reduction peaks at 0.9
and 0.6 V, as well as two oxidation peaks at 0.75 and 1.0 V,
within cutoff voltage from 0.3 to 1.6 V. These peaks corre-
spond to the reduction of V3*/V** and the oxidation of V3*/
V*#*, respectively [62]. The GCD curves further supported
these findings in Fig. 6b, showing two sloped plateaus for
the cells in Zn(OTf),/C,, within the cutoff voltage range
from 0.3 to 1.6 V, in a good agreement with CV curves.
These plateau features were preserved increasing the current
densities from 0.1 to 2.0 A g~!. The specific capacities of
full cells with the cathode mass loading of 4 mg cm~2 were
measured in three electrolytes at the current densities from
0.1 to 2.0 A g~! (Fig. 6¢). The full cell in Zn(OT1),/C,
achieved the highest discharge capacity of 322 mAh g~! at
0.1 A g7!, surpassing the 307 and 308 mAh g~! in Zn(OTf),
and Zn(OTf),/C,, respectively. These capacity gaps between
Zn(OTY),/C,,, and others were enlarged as the current den-
sities increased due to the fast charge transfer kinetics by
C,o- Even at the high current density of 2 A g, the spe-
cific capacity of the cell in Zn(OTf),/C,, was preserved
up to 249 mAh g=!, or 77% retention of capacity rated
at 0.1 A g~!, much greater than 133 mAh g~! (43%) and
190 mAh g~! (62%) in Zn(OTf), and Zn(OTf),/C,, respec-
tively, indicating the high rate capability. Upon reverting to
a current density of 0.5 A g=!, the full cells in Zn(OTf),/
C, exhibited smooth cycling returning to the original dis-
charge capacity, while the Zn(OTf), cells showed notice-
able fluctuations, which further supports the superiority of
the self-assembled C,,. The stable and reversible kinetics
in Zn(OTY),/C,, was further investigated demonstrating the
increase in the capacitive contribution of the cathode from
67 to 93% as the scan rates increased from 0.1 to 2.0 mV s™!,
respectively (Fig. S52). This indicates that C, facilitates
the charge storage kinetics, which in turn contributes to the
enhanced rate performances [63, 64].

A long-term cyclic test was carried out at a current den-
sity of 0.5 A g~! (or 2 mA cm™2) with the cathode mass
loading of 4 mg cm™ (Fig. 6d). The full cells in Zn(OT1),/
C,, delivered the high specific capacity of 185 mAh g™ over
1000 cycles, much better than 51 mAh g=! in Zn(OTf),/
C, over 750 cycles. Furthermore, the full cells in Zn(OTf),
exhibited rapid capacity decay, losing nearly half of its ini-
tial capacity within 35 cycles and short-circuiting after 166

https://doi.org/10.1007/s40820-025-02040-4
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cycles. For more practical applications, the full cells with
a high mass loading of 20 mg cm™* were tested at a high
current density of 10 mA cm™2 (Fig. 6e). The Zn(OTf),/C
system allowed the ZnlIVO,/CNT cells to achieve a very
high capacity of 164 mAh g=! (or 3.28 mAh cm™) after
520 cycles, with a capacity retention rate of 86% compared
to its initial capacity of 190 mAh g~!. Additionally, nearly
100% CE was observed. Even with the ultrahigh mass load-
ing of 50 mg cm™2, the ZnlIVO,/CNT full cells were tested

in Zn(OTY),/C,, (Fig. 6f). At a high areal current density

SHANGHAI JIAO TONG UNIVERSITY PRESS

of 5 mA cm™2, the full cells maintained a reversible capac-
ity of 162 mAh g~! (or 8.10 mAh cm™2) after 150 stable
cycles, with no significant capacity degradation. Further-
more, our pouch cells successfully powered an electronic
alarm clock, highlighting practical applications (Fig. S53).
Importantly, our self-assembled C,, co-solutes not only offer
exceptional value and potential for the commercialization of
full cells, particularly in the context of recently published
high-loading V-based ZMBs and other cathode systems, but
also establish two unprecedented advances over previously
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reported zwitterionic additives. Specifically, we provide the
first rigorous evidence of quasi-spherical aggregate forma-
tion by zwitterions and further demonstrate their unique
ability to induce LHCEs, which were not realized in earlier
studies. These distinctive solvation chemistries, together
with robust SEI regulation, enable our full cells to deliver
a record-high capacity of 8.10 mAh cm™2 at an ultrahigh
active material loading of 50 mg cm™2, underscoring both
their scientific significance and commercialization potential
(Tables S4-S7).

