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Concentration polarization induced phase
rigidification in ultralow salt colloid
chemistry to stabilize cryogenic Zn batteries

Baojiu Hao1, Jinqiu Zhou1 , Hao Yang1, Changhao Zhu1, ZhenkangWang1, Jie Liu1,
Chenglin Yan 2,3 & Tao Qian 1

The breakthrough in electrolyte technology stands as a pivotal factor driving
the battery revolution forward. The colloidal electrolytes, as one of the
emerging electrolytes, will arise gushing research interest due to their com-
plex colloidal behaviors and mechanistic actions at different conditions
(aqueous/nonaqueous solvents, salt concentrations etc.). Herein, we show
“beyond aqueous” colloidal electrolytes with ultralow salt concentration and
inherent low freezing points to investigate its underlying mechanistic princi-
ples to stabilize cryogenic Zn metal batteries. Impressively, the “seemingly
undesired” concentration polarization at the interface would disrupt the
coalescence stability of the electrolyte, leading to a mechanically rigid inter-
phase of colloidal particle-rich layer, positively inhibiting side reactions on
either side of the electrodes. Importantly, the multi-layered pouch cells with
cathode loading of 10mg cm–2 exhibit undecayed capacity at various tem-
peratures, and a relatively high capacity of 50mAh g–1 could be well main-
tained at −80 °C.

Electrolytes constitute a fundamental and indispensable constituent
within the realm of battery chemistry. While they may not directly
impact the energy density of batteries, electrolytes, and their asso-
ciated interfaces exert significant influences on the stability of cathode
and anode, cycling life, and power density. Many state-of-the-art
electrolytes have been designed, incorporating not only conventional
strategies of functional additives1, high-concentration electrolytes2–5,
quasi-solid or solid electrolytes6,7, but also emerging innovative stra-
tegies including suspended electrolyte8, eutectic electrolyte9,10, nano
solid electrolyte11, and colloidal electrolyte (CE)12,13, etc, to modify the
ionic solvation structure and improve batteries’ reversibility. Among
them, the recently proposed CEs stand out as a promising category of
electrolytes. In particular, thanks to the compatibility of colloids in the
aqueous and “beyond aqueous” phases, many kinds of CEs have been
reported in the field of lithium metal/ion battery and aqueous bat-
teries. For example, trace amount of lithium thiocarbonate colloid14,

covalent organic nanosheet colloid15 in commercial carbonate elec-
trolyte can tune the microscopic Li+ solvation structure and tailor the
interfacial charge transfer. Lithium magnesium silicate16,
palygorskite17, and graphene oxide quantumdots18 are introduced into
the aqueous solution to improve the reversibility of metal anode
plating/stripping behavior and regulate the ice growth at cryogenic
environment.

However, it should be noted that the colloid is a complex and
dynamic polyphase mixture consisting of dispersing medium, colloid
particles, and electric double layer around colloid particles. Given the
fluidity of the liquid and the complexity of the composition of the
colloidal system, they exhibit complex and changing macroscopic
physical properties that do not conform to standard concepts of
solids, liquids, or gases19. Especially for CEs, the presence of dissolved
saline ions imparts its unforeseen properties. Unfortunately, it has not
been noticed yet to study the colloid chemistry and colloid behavior in
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CEs. Although the CEs may appear as a homogeneous solution, it is
important to note that there exists a distinct physical interface
between the colloidal particles and the medium, rendering it an
inherently non-uniform system with ultra-high dispersion and multi-
phase characteristics. Stable CEs must possess both coalescence sta-
bility anddynamic stability, with a greater emphasis on the former. The
mutual repulsion of charges on the surface of colloidal particles is a
key determinant for their coalescence stability20. Our team proposed
to disrupt the coalescence stability state by highly concentrated salt in
order to generate a colloidal quasi-solid electrolyte directly21. How-
ever, the underlying mechanism governing the behavior of CEs in low-
concentration salt conditions remains elusive. It is noteworthy that
low-concentration salts exhibit significant potential with a genuine
sense of cost-effectiveness22–24. During the battery cycle process, fac-
tors such as the electric field effect and its constantly changing
direction, ion concentration’s variations at the interface, and bulk
phase of electrolyte can significantly influence both the stable state
and motion behavior of colloidal particles. This particular aspect per-
taining to CEs remains inadequately investigated.

Zinc metal batteries (ZMBs) have emerged as a promising candi-
date for large-scale energy storage owing to their high safety, abun-
dant materials availability, and the inherent advantages of Zn in terms
of low redox potential (−0.76 V vs. standard hydrogen electrode) and
high theoretical capacity (820mAhg−1)25. However, due to the influ-
ence of active water in aqueous electrolytes, a range of issues such as
the growth of dendrites, hydrogen evolution reaction, side reactions,
and dissolution of cathode severely hinder the further development of
ZMBs26,27. The “beyond aqueous” electrolytes, devoid of water, effec-
tively circumvent water decomposition, and the generation of water-
related byproducts. In comparison to aqueous electrolytes, these
“beyond aqueous” counterparts demonstrate a broad electrochemical
stability range and exceptional thermodynamic stability for Zn anodes,
resulting in enhanced reversibility of Zn plating/stripping with heigh-
tened Coulombic efficiencies28. Furthermore, colloidal particles exhi-
bit compatibility with “beyond aqueous” electrolyte systems, and the
majority of “beyond aqueous” solvents exhibit remarkably low freez-
ing points. These advantages confer significant potential to CEs in
practical applications of ZMBs under non-standard conditions, such as
cold environments, and in terms of industrialization, primarily due to
the inherent properties and cost considerations associated with
electrolytes29–31.