Although this study mainly focuses on the Zn anode and
electrolyte chemistry, we have nevertheless supplemented
characterization on the cycled cathode to dispel any concerns
about possible side reactions on the cathode side. To verify the
stability of C,, on the cathode side, we selected the electrode
charged to 1.6 V (after 20 cycles) for characterization. This
is because if C,,, were to undergo side reactions, they would
most likely occur under high-potential (oxidizing) rather than
low-potential (reducing) conditions. Moreover, 1.6 V is the
cutoff charging voltage used in this work, at which both the
electrolyte and additive are more susceptible to oxidation or
decomposition. Thus, testing under this condition can better
reflect the stability of C,, [65, 66]. We first examined the
electrode surface morphology. The SEM images show highly
consistent structures between the two samples, indicating that
the introduction of C,, did not cause any noticeable struc-
tural damage or side reactions (Figs. S54 and S55). The cross-
sectional SEM images further confirmed that the presence
of C,, did not alter the morphology or structural continuity
of the electrode layer (Figs. S56 and S57). Meanwhile, the
corresponding EDX spectra (Fig. S58) showed that all ele-
ments were uniformly distributed in the Zn(OTf),/C,, sample,
without any signs of local enrichment or formation of new
phases. According to the quantitative results, the content of
N and S slightly increased, which can be attributed to the
adsorption or residual presence of C;, molecules (Table S8).
However, SEM and EDX alone cannot provide information
on the chemical states; therefore, we further performed XPS
analysis to examine possible changes in chemical bonding and
interfacial composition (Fig. S59). From the C 1s spectra (Fig.
S59a, b), no new peaks were observed after introducing C,,
and the overall pattern remained identical to that of the pris-
tine electrode, confirming that C,, does not undergo chemi-
cal decomposition or form new carbon-containing species at
high potentials. The S 2p spectra (Fig. S59c) of both samples
exhibited nearly identical profiles, in which the —SO; signal

© The authors

originated from the retained Zn(OTf), salt and C,,, suggesting
that the electrolyte composition was well preserved. In the N
1s spectra (Fig. S59d), a distinct signal at~402 eV appeared
only in the C,,-containing electrode, corresponding to the
quaternary ammonium group of C,,. The absence of addi-
tional peaks indicates that the nitrogen environment remained
intact, ruling out possible cleavage or oxidation of C,, during
charging. Furthermore, the V 2p spectra (Fig. S59¢) of both
electrodes displayed identical features, evidencing that C,
didn’t alter the valence state of vanadium [67]. Collectively,
these results verify that C,, remains chemically stable even
under the oxidative environment of 1.6 V. Its presence not
only avoids parasitic reactions but also contributes to main-
taining the structural integrity and compositional uniformity
of the cathode interface.

3 Conclusions

In this work, we have demonstrated that a self-assembled
ordered nanostructure of zwitterionic C,, co-solutes induced
LHCES through the formation of both CIP and AGG for the
increased local Zn>" concentration. This ordered nanostruc-
ture of C,, was characterized as the quasi-spherical aggre-
gates with a periodic length of 3.77 nm, which contributed
to the formation of LHCEs, as verified by comprehensive
analyses of synchronous SAXS, one-dimensional scattering,
Guinier, PDDF, Porod techniques, and MD simulations. This
unique solvated structure by the modified hydrogen-bond-
ing networks was further characterized using FTIR, SERS,
NMR, and computational analyses. Along withe the solvated
structure, the EDL and SEI structrues were also modified
facilitating interfacial charge transfer and suppressing par-
astitic reactions. Screening six types of zwitterionic com-
pounds and varying concentrations, 1 molality of C,, was
chosen as the optimum owing to the well-defined aggregated
structures and high ionic conductivity and t,, values. The
resulting ZnllZn symmetric cells in Zn(OTf),/C,, electro-
lytes achieved dendrite-free plating/stripping for over 2800 h
at 1 mA cm™2 and 1 mAh cm™2 preserving long-term stabil-
ity over 1200 h even at 5 mA cm™2 and 5 mAh cm™2 with
a high DOD of 42.7%. Furthermore, the ZnlIlVO,/CNT full
cells in Zn(OTf),/C,, electrolytes delivered the remarkable
reversible capacity of up to 185 mAh g~! after 1000 cycles,
delivering a high areal capacity of 3.28 mAh cm~ after 520
cycles at a high mass loading of 20 mg cm™2. In particular,
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Zn(OTY),/C,, electrolytes allowed full cells to achieve a
record-high capacity of 8.10 mAh cm™ at an ultrahigh mass
loading of 50 mg cm ™ after 150 cycles. Therefore, this work
underscores the importance of colloidal self-assembly on
the control in the solvation environment and local interfa-
cial structures by the nanoscale ordered structure as well as
provides the rational design of advanced LHCEs for next-
generation metal batteries.

Acknowledgements This work was financially supported by the
National Research Foundation of Korea (NRF) grant funded by the
Korean government (MSIT) (No. NRF-2020R1A3B2079803 and
No. RS-2024-00453815), Republic of Korea.