Based on the above considerations, we elaborately design
ultralow-salt-concentration “beyond aqueous” colloid electrolytes
(ULCE) to stabilize the ultralow-temperature ZMBs. The unique phy-
siochemistry and colloid behavior of ULCE realize peculiar phase
rigidification on the electrolyte and electrode interface. Specifically,
the inherent concentration polarization phenomenon occurring dur-
ing battery cycling results in an elevated zinc ion concentration at the
electrode/electrolyte interface on the Zn stripping side32:

Ce=Co � eηnF=RT ð1Þ

WhereCe is the solution ion concentration on electrode interface,Co is
the bulk solution ion concentration, and η is the overpotential (posi-
tive value).

The elevated Ce would lead to excessive neutralization of surface
charge on colloidal particles, thus disrupting their coalescence stabi-
lity, leading to their destabilization and agglomeration at the elec-
trode/electrolyte interface. Therefore, this “seemingly undesired” side
reaction caused by uneven interfacial ion concentration due to con-
centration polarization can be positively reinforced through a low-
concentration saltCE, ultimately in situ generating amechanically rigid
phase of colloidal particle-rich solidified layer on the electrode
surface33. Surprisingly, this solidified layer exhibits exceptional effects
on enhancing cycling performance for both anode and cathode. The

solidified layer facilitates rapid desolvation of Zn2+ ions and con-
currently enhances the interfacial compatibility between the electrode
and electrolyte. The continuous and compact protective layer at the
interfacenot only acts as a barrier to shield solvents anddissolved ions,
safeguarding Zn metal from electrolyte corrosion, but also promotes
uniform nucleation and planar deposition to inhibit dendrite growth.
Furthermore, it can effectively inhibit the dissolution of cathode
material in the electrolyte and prevent the infiltration of solvent
molecules into the intercalation sites of the cathode material, thereby
mitigating their impact on battery capacity and enhancing the stability
of cathode circulation. The resulting formation of a stable interface
layer can also serve as an efficient protective barrier for preserving the
structural integrity and preventing collapse of the cathode material’s
architecture.

Impressively, at the temperature of −80 °C, asymmetric Zn//Cu
cells assembled with ULCE demonstrate stable, long-term cycling for
over 5500 cycles at a current density of 1mA cm–2 and over 9000
cycles at a current density of 2mA cm–2 with a high Zn plating/strip-
ping CE. Especially with a high Zn utilization rate of 50% depth of
discharge (DoDZn), the symmetric Zn//Zn cells could maintain stable
Zn stripping/plating behaviors for 900 h at −80 °C. When paired with
PANI-V2O5 cathodes, the full cells exhibit excellent adaptability to wide
temperature range from 20 to −80 °C, and wide specific currents from
0.01 to 0.5A g–1 at −80 °C. An impressive ultra-long lifespan of 330
cycles with capacity retention rate of 65% is realized at −80 °C. To
further demonstrate its practical application potential, the multi-
layered Zn//PANI-V2O5 pouch cellswithmass loading of 10mgcm–2 are
assembled, which exhibit stable and undecayed capacity of 50mAhg–1

for 50 cycles at −80 °C with a specific current of 0.02 A g–1, suggesting
its good electrochemical property. In addition, the ULCE strategy can
be extended to other kinds of zinc salts. The present study provides an
entry point for further investigating and elucidating the colloidal
behavior and mechanistic action of CEs in low-concentration salt
conditions, thereby expanding the design paradigm of CEs and intro-
ducing promising perspectives for safeguarding battery cathode and
anode interfaces,which has a reference value for stimulating strategies
of colloid utilization.

Results
Concentration-polarization induced phase rigidification
Concentration polarization in batteries arises from the disparity
between the local solution concentration near the electrode and the
uniform concentration of the bulk solution which is situated at a
relatively distant location from the electrode during electrochemical
processes. In the liquid colloidal solution, the presence of negatively
charged colloidal particles leads to electrostatic repulsion, thereby
maintaining a relatively stable colloidal solution system (Supplemen-
tary Fig. 1a). Upon interaction with positively charged cations, the
charges on the surface of colloidal particles can be easily impaired and
neutralized (Supplementary Fig. 1b). Consequently, electrostatic
repulsion among the colloidal particles in the colloid solution dimin-
ishes, initiating destabilization and particle aggregation (Supplemen-
tary Fig. 1c). When the concentration polarization-induced salt
concentration at the interface (Ce) surpasses the critical concentration
(Cc) of colloidal particles coagulation, it leads to enhanced coales-
cencebetween colloidal particles andpolymerizationof theseparticles
at the electrode interface, resulting in a phase interface formation on
the electrode surface (Supplementary Fig. 1d)34. As shown in Fig. 1a, the
concentration of Zn2+ on the Zn stripping side progressively increases
until it surpasses the critical concentration for colloidal particle coa-
gulation in the electrolyte, leading to the formation of condensed
colloidal particles on the electrode surface and thereby establishing a
compact solidified layer interface layer (Supplementary Fig. 2).

Therefore, the variation in Zn2+ concentration at the interface
constitutes the fundamental factor underlying the formation of the
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interfacial layer. Primarily, comprehending alterations in solvation
structure within electrolytes induced by fluctuations in Zn2+ con-
centration is imperative. Raman spectroscopy was employed to
investigate the concentration changes and solvation configurations of
Zn2+ within various CZnCl2

electrolytes4,35,36. As depicted in Fig. 1b, in the
spectral range of 225–450 cm−1, the 0M solution shows no discernible
peaks around this range. Upon the addition of ZnCl2, a distinct peak
emerged and exhibited an increasing trend with rising CZnCl2

, indicat-
ing the formation of solvated Zn2+ species4,37–39. Notably, the intensities
of the peaks increase and the shapes of the peaks change as the con-
centration continues to rise, providing evidence for a changed coor-
dination mode involving Zn ions. To achieve a more precise species’
identification, the solvation structure of electrolytes with varying
CZnCl2

was investigated through molecular simulation (Supplementary
Fig. 3). When the concentration is below 0.5M, solely solvation
structures [Zn(MeOH)5Cl]

− and [Zn(MeOH)4Cl2]
2− are observed. When

the CZnCl2
reaches 0.5M, a solvation structure [Zn(MeOH)3Cl3]

3−

emerges. Then, with the continuous increase of concentration, the
solvation configuration of zinc ion still changes, and the precise per-
centage of various Zn2+ solvation clusters in the different CZnCl2

solu-
tions are illustrated in Supplementary Fig. 3.

Consequently, it is imperative to conduct an analysis on the
agglomeration of colloidal particle under varying salt concentrations.
The change in colloidal particle agglomeration induced by the increase
of salt concentration within the system was observed through small-
angle X-ray scattering (SAXS), which can clearly distinguish ionic
clusters or aggregations at nanoscale, providing evidence for the
occurrence of colloidal particle agglomeration in the electrolyte
(Fig. 1c)40–42. In the SAXS analysis, the position of the main scattering
peak indicates the degree of colloid agglomeration. When the salt
concentration is less than or equal to 0.5M, the scattering peak occurs
at ~0.115 nm−1, and electrolyte remainsmobile (Supplementary Fig. 4a).
As the salt concentration increases, there is a gradual shift in the

position of the main scattering peak and narrowing of its shape, indi-
cating an enhanced agglomeration degree of colloidal particles due to
changes in solvation structure and increased salt concentration, and
the electrolyte undergoes solidification (Supplementary Fig. 4b). The
outcome of this experiment predicts that concentration polarization
would induce a solid phase interface layer formation at the interface
within liquid CEs.

The ratio between Zn2+ and Cl− concentrations can be considered
tobeprecisely equal. Consequently, an increase inZn2+ concentration at
the interface leads to a corresponding increase inCl− concentration, and
the solvation structure formed is consistent with the simulation results.
According to the results in Fig. 1b, the in-situ Raman tests conducted at
the interface aim to provide evidence for the occurrence of con-
centration polarization. The schematic diagram of the experimental
device is illustrated in Supplementary Fig. 5. The zinc sheet was placed
into a pre-prepared specialized electrolytic cell, and 0.5M ULCE was
added. A Raman laser was directed towards the stripping side interface
tomonitor changes in Zn2+ concentration based on variations in Raman
signal intensity. As depicted in Fig. 1d, during continuous Zn stripping,
the Raman signal intensity gradually increases, providing evidence for
an increment in Zn2+ concentration at the interface and confirming the
occurrence of concentration polarization phenomenon, which would
lead to successful formation of a phase rigidification interface layer on
the surface of the Zn electrode (Supplementary Fig. 5).

This conclusion is further supported by the electrochemical
quartz crystal microbalance (EQCM) tests (Fig. 1e, f, Supplementary
Fig. 6). The EQCM test was used to detect mass changes at the nano-
gram level. The variation of the mass deposited on the quartz crystal
exhibits a straightforward linear relationship with the corresponding
movement in vibration frequency. Therefore, it can be utilized to
further simulate the minute mass variation resulting from the forma-
tion and adsorption of interfacial phase rigidification layer on the
electrode surface located within the Zn stripping side43–45. It can be
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seen that, the frequency in the 0.5M ULLE system (ultralow-salt-con-
centration liquid electrolyte without colloidal particles) exhibits sig-
nificant changes, approaching 2.5 kHz, and the corresponding mass
change is also obvious, indicating continuous removal of Zn2+ from Zn
quartz crystal resonator. Conversely, the frequency change in the
0.5MULCE system isminimal. This slight change inmass is suggesting
that the removal of Zn2+ is accompanied by the formation and
adsorption of a solidified layer due to concentration polarization.

The thermal stability of the solidified colloid phase is studied by
using differential scanning calorimeter (DSC). There is no obvious
change during the temperature range of −80 to 100 °C (super-wide
battery application temperature range), confirming the thermal sta-
bility of solidified phase composed of colloidal particles SiO2 (Sup-
plementary Fig. 7). Furthermore, in-situ temperature-change XRD
characterization (Supplementary Fig. 8) was used to capture its
transformation during the temperature-rising period (from −30 to
100 °C). Specifically, the solidified colloid phase exhibits a constant
broad diffraction peak related to amorphous colloidal particles SiO2,
which reveals that the interface layer could remain stable during
temperature-change.