Author Contributions S. H. contributed to conceptualization,
data curation, formal analysis, investigation, validation, visuali-
zation, writing—original draft, and writing—review and editing.
Z. H., and Z. W. contributed to software, formal analysis, and
writing—original draft. Y. P. contributed to data curation, formal
analysis, and investigation. Q. D. contributed to conceptualiza-
tion, formal analysis, validation, visualization, investigation, and
supervision. X. W. M., J. S. K, J. G.,, D. H. M, H. F., and P. X.
contributed to data curation, formal analysis, investigation, and
writing—original draft. Y. M. J., J. K., H. L., C. H., Y. K., and C.
C. L. contributed to supervision. H. S. P. contributed to conceptual-
ization, formal analysis, investigation, funding acquisition, project
administration, resources, supervision, writing—original draft, and
writing—review and editing.

Declarations

Conflict of interest The authors declare no interest conflict. They
have no known competing financial interests or personal relationships
that could have appeared to influence the work reported in this paper.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and
the source, provide a link to the Creative Commons licence, and
indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Com-
mons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Com-
mons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of
this licence, visit http://creativecommons.org/licenses/by/4.0/.

Supplementary Information The online version contains
supplementary material available at https://doi.org/10.1007/
s40820-025-02040-4.

/‘\ SHANGHAI JIAO TONG UNIVERSITY PRESS

References

1. B. Dunn, H. Kamath, J.-M. Tarascon, Electrical energy storage
for the grid: a battery of choices. Science 334(6058), 928-935
(2011). https://doi.org/10.1126/science.1212741

2. K. Xu, C. Wang, Batteries: widening voltage windows. Nat.
Energy 1(10), 16161 (2016). https://doi.org/10.1038/nenergy.
2016.161

3. S. Huang, P. Zhang, J. Lu, J.S. Kim, D.H. Min et al., Molecu-
larly engineered multifunctional imide derivatives for practical
Zn metal full cells. Energy Environ. Sci. 17(20), 7870-7881
(2024). https://doi.org/10.1039/d4ee02867h

4. S. Higashi, S.W. Lee, J.S. Lee, K. Takechi, Y. Cui, Avoiding
short circuits from zinc metal dendrites in anode by backside-
plating configuration. Nat. Commun. 7, 11801 (2016). https://
doi.org/10.1038/ncomms11801

5. D. Chao, C. Zhu, M. Song, P. Liang, X. Zhang et al., A High-
Rate and Stable Quasi-Solid-State Zinc-Ion Battery with
Novel 2D Layered Zinc Orthovanadate Array. Adv. Mater.
30(32), 1803181 (2018). https://doi.org/10.1002/adma.20180
3181

6. H. He, H. Tong, X. Song, X. Song, J. Liu, Highly stable Zn
metal anodes enabled by atomic layer deposited Al,O; coat-
ing for aqueous zinc-ion batteries. J. Mater. Chem. A 8(16),
7836-7846 (2020). https://doi.org/10.1039/d0ta00748;]

7. F. Wang, O. Borodin, T. Gao, X. Fan, W. Sun et al., Highly
reversible zinc metal anode for aqueous batteries. Nat.
Mater. 17(6), 543-549 (2018). https://doi.org/10.1038/
s41563-018-0063-z

8. D. Li, L. Cao, T. Deng, S. Liu, C. Wang, Design of a solid
electrolyte interphase for aqueous Zn batteries. Angew. Chem.
Int. Ed. 60(23), 13035-13041 (2021). https://doi.org/10.1002/
anie.202103390

9. M. Han, J. Huang, X. Xie, T.C. Li, J. Huang et al., Hydrated
Eutectic Electrolyte with Ligand-Oriented Solvation Shell to
Boost the Stability of Zinc Battery. Adv. Funct. Mater. 32(25),
2110957 (2022). https://doi.org/10.1002/adfm.202110957

10. Z. Zhao, R. Wang, C. Peng, W. Chen, T. Wu et al., Hori-
zontally arranged zinc platelet electrodeposits modulated by
fluorinated covalent organic framework film for high-rate and
durable aqueous zinc ion batteries. Nat. Commun. 12(1), 6606
(2021). https://doi.org/10.1038/s41467-021-26947-9

11. Y. Chen, L. Miao, Z. Song, H. Duan, Y. Lv et al., Dynamic
amorphous Zn, ;;MnO,—n-0.52H,0 electrochemical crystal
transition for highly reversible zinc-ion batteries with ultra-
high capacity and long lifespan. Adv. Funct. Mater. 34(49),
2409428 (2024). https://doi.org/10.1002/adfm.202409428

12. D. Zhang, L. Miao, Z. Song, X. Zheng, Y. Lv et al., Electro-
lyte additive strategies for safe and high-performance aque-
ous zinc-ion batteries: a mini-review. Energy Fuels 38(14),
12510-12527 (2024). https://doi.org/10.1021/acs.energyfuels.
4c02287