Physicochemical and electrochemical adaptation verification of
ULCE toward ultralow temperature
The freezing point (Tf) is a fundamental property of electrolytes used
in cold regions. In the case of commonly used solvents like water and
many organic solvents, which are molecular crystals, Tf is determined
by the strength of self-association interactions governed by secondary
bonds such as intermolecular forces and hydrogen bonding. Due to
the strong hydrogen bonding networks, water exhibits an unusually
higher Tf than other hydrides of group VIA-elements. However,
methanol (MeOH), the simplest alcohol with a similar structure to
water, displays a significantly lower Tf (−97.5 °C). On one hand, the lack
of molecular symmetry in MeOH leads to looser molecular stacking in
solidMeOH crystals, resulting in decreased lattice energy compared to
ice. On the other hand, steric hindrance caused by the methyl group
impedes the formation of hydrogen bonds between -OH groups.
Consequently, this is reflected in the remarkably low Tf observed for
MeOH. The colloidal solution with colloidal particles dispersed in
MeOH exhibits distinct colloidal characteristics. Moreover, it demon-
strates excellent temperature adaptability. Consequently, even in low-
temperature environments, its intrinsic properties remain unaltered.
The investigation of ultra-low temperature “beyond aqueous” CEs is
thus imperative.

The molecular structure of electrolytes was confirmed using
Fourier transform infrared (FTIR) spectroscopy, which enabled the
observation of characteristic stretching vibrations associated with
different component units (Fig. 2a). The FTIR spectra reveal a sig-
nificant blue shift in the O-H stretching vibrations, ranging from 3000
to 3500 cm−1, which can be attributed to alterations in hydrogen-
bonding environments resulting from the introduction of colloidal
particles rich in silicon hydroxyls. By comparing the infrared spectral
peak of the MeOH with that of the solution subsequent to sequential
addition of colloidal particles and ZnCl2, it is worth noting in Supple-
mentary Fig. 9 that the ν(C-O) stretching located at 1039.7 cm−1 in
MeOH shifts to 1022.4 cm−1 with the addition of colloidal particles and
the ν(Si-O) stretching located at 1117.6 cm−1 shifts to 1084.1 cm−1 with
the addition of ZnCl2, thereby confirming the modified Zn2+ coordi-
nation. These observations indicate that the colloidal particles in the
ULCE exhibit remarkable adaptability in coordinating Zn2+, thereby
facilitating efficient coordination adjustments21.

Not only that, the solvent of the electrolyte, MeOH, has been
successfully endowed with the characteristics of exceptional resis-
tance to ultra-low temperatures. As depicted in Fig. 2b, the solidifica-
tion of 0.5MULAE (ultralow-salt-concentration aqueous electrolyte) at
−20 °C indicates the loss of fluidity, whereas both 0.5M ULLE and

0.5M ULCE retain their flowability even at −80 °C. This observation
further substantiates the potential operability of assembled batteries
under ultra-low temperature conditions. To demonstrate the cryo-
genic durability of ULCE, we investigated the solid-liquid transitions of
different electrolytes using DSC, which provides specific insights into
the thermodynamic changes accompanying temperature variations.
Fig. 2c illustrates the heat changes observed in various electrolytes as
they were subjected to a temperature increase from −80 to 40 °C. It is
found that two electrolytes show various solid-liquid transitions. The
0.5M ULAE exhibits a pronounced endothermic peak near 0 °C, indi-
cative of its solid-to-liquid phase transition. In contrast, the curve for
0.5M ULCE remains consistently smooth throughout the entire pro-
cess, devoid of any discernible state transitions or salt precipitation
and dissolution events. These observations underscore the excep-
tional low-temperature resistance and stability exhibited by this
electrolyte.

Apart from preventing electrolyte freezing, the electrochemical
performanceof theULCE is alsocrucial for efficient operationof ZMBs,
particularly in terms of its high ionic conductivity and excellent com-
patibility with zinc anodes. The ionic conductivities of the 0.5M ULAE
and 0.5M ULCE were evaluated within a temperature range spanning
from −80 to 20 °C (Fig. 2d, Supplementary Figs. 10 and 11). Due to the
hindered ionic conduction of the fully frozen electrolyte at low tem-
peratures, 0.5M ULAE exhibits the fast decay of ionic conductivities
which is 0.037mS cm−1 at −40 °C. As a comparison, the 0.5M ULCE
shows relatively high ionic conductivity which is 2.42mS cm−1 at
−40 °C, and the value remains constant at 0.63mScm−1 even subjected
to extreme temperatures as low as −80 °C. The test results effectively
demonstrate the exceptional low temperature tolerance of ULCE.

As previously discussed, the adjustment of Zn2+ coordination by
colloidal particles weakens the electrostatic interaction between Zn2+

and Cl− or MeOH solvent molecules, thereby facilitating the desolva-
tion process of Zn2+ near the electrode/electrolyte interface. The lower
activation energy indicates higher temperature independence of the
electrolyte, thereby proving its performance at low temperatures. At
the stage of subzero temperature, 0.5M ULCE shows lower activation
energy of 20.62 kJmol−1 caused by its unfrozen property and remained
robust liquidity down to −80 °C, thus the exceptional thermodynamic
performance of ULCE is further demonstrated at ultra-low tempera-
tures (Fig. 2e and Supplementary Fig. 12).

In addition, the suspended colloidal nanoparticles can weak Zn2+-
MeOH coordination due to the strong electron affinity between Zn2+

and colloidal particle, facilitating fast Zn2+ diffusion and desolvation.
The unique chemical coordination facilitates the directedmigration of
Zn2+, thereby leading to a higher Zn2+ transference number in the 0.5M
ULCE (0.74) compared to that in theULLE (0.41, Fig. 2f, Supplementary
Fig. 13)46. This elevated Zn2+ transference number plays a pivotal role in
augmenting the electrochemical performance of the Zn anode
through three key mechanisms: (1) The Zn2+ near the surface of col-
loidal particle is weakly bounded with solvent molecules, facilitating
fast ion diffusion near the solid/liquid interfaces. (2) The solidified
layer forms rapid transmission channel for Zn2+, thereby facilitating
uniform and efficient Zn2+ transmission, and mitigating the con-
centration gradient at the interface. (3) The solidified layer effectively
acts as a barrier, reducing anion concentration in the vicinity of the Zn
anode and mitigating corrosion reactions induced by Cl ions47.

Further use of in-situ cooling Raman spectroscopy was used to
differentiate the structure of ULAE and ULCE from room temperature
(20 °C) to ultralow temperature (−80 °C) through the utilization of a
custom-designed system (Supplementary Fig. 14). The device is
designed to be programmable, enabling precise temperature adjust-
ments through the utilization of liquid nitrogen (as low as −100 °C).
During the cooling process of ULCE, the peak positions remain
unchanged until reaching −80 °C, mirroring the spectrum observed at
room temperature. This observation signifies that the electrolyte
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maintains its structural stability even at ultra-low temperatures. The
viability of normal operation in a low-temperature environment is
further substantiated. Nevertheless, the spectrum of ULAE exhibits a
sharp change with the temperature decreases due to freezing, indi-
cating a significant structural transformation (Fig. 2g, i). The peaks in
the ULAE spectrum exhibit a significant decrease at −20 °C and com-
pletely vanish at −40 °C, indicating that the progressive freezing of
ULAE with decreasing temperature results in electrolyte denaturation.
This is primarily attributed to the susceptibility of ULAE to freezing at
low temperatures, leading to electrolyte denaturation and resulting in
non-uniform liquid-solid phase formation.

To visualize the distribution of ULAE and ULCE solution more
intuitively, low-temperature Raman mapping was carried out. The
color change serves as an indicator of the extent of structural altera-
tion in the electrolytes. Fig. 2h illustrates a pronounced intensity

variation observed in ULAE during the freezing process. As the
majority of the electrolyte solidifies, there is a significant discrepancy
in strength between the frozen and unfrozen regions. The observed
phenomenon can be attributed to the heterogeneous nature of the
ULAE. In contrast, it is evident that the ULCE maintains a relatively
stable state (Fig. 2j). This phenomenon suggests that the ULCE exhibits
exceptional resistance to freezing and demonstrates remarkable sta-
bility in its electrolyte structure even under ultra-low temperature
conditions.

The self-adaptation verification of ULCE toward Zn anode
Meanwhile, ensuring effective protection at the electrode/electrolyte
interface remains a crucial factor for long-term battery operation. The
solidified layer induced by concentration polarization can effectively
protect the electrode/electrolyte interface. The proposed mechanism
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comparison of activation energies (Ea) for the de-solvation process of Zn2+ in ULAE
and ULCE. f Transference number of Zn2+ in ULLE and ULCE. The in-situ cooling-
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to −80 °C.
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is further substantiated by the phase-field simulation, which incorpo-
rates the consideration of mechano-chemical coupling. As depicted in
Fig. 3a, the utilization of ULAE and ULLE without colloidal particles
leads to dendrite formation due to the inherent non-uniform deposi-
tion characteristics of Zn2+. In the ULCE electrolyte system, a solidified
layer can be formed on the anode surface through concentration
polarization during cycling. Firstly, the solidified layer can serve as a
solvent barrier, effectively impeding the penetration of solvent mole-
cules to the anode, thereby addressing the issue of hydrogen evolution
resulting from direct contact between solvent molecules and anode at
the interface. Secondly, the solidified layer generates Zn2+ transmission
channels that facilitate controlledflowandpromote rapid and uniform
Zn2+ deposition, thereby mitigating uneven deposition issues arising
from disorganized deposition caused by excessive Zn2+ concentration
at the interface. Finally, the high mechanical strength of the interfacial

solidified layer effectively suppresses dendrite formation and miti-
gates a range of side reactions induced by dendritic growth.

The superior interfacial protectionwas further assessed through a
series of electrochemical tests. The corrosion behavior was investi-
gated using the Tafel test (Fig. 3b). Compared to the use of water as a
solvent in ULAE, both ULLE and ULCE exhibit a reduction in corrosion
current by approximately one order of magnitude, indicating that
MeOH solvent has lower corrosive effects on the Zn anode interface.
The corrosion potential of ULCE is slightly higher than that of ULLE,
accompanied by a relatively smaller corrosion current, which further
confirms that the incorporation of colloidal particles enhances the
anti-corrosion capability of the Zn anode.

Additionally, the nucleation behavior of the Zn electrode was
investigated by using chronoamperometry (CA). Supplementary
Fig. 15 shows the CA plots of the Zn anodes tested in different
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electrolytes with a constant overpotential of −150mV. For the Zn
anode in ULCE, the current density quickly reaches equilibrium, indi-
cating a short 2D diffusion process because Zn2+ is locally reduced to
Zn and the transverse diffusion of Zn2+ at the electrode/electrolyte
interface has been restricted due to the formation of solidified layer.
However, the current density of the Zn anode in ULAE and ULLE
exhibits the current rapid growth and fluctuations across the entire
range of the curve. The long 2D diffusion process implies the accu-
mulation of Zn2+ near the nucleation sites on the Zn anode cycled in
ULAE and ULLE, leading to uneven Zn deposition and dendrite
growth48.