13. H. Liu, Z. Xin, B. Cao, Z. Xu, B. Xu et al., Polyhydroxylated
organic molecular additives for durable aqueous zinc battery.
Adv. Funct. Mater. 34(4), 2309840 (2024). https://doi.org/10.
1002/adfm.202309840

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s40820-025-02040-4
https://doi.org/10.1007/s40820-025-02040-4
https://doi.org/10.1126/science.1212741
https://doi.org/10.1038/nenergy.2016.161
https://doi.org/10.1038/nenergy.2016.161
https://doi.org/10.1039/d4ee02867h
https://doi.org/10.1038/ncomms11801
https://doi.org/10.1038/ncomms11801
https://doi.org/10.1002/adma.201803181
https://doi.org/10.1002/adma.201803181
https://doi.org/10.1039/d0ta00748j
https://doi.org/10.1038/s41563-018-0063-z
https://doi.org/10.1038/s41563-018-0063-z
https://doi.org/10.1002/anie.202103390
https://doi.org/10.1002/anie.202103390
https://doi.org/10.1002/adfm.202110957
https://doi.org/10.1038/s41467-021-26947-9
https://doi.org/10.1002/adfm.202409428
https://doi.org/10.1021/acs.energyfuels.4c02287
https://doi.org/10.1021/acs.energyfuels.4c02287
https://doi.org/10.1002/adfm.202309840
https://doi.org/10.1002/adfm.202309840

194

Page 18 of 20

Nano-Micro Lett. (2026) 18:194

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

P. Xiong, Y. Kang, N. Yao, X. Chen, H. Mao et al., Zn-ion
transporting, in situ formed robust solid electrolyte interphase
for stable zinc metal anodes over a wide temperature range.
ACS Energy Lett. 8(3), 1613-1625 (2023). https://doi.org/10.
1021/acsenergylett.3c00154

T. Xiao, J.-L. Yang, B. Zhang, J. Wu, J. Li et al., All-round
ionic liquids for shuttle-free zinc-iodine battery. Angew.
Chem. Int. Ed. 63(8), €202318470 (2024). https://doi.org/10.
1002/anie.202318470

Y.-C. Gao, Y.-H. Yuan, S. Huang, N. Yao, L. Yu et al., Angew.
Chem. Int. Ed. 64(4), €202416506 (2025). https://doi.org/10.
1002/anie.202416506

Y.-C. Gao, N. Yao, X. Chen, L. Yu, R. Zhang et al., Data-
driven insight into the reductive stability of ion—solvent
complexes in lithium battery electrolytes. J. Am. Chem. Soc.
145(43), 23764-23770 (2023). https://doi.org/10.1021/jacs.
3c08346

S. Huang, H. Fu, HM. Kwon, M.S. Kim, J.-D. Zhang
et al., Stereoisomerism of multi-functional electrolyte addi-
tives for initially anodeless aqueous zinc metal batteries.
Nat. Commun. 16(1), 6117 (2025). https://doi.org/10.1038/
s41467-025-61382-0

Z. Liu, R. Wang, Q. Ma, J. Wan, S. Zhang et al., A dual-
functional organic electrolyte additive with regulating suitable
overpotential for building highly reversible aqueous zinc ion
batteries. Adv. Funct. Mater. 34(5), 2214538 (2024). https://
doi.org/10.1002/adfm.202214538

Z. Hu, X. Wang, W. Du, Z. Zhang, Y. Tang et al., Crowding
effect-induced zinc-enriched/water-lean polymer interfacial
layer toward practical Zn-iodine batteries. ACS Nano 17(22),
23207-23219 (2023). https://doi.org/10.1021/acsnano.3¢100
81

G. Yoo, Y.-G. Lee, B. Im, D.G. Kim, Y.-R. Jo et al., Inte-
grated solution for a stable and high-performance zinc-ion bat-
tery using an electrolyte additive. Energy Storage Mater. 61,
102845 (2023). https://doi.org/10.1016/j.ensm.2023.102845

J. Lu, T. Wang, J. Yang, X. Shen, H. Pang et al., Multifunc-
tional self-assembled bio-interfacial layers for high-perfor-
mance zinc metal anodes. Angew. Chem. Int. Ed. 63(42),
€202409838 (2024). https://doi.org/10.1002/anie.202409838
Z. Yang, Y. Sun, J. Li, G. He, G. Chai, Noncovalent interac-
tions-driven self-assembly of polyanionic additive for long
anti-calendar aging and high-rate zinc metal batteries. Adv.
Sci. 11(33), 2404513 (2024). https://doi.org/10.1002/advs.
202404513

G. Beaucage, Approximations leading to a unified exponential/
power-law approach to small-angle scattering. J. Appl. Crys-
tallogr. 28(6), 717-728 (1995). https://doi.org/10.1107/S0021
889895005292