The ULCE employed in this study is expected to exhibit superior
electrochemical performance owing to its distinctive properties. Con-
sequently, both asymmetric and symmetric Zn batteries were assem-
bled with the objective of investigating the compatibility of ULCE with
Zn. The cyclic voltammetry (CV) curve of asymmetric Zn//Cu batteries
at −80 °C exhibits the reversible redox reaction of Zn plating/stripping
in ULCE, achieving the highest current density of 0.8mA cm−2 (Sup-
plementary Fig. 16). To accurately quantify the reversibility of Zn
plating/stripping in ULCE, we evaluated the Coulombic efficiency of
asymmetric Zn//Cu batteries. A conventional practice involves strip-
ping all zinc metal plated onto the current collector in order to
determine the Coulombic efficiency for each cycle; however, it should
be noted that the Coulombic efficiency of such tests may vary with
cycle number. Therefore, we adopted a more refined and innovative
approach. In the test, a predetermined quantity of Zn is initially
deposited onto the current collector as a “reservoir”, from which a
fraction (10–50%) is repetitively stripped and plated for 10 cycles.
Subsequently, the remaining Zn capacity is determined by stripping to
an elevated upper cut-off potential, such as 1 V. The test results are
presented in the Fig. 3c that the high average Coulombic efficiency of
99.86% is achieved −80 °C. The high reversibility can be attributed to
that the solidified layer facilitates homogeneous Zn deposition.

Subsequently, a prolonged cycle Coulombic efficiency test was
conducted on the Zn//Cu cell to assess the long-term cycling stability
of ULCE on the Zn anode. The experiment is initially conducted at a
controlled ambient temperature of 20 °C. On account of numerous
side reactions such as the formation of dendrites and hydrogen evo-
lution occur in aqueous electrolyte, the Coulombic efficiency of ULAE
undergoes a short circuit, resulting in cycle termination at 700 cycles.
The stability of the ULLE cycle over an extended period is compro-
mised in the absence of colloidal particles. It causes the Zn//Cu cell
using ULLE to suddenly short-circuit when the cycle is about 1200
cycles. The Zn plating/stripping efficiency of the Zn//Cu cell is sig-
nificantly enhanced in the ULCE, exhibiting an impressive average
Coulombic efficiency of 99.73% after 3600 cycles at a current density
of 1mA cm−2, along with a capacity of 0.2mAh cm−2 (Fig. 3d).When the
battery’s operating temperature plummets to −80 °C under identical
current density and capacity conditions, the functionality of the aqu-
eous electrolyte ULAE is compromised by the freezing issue associated
with the sharply increased overpotential and battery failure due to the
fully frozen electrolyte. The assembled battery is rendered entirely
non-functional. Despite the normal functionality of the ULLE assem-
bled cell, achieving a high Coulombic efficiency over long cycles
remains challenging. The cell of ULLE undergoes a drastic degradation
at the 1000 cycles. On the contrary, the cell of ULCE exhibits high and
steady Coulombic efficiency (99.28%) over 5500 cycles (Fig. 3e). This
indicates excellent Zn plating/stripping reversibility in the ULCE at
different temperatures. When the current density is set at 2mAcm−2,
with a capacity of 0.1mAh cm−2, the Coulombic efficiency of ULCE is
still stable over 9000 cycles (98.85%) at −80 °C (Supplementary
Fig. 17). The high Coulombic efficiency and extended cycle life
demonstrate the ability of the solidified layer to mitigate undesired
side reactions and simultaneously control uniform nucleation and
deposition of Zn, thereby enabling a highly reversible anode.

Additionally, post-mortem examinations were conducted to
investigate the underlying mechanism responsible for the enhanced
stability of the Zn anode in the three electrolytes. Following 100 con-
secutive plating/stripping cycles, the electrode surface in both ULAE
and ULLE exhibits a rough texture characterized by the agglomeration
of Zn dendritic, indicating that the uneven deposition of Zn2+ leads to
an intensified growth of dendrites (Supplementary Figs. 18 and 19). In
contrast, the Zn electrode cycled in the ULCE exhibits a distinctively
smooth and compact deposition solidified layer, as depicted in Fig. 3f.
The cross-section images (Supplementary Fig. 20) demonstrate a
microscopically flat layer on the Zn anode with a thickness of ~2 μm
consisting of agglomerated SiO2 colloidal particles. Provided that the
structural integrity of Zn deposition beneath the interface layer
remains intact, the uniform hexagonal basal planes Zn deposition
morphology beneath the interface layer can be clearly observed by
selectively removing a portion of the solidified layer on the surface
(Fig. 3g).When the surface of uniformly deposited Zn ismagnified by a
factor of 100K, colloidal particles becomedistinctly visible (Fig. 3h). In
addition, atomic force microscopy (AFM) was used to observe the
physical morphologies and Young’s modulus. Colloid layers at the
electrode interface composed of aggregated colloidal SiO2 particle
(with diameter of 20 nm) demonstrate similarly even surface in the
initial cycle and after 100 cycles, and the corresponding Young’s
modulus values maintain high average values of about 13 GPa, indi-
cating the mechanical hardness and the good physical stability of the
solidified colloid layer (Supplementary Fig. 21). The robust and stable
physical characteristic canwithstand the physical changes, provide the
desired mechanical stability during Zn plating/stripping, as well as
offer high resistance and enough strength to suppress the Zn dendrite
growth49,50. These experimental observations strongly agree with
simulation results, supporting the hypothesis that the formation of the
solidified layer suppresses whisker growth. This finding further rein-
forces the pivotal role of ULCE in enhancing Zn electrochemistry.