L. Suo, O. Borodin, W. Sun, X. Fan, C. Yang et al., Advanced
high-voltage aqueous lithium-ion battery enabled by “water-
in-bisalt” electrolyte. Angew. Chem. Int. Ed. 55(25), 7136—
7141 (2016). https://doi.org/10.1002/anie.201602397

L. Suo, O. Borodin, T. Gao, M. Olguin, J. Ho et al., “Water-
in-salt” electrolyte enables high-voltage aqueous lithium-ion

© The authors

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

chemistries. Science 350(6263), 938-943 (2015). https://doi.
org/10.1126/science.aab1595

X. Ren, S. Chen, H. Lee, D. Mei, M.H. Engelhard et al., Local-
ized high-concentration sulfone electrolytes for high-efficiency
lithium-metal batteries. Chem 4(8), 1877-1892 (2018). https://
doi.org/10.1016/j.chempr.2018.05.002

Z.Wu, R. Li, S. Zhang, L. lv, T. Deng et al., Deciphering and
modulating energetics of solvation structure enables aggres-
sive high-voltage chemistry of Li metal batteries. Chem 9(3),
650-664 (2023). https://doi.org/10.1016/j.chempr.2022.10.027
S. Zhang, Q. Gou, W. Chen, H. Luo, R. Yuan et al., Co-regu-
lating solvation structure and hydrogen bond network via bio-
inspired additive for highly reversible zinc anode. Adv. Sci.
11(35), 2404968 (2024). https://doi.org/10.1002/advs.20240
4968

Y. Guo, R.M. Bustin, Micro-FTIR spectroscopy of liptinite
macerals in coal. Int. J. Coal Geol. 36(3—4), 259-275 (1998).
https://doi.org/10.1016/S0166-5162(97)00044-X

H.-J. Peng, J. Liang, L. Zhu, J.-Q. Huang, X.-B. Cheng et al.,
Catalytic self-limited assembly at hard templates: a mes-
oscale approach to graphene nanoshells for lithium—sulfur
batteries. ACS Nano 8(11), 11280-11289 (2014). https://
doi.org/10.1021/nn503985s

M. Wu, Y. Zhang, L. Xu, C. Yang, M. Hong et al., A sus-
tainable chitosan-zinc electrolyte for high-rate zinc-metal
batteries. Matter 5(10), 3402-3416 (2022). https://doi.org/
10.1016/j.matt.2022.07.015

H. Wu, J. Hao, S. Zhang, Y. Jiang, Y. Zhu et al., Aqueous
zinc—iodine pouch cells with long cycling life and low self-
discharge. J. Am. Chem. Soc. 146(24), 16601-16608 (2024).
https://doi.org/10.1021/jacs.4c03518

Y.-X. Yao, X. Chen, C. Yan, X.-Q. Zhang, W.-L. Cai et al.,
Regulating interfacial chemistry in lithium-ion batteries
by a weakly solvating electrolyte. Angew. Chem. 133(8),
4136-4143 (2021). https://doi.org/10.1002/ange.202011482

T. Wang, Y. Wang, P. Cui, H. Geng, Y. Wu et al., Construct-
ing a gradient soft-coupled SEI film using a dilute ternary
electrolyte system towards high-performance zinc-ion bat-
teries with wide temperature stability. Energy Environ. Sci.
18(5), 2546-2558 (2025). https://doi.org/10.1039/d4ee0
5894a

G.R. Pastel, M.S. Ding, T.P. Pollard, O. Borodin, M. Schroeder
et al., Cation-dependent solvation behavior of aqueous triflate
electrolytes. ACS Electrochem. 1(4), 486—493 (2025). https://
doi.org/10.1021/acselectrochem.4c00100

L.-L. Jiang, C. Yan, Y.-X. Yao, W. Cai, J.-Q. Huang et al.,
Inhibiting solvent co-intercalation in a graphite anode by a
localized high-concentration electrolyte in fast-charging
batteries. Angew. Chem. Int. Ed. 60(7), 3402-3406 (2021).
https://doi.org/10.1002/anie.202009738

I.C. Tran, R.H. Tunuguntla, K. Kim, J.R.I. Lee, T.M. Willey
et al., Structure of carbon nanotube porins in lipid bilayers: an
in situ small-angle X-ray scattering (SAXS) study. Nano Lett.
16(7), 4019-4024 (2016). https://doi.org/10.1021/acs.nanolett.
6b00466

https://doi.org/10.1007/s40820-025-02040-4


https://doi.org/10.1021/acsenergylett.3c00154
https://doi.org/10.1021/acsenergylett.3c00154
https://doi.org/10.1002/anie.202318470
https://doi.org/10.1002/anie.202318470
https://doi.org/10.1002/anie.202416506
https://doi.org/10.1002/anie.202416506
https://doi.org/10.1021/jacs.3c08346
https://doi.org/10.1021/jacs.3c08346
https://doi.org/10.1038/s41467-025-61382-0
https://doi.org/10.1038/s41467-025-61382-0
https://doi.org/10.1002/adfm.202214538
https://doi.org/10.1002/adfm.202214538
https://doi.org/10.1021/acsnano.3c10081
https://doi.org/10.1021/acsnano.3c10081
https://doi.org/10.1016/j.ensm.2023.102845
https://doi.org/10.1002/anie.202409838
https://doi.org/10.1002/advs.202404513
https://doi.org/10.1002/advs.202404513
https://doi.org/10.1107/S0021889895005292
https://doi.org/10.1107/S0021889895005292
https://doi.org/10.1002/anie.201602397
https://doi.org/10.1126/science.aab1595
https://doi.org/10.1126/science.aab1595
https://doi.org/10.1016/j.chempr.2018.05.002
https://doi.org/10.1016/j.chempr.2018.05.002
https://doi.org/10.1016/j.chempr.2022.10.027
https://doi.org/10.1002/advs.202404968
https://doi.org/10.1002/advs.202404968
https://doi.org/10.1016/S0166-5162(97)00044-X
https://doi.org/10.1021/nn503985s
https://doi.org/10.1021/nn503985s
https://doi.org/10.1016/j.matt.2022.07.015
https://doi.org/10.1016/j.matt.2022.07.015
https://doi.org/10.1021/jacs.4c03518
https://doi.org/10.1002/ange.202011482
https://doi.org/10.1039/d4ee05894a
https://doi.org/10.1039/d4ee05894a
https://doi.org/10.1021/acselectrochem.4c00100
https://doi.org/10.1021/acselectrochem.4c00100
https://doi.org/10.1002/anie.202009738
https://doi.org/10.1021/acs.nanolett.6b00466
https://doi.org/10.1021/acs.nanolett.6b00466

Nano-Micro Lett.

(2026) 18:194

Page 19 0of 20 194

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Y.-W. Song, L. Shen, N. Yao, X.-Y. Li, C.-X. Bi et al., Cationic
lithium polysulfides in lithium—sulfur batteries. Chem 8(11),
3031-3050 (2022). https://doi.org/10.1016/j.chempr.2022.07.
004

D.P. Stevenson, G.M. Coppinger, Solvent effects on n — o*
transitions; complex formation between amines and halometh-
anes. J. Am. Chem. Soc. 84(2), 149-152 (1962). https://doi.
org/10.1021/ja00861a004

O. Ikkala, G. ten Brinke, Hierarchical self-assembly in poly-
meric complexes: towards functional materials. Chem. Com-
mun. 19, 2131-2137 (2004). https://doi.org/10.1039/b403983a

J. Li, F. Xie, W. Pang, Q. Liang, X. Yang et al., Regulate
transportation of ions and polysulfides in all-solid-state Li-S
batteries using ordered-MOF composite solid electrolyte. Sci.
Adv. 10(11), eadl3925 (2024). https://doi.org/10.1126/sciadv.
adl3925

L. Ma, T.P. Pollard, Y. Zhang, M.A. Schroeder, M.S. Ding
et al., Functionalized phosphonium cations enable zinc metal
reversibility in aqueous electrolytes. Angew. Chem. Int. Ed.
60(22), 12438-12445 (2021). https://doi.org/10.1002/anie.
202017020

M.C. Leake, J.H. Chandler, G.H. Wadhams, F. Bai, R.M.
Berry et al., Stoichiometry and turnover in single, function-
ing membrane protein complexes. Nature 443(7109), 355-358
(2006). https://doi.org/10.1038/nature05135

T.M. Davis, T.O. Drews, H. Ramanan, C. He, J. Dong et al.,
Mechanistic principles of nanoparticle evolution to zeolite
crystals. Nat. Mater. 5(5), 400-408 (2006). https://doi.org/
10.1038/nmat1636

P. Bender, L.K. Bogart, O. Posth, W. Szczerba, S.E. Rogers
et al., Structural and magnetic properties of multi-core nano-
particles analysed using a generalised numerical inversion
method. Sci. Rep. 7, 45990 (2017). https://doi.org/10.1038/
srep45990

J. Fan, S. Willdorf-Cohen, E.M. Schibli, Z. Paula, W. Li
et al., Poly(bis-arylimidazoliums) possessing high hydrox-
ide ion exchange capacity and high alkaline stability. Nat.
Commun. 10(1), 2306 (2019). https://doi.org/10.1038/
$41467-019-10292-z

C.A. Brosey, J.A. Tainer, Evolving SAXS versatility: solution
X-ray scattering for macromolecular architecture, functional
landscapes, and integrative structural biology. Curr. Opin.
Struct. Biol. 58, 197-213 (2019). https://doi.org/10.1016/j.
sbi.2019.04.004