The cycling stability of Zn anodes is also assessed through pro-
longed Zn plating/stripping processes in the symmetric battery con-
figuration. As shown in Supplementary Fig. 22, the cells using ULAE fail
after only less than800 cycles, possibly attributed to theoccurrenceof
short circuits induced by dendrites. The ULLE and ULCE cells
demonstrate stable cycling performance at ambient temperature. As
the temperature plummets to −80 °C, the symmetric cells employing
ULLE and ULCE exhibit an increased overpotential due to the dimin-
ished ionic conductivity and sluggish Zn plating/stripping kinetics at
low temperatures. The ULLE symmetric cells can withstand cycling at
−80 °C about 2500 cycles and demonstrates the feasibility of circu-
lating “beyond aqueous” electrolytes at ultralow temperature. Fur-
thermore, the solidified layer formed as a result of concentration
polarization phenomenon in ULCE exhibits exceptional structural
stability at ultralow temperatures, thereby enabling the symmetrical
cell assembly to achieve an impressive doubling of cycle numbers
compared to ULLE, with a remarkable endurance of up to 5000 cycles
at −80 °C.

The temperature change rate performance of the ULCE electro-
lyte symmetric cell was further evaluated. As shown in Fig. 3i, the Zn//
Zn symmetric cell with the ULCE exhibits stable Zn plating/ stripping
behaviors across all temperature ranges, indicating that the high ionic
conductivity, good Zn compatibility of ULCE, and the formation soli-
dified layer significantly improve the Zn plating/stripping reversibility
at different temperatures ranging from 20 to −80 °C. The stability of
ULCE at ultra-low temperatures was further assessed through the
symmetric battery rate capability test conducted at −80 °C (Supple-
mentary Fig. 23). The current density gradually increases at a rate of
0.5mAcm−2 until it reaches 3mAcm−2, while the symmetric cell could
maintain excellent stability. This further substantiates the practical
applicability of ULCE in ultra-low temperature environments and
provides additional evidence for the effectiveness and durability of the
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ULCE in maintaining a stable electrochemical environment and
enhancing the performance of the Zn anode.

The intermittent galvanostatic charge/discharge test enables the
occurrence of corrosion reactions at specific intervals of charge and
discharge, thereby simulating practical working conditions to accu-
rately reflect actual corrosion behaviors48. Under ambient conditions,
the symmetric Zn//Zn cells employing the ULLE exhibit recurring
performance deficiencies during intermittent charge/discharge test-
ing. After ~430 h of cycling, the overpotential increases to four times
that of the initial cycle and continues to rise. This observation suggests
that during the intermittent stage, a lack of in-situ generated interface
protection layer leads to continuous occurrence of side reactions such
as interface corrosion, ultimately resulting in battery failure. Inmarked
contrast, the symmetric Zn//Zn cells employing the ULCE exhibit an
exceptionally stable cycle of 2440 h during the intermittent charge/
discharge test. Under the protection of the in-situ generated solidified
layer, the overpotential remains consistent within a stable range as the
number of cycles increases and the prolonged periods of intermittent
resting do not yield any additional adverse effects (Supplementary
Fig. 24). When the temperature is reduced to −80 °C, the symmetric
Zn//Zn cells using the ULCE also demonstrate an ultra-stable cycle life,
greatly surpassing themere 400h achieved by Zn//Zn symmetric cells
utilizing the ULLE (Supplementary Fig. 25).

The potential of the ULCE for practical applications at ultralow
temperatures was further assessed by conducting additional investi-
gations on the cycle performance of the Zn anode using high DoDZn.
The symmetric battery of ULLE as a reference exhibits a short circuit
when subjected to less than 300 h of cycling at a 50% DoDZn.
Remarkably, in the ULCE, the Zn//Zn symmetric cell exhibits a con-
sistently stable cycling performance for over 900h under 50% DoDZn

(Supplementary Fig. 26). This impressive achievement underscores the
promising potential of our ULCE for practical applications.

The self-adaptation verification of ULCE toward PANI-V2O5

cathode
The utilization of vanadium oxides as cathodes for rechargeable ZMBs
has shown great promise due to the presence of multiple valences of
vanadium and a relatively high interplanar spacing51. Recently, there
has been a growing interest in organic materials for low-temperature
Zn2+ batteries (LTZBs), primarily due to the charge storage pre-
dominantly occurring at surface groups and their temperature-
independent high capacity. PANI is chosen as the cathode material
for constructing LTZBs, relying on the redox mechanism of the ben-
zene/quinone structural transformation and its corresponding ion
compensation52. Therefore, this work selects PANI-V2O5 as cathode
material to explore ULCE’s application potential in room temperature
and ultra-low temperature conditions.