J. Nitsche, 1. Josts, J. Heidemann, H.D. Mertens, S. Maric
et al., Structural basis for activation of plasma-membrane
Ca**-ATPase by calmodulin. Commun. Biol. 1, 206 (2018).
https://doi.org/10.1038/s42003-018-0203-7

R. Zhang, X.-R. Chen, X. Chen, X.-B. Cheng, X.-Q. Zhang
et al., Lithiophilic sites in doped graphene guide uniform lith-
ium nucleation for dendrite-free lithium metal anodes. Angew.
Chem. Int. Ed. 56(27), 7764-7768 (2017). https://doi.org/10.
1002/anie.201702099

J.F. Nagle, S. Tristram-Nagle, Lipid bilayer structure. Curr.
Opin. Struct. Biol. 10(4), 474-480 (2000). https://doi.org/10.
1016/S0959-440X(00)00117-2

/‘\ SHANGHAI JIAO TONG UNIVERSITY PRESS

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Z. Liu, G. Li, M. Xi, Y. Huang, H. Li et al., Interfacial engi-
neering of Zn metal via a localized conjugated layer for highly
reversible aqueous zinc ion battery. Angew. Chem. Int. Ed.
63(14), 202319091 (2024). https://doi.org/10.1002/anie.
202319091

S. Liu, J. Mao, W.K. Pang, J. Vongsvivut, X. Zeng et al., Tun-
ing the electrolyte solvation structure to suppress cathode dis-
solution, water reactivity, and Zn dendrite growth in zinc-ion
batteries. Adv. Funct. Mater. 31(38), 2104281 (2021). https://
doi.org/10.1002/adfm.202104281

Y. Wang, Z. Wang, W.K. Pang, W. Lie, J.A. Yuwono et al.,
Solvent control of water O-H bonds for highly reversible zinc
ion batteries. Nat. Commun. 14(1), 2720 (2023). https://doi.
org/10.1038/s41467-023-38384-x

S. Liu, R. Zhang, J. Mao, Y. Zhao, Q. Cai et al., From room
temperature to harsh temperature applications: fundamentals
and perspectives on electrolytes in zinc metal batteries. Sci.
Adv. 8(12), eabn5097 (2022). https://doi.org/10.1126/sciadv.
abn5097

R. Zhang, W.K. Pang, J. Vongsvivut, J.A. Yuwono, G. Liet al.,
Weakly solvating aqueous-based electrolyte facilitated by a
soft co-solvent for extreme temperature operations of zinc-
ion batteries. Energy Environ. Sci. 17(13), 4569-4581 (2024).
https://doi.org/10.1039/d4ee00942h

K. Xu, A. von Cresce, Interfacing electrolytes with electrodes
in Li ion batteries. J. Mater. Chem. 21(27), 9849 (2011).
https://doi.org/10.1039/c0jm04309e

G. Liu, Z. Sun, X. Shi, X. Wang, L. Shao et al., 2D-layer-struc-
ture Bi to quasi-1D-structure NiBi5: structural dimensionality
reduction to superior sodium and potassium ion storage. Adv.
Mater. 35(41), 2305551 (2023). https://doi.org/10.1002/adma.
202305551

Y.-K. Liu, C.-Z. Zhao, J. Du, X.-Q. Zhang, A.-B. Chen et al.,
Research progresses of liquid electrolytes in lithium-ion bat-
teries. Small 19(8), 2205315 (2023). https://doi.org/10.1002/
smll.202205315

D.R. Ely, R.E. Garcia, Heterogeneous nucleation and growth
of lithium electrodeposits on negative electrodes. J. Electro-
chem. Soc. 160(4), A662—-A668 (2013). https://doi.org/10.
1149/1.057304jes

W.G. Kidanu, J. Hur, H.-W. Choi, M.I. Kim, I.T. Kim, High
capacity and inexpensive multivalent cathode materials for
aqueous rechargeable Zn-ion battery fabricated via in situ
electrochemical oxidation of VO, nanorods. J. Power. Sources
523, 231060 (2022). https://doi.org/10.1016/j.jpowsour.2022.
231060

Z. Wang, P. Cui, X. Wang, M. Chang, Y. Yu et al., Co-substi-
tution engineering boosting the kinetics and stablity of VO, for
Zn ion batteries. Adv. Funct. Mater. 34(46), 2407925 (2024).
https://doi.org/10.1002/adfm.202407925

S. Huang, X. Qin, C. Lei, X. Miao, T. Wei, A one-pot method
to fabricate reduced graphene oxide (rGO)-coated Si@
SiOx @ B-Bi,04/Bi composites for lithium-ion batteries. Elec-
trochim. Acta 390, 138857 (2021). https://doi.org/10.1016/j.
electacta.2021.138857

@ Springer


https://doi.org/10.1016/j.chempr.2022.07.004
https://doi.org/10.1016/j.chempr.2022.07.004
https://doi.org/10.1021/ja00861a004
https://doi.org/10.1021/ja00861a004
https://doi.org/10.1039/b403983a
https://doi.org/10.1126/sciadv.adl3925
https://doi.org/10.1126/sciadv.adl3925
https://doi.org/10.1002/anie.202017020
https://doi.org/10.1002/anie.202017020
https://doi.org/10.1038/nature05135
https://doi.org/10.1038/nmat1636
https://doi.org/10.1038/nmat1636
https://doi.org/10.1038/srep45990
https://doi.org/10.1038/srep45990
https://doi.org/10.1038/s41467-019-10292-z
https://doi.org/10.1038/s41467-019-10292-z
https://doi.org/10.1016/j.sbi.2019.04.004
https://doi.org/10.1016/j.sbi.2019.04.004
https://doi.org/10.1038/s42003-018-0203-7
https://doi.org/10.1002/anie.201702099
https://doi.org/10.1002/anie.201702099
https://doi.org/10.1016/S0959-440X(00)00117-2
https://doi.org/10.1016/S0959-440X(00)00117-2
https://doi.org/10.1002/anie.202319091
https://doi.org/10.1002/anie.202319091
https://doi.org/10.1002/adfm.202104281
https://doi.org/10.1002/adfm.202104281
https://doi.org/10.1038/s41467-023-38384-x
https://doi.org/10.1038/s41467-023-38384-x
https://doi.org/10.1126/sciadv.abn5097
https://doi.org/10.1126/sciadv.abn5097
https://doi.org/10.1039/d4ee00942h
https://doi.org/10.1039/c0jm04309e
https://doi.org/10.1002/adma.202305551
https://doi.org/10.1002/adma.202305551
https://doi.org/10.1002/smll.202205315
https://doi.org/10.1002/smll.202205315
https://doi.org/10.1149/1.057304jes
https://doi.org/10.1149/1.057304jes
https://doi.org/10.1016/j.jpowsour.2022.231060
https://doi.org/10.1016/j.jpowsour.2022.231060
https://doi.org/10.1002/adfm.202407925
https://doi.org/10.1016/j.electacta.2021.138857
https://doi.org/10.1016/j.electacta.2021.138857

194

Page 20 of 20

Nano-Micro Lett. (2026) 18:194

64.

65.

66.

Y. Chen, T. Zhou, L. Li, W.K. Pang, X. He et al., Interfacial
engineering of nickel boride/metaborate and its effect on high
energy density asymmetric supercapacitors. ACS Nano 13(8),
9376-9385 (2019). https://doi.org/10.1021/acsnano.9b04005
Z.Song, W. Liu, Q. Huang, Y. Lv, L. Gan et al., Unlocking the
potential of a multi-electron p-type polyheterocycle cathode:
when it meets a small-size and high-charge anion. Chem. Sci.
16(36), 16542-16551 (2025). https://doi.org/10.1039/d5scO
5022¢g

Y. Fu, Y. Zhang, Q. Huang, P. Liu, Y. Lv et al., Conjugated
nanofibrous organic cathodes with high-density carbonyl/

© The authors

67.

imine redox sites for superior NH,*/H" co-storage. Mater.
Horiz. 12(17), 6733-6740 (2025). https://doi.org/10.1039/
d5mh00859j

K. Guo, Z. Song, Y. Lv, L. Gan, M. Liu, Inorganic—organic
co-intercalated [Al ;4(CsH;,ON), 1,1 V,05-0.39H,0 cathode
for high-performance aqueous zinc-ion batteries. Adv. Funct.
Mater. 35(41), 2506036 (2025). https://doi.org/10.1002/adfm.
202506036

Publisher’s Note Springer Nature remains neutral with regard to

jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1007/s40820-025-02040-4


https://doi.org/10.1021/acsnano.9b04005
https://doi.org/10.1039/d5sc05022g
https://doi.org/10.1039/d5sc05022g
https://doi.org/10.1039/d5mh00859j
https://doi.org/10.1039/d5mh00859j
https://doi.org/10.1002/adfm.202506036
https://doi.org/10.1002/adfm.202506036

	Self-Assembled Ordered Nanostructure of Zwitterionic Co-Solutes Induces Localized High-Concentration Electrolytes for Ultrastable and Efficient Zinc Metal Anodes
	Highlights
	Abstract 

	1 Introduction
	2 Results and Discussion
	2.1 Organization of C10 and the Associated LHCEs
	2.2 Investigation of C10 on Parasitic Reactions and Interphasial Structure
	2.3 Electrochemical Performance of Zn Metal Batteries in C10 Containing LHCEs

	3 Conclusions
	Acknowledgements 
	References