It has been reported that the dissolution of vanadium in electro-
lytes is a prevalent phenomenonoccurring at the interface between the
electrolyte and electrode. Consequently, it exhibits significant capacity
decay attributed to the dissolution of vanadium during cycling, parti-
cularly at low current densities53. Furthermore, the cathode side effects
extend well beyond that, exacerbating the situation (Fig. 4a). The
divalent nature of Zn2+ induces a strong Coulombic interaction with
solvent molecules, resulting in the formation of diverse solvation
structures. This phenomenon leads to sluggish migration of Zn2+ ions
and imposes a significant desolvation penalty at the cathode/electro-
lyte interface due to the pronounced volume effect. During repeated
ion intercalation/deintercalation, the lattice spacing undergoes peri-
odic expansion/shrinkage, leading to inevitable volume changes and
structural pulverization. The electrostatic interaction between inter-
calated cations and the host structure poses an insurmountable chal-
lenge for achieving reversibility in rocking chair batteries, and the
challenge exacerbates in ZMBs due to the high charge density of Zn2+.
The cathode inevitably undergoes reactions with the electrolyte at the

interface due to its intimate contact. Therefore, the cathode’s capacity
can be influenced by the incorporation of solvent molecules and other
by-products into its structure54.

However, the utilization of ULCE electrolytes offers a perfect
solution to all aforementioned issues. The concentration polarization-
induced solidified layer can be adhered to the cathode surface, facil-
itating the formation of numerous Zn2+ fast transport channels due to
colloid agglomeration caused by increased Zn2+ concentration. The
solidified layer could effectively prevent solvent molecules and
byproducts from infiltrating the cathode structure and causing capa-
city loss externally, while internally inhibiting vanadium dissolution in
the electrolyte. Additionally, this phase interface layer safeguards the
structural integrity of the positive electrode and prevents its failure
resulting from structural collapse. Furthermore, it exhibits an intrinsic
electrostatic shielding effect that effectively mitigates Zn2+ strong
electrostatic impact and successfully addresses side reactions at the
cathode interface55.

Initially, the vanadium dissolution test was conducted on the
PANI-V2O5 full cell, which was assembled using three different elec-
trolytes. After 10 cycles process, the cells were disassembled, and the
vanadium dissolution in the electrolyte was analyzed, followed by
subsequent Inductively Coupled Plasma Atomic Emission Spectro-
metry (ICP-AES) testing on the aforementioned electrolytes. The
results are summarized in Fig. 4b. The concentrations of vanadium in
the three electrolytes, ULAE, ULLE, and ULCE after cycling are mea-
sured as 6.82 ppm, 9.5 ppm, and 1.2 ppm respectively. It is observed
that the solubility of vanadium in MeOH solvent-based ULLE is higher
compared towater solvent-basedULAE, indicating a greater likelihood
of vanadium dissolution in the MeOH-based electrolyte solution. Fur-
thermore, it is found that the concentration of vanadium in ULCE
containing colloidal particles is significantly lower than that in the
other two electrolytes, suggesting an effective prevention of vanadium
dissolution through the formation of a solidified layer.

To further validate the vanadium dissolution of the three elec-
trolytes, three PANI-V2O5 electrode sheets with identical loadings were
immersed in the respective electrolytes. Notably, for ULCE, the elec-
trode sheets were subjected to a simple deposition cycle prior to
immersion, resulting in the formation of a solidified layer. Supple-
mentary Fig. 27a displays the condition of the three electrolytes after
soaking PANI-V2O5 cathode for 7 days. The ULAE and ULLE exhibits
distinct yellow coloration after 7 days of immersionwith the PANI-V2O5

electrode, and the situation in ULLE is much worse. On the contrary,
the ULCE shows negligible color change throughout the soaking per-
iod. The vanadium concentrations results are summarized in Supple-
mentary Fig. 27b. Specifically, the vanadium concentrations in the
ULAE, ULLE and ULCE are found to be 36.5 ppm, 47 ppm and 3.5 ppm,
respectively. It should be noted that the concentration of dissolved
vanadium ions in ULAE and ULLE is similar, but the color of ULAE is
lighter, indicating that the dark color in ULLE does not solely come
from vanadium ions. FTIR test manifests that the severe color change
in ULLE is due to the partial dissolution of organic component PANI in
ULLE (Supplementary Fig. 27c)56–59. This result demonstrates that the
formationof a solidified layer inULCE could inhibit both vanadiumand
PANI leaching, further confirming its important role inmaintaining the
stability of the cathode materials.

Next, we initially assessed the low-temperature electrochemical
stability windows of two types of ultra-low temperature-resistant
electrolytes in preparation for subsequent ultra-low temperature
cycling of the full cell60. We evaluated the electrochemical windows of
ULLE and ULCE at −80 °C using linear scan voltammetry (LSV) (Sup-
plementary Fig. 28). The ultralow-temperature environment widens
the cathodic limits of the electrolyte by inhibiting highly active sol-
vents, resulting in a significant suppression of the oxidation potential
with an extensive window of 2.75 V. Concurrently, the ULCE exhibits a
slight increase in oxidation potential and a diminished current
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response compared to ULLE, which can be attributed to the influence
exerted by colloidal particles. The suppressed side effect is beneficial
for stable cycling under ultra-low temperature conditions.

The efficacy of this strategy was further confirmed in Zn//PANI-
V2O5 full cells. The PANI-V2O5 cathodes, with a mass loading
of ~1−mgcm−2 was assembledwithULAE, ULLE andULCE andZnmetal.
The initial discharge capacity of the ULAE full cell at room temperature
is 304.7mAhg−1, however, due to inherent limitations in the electrolyte
properties, issues such as dissolution of vanadium and collapse of
cathode structure lead to adecay in capacity (Supplementary Fig. 29b).
After undergoing 40 cycles, the battery’s capacity diminishes to
75.6mAhg−1, resulting in a mere capacity retention rate of 24.8%.
What’s worse, the battery will be fails due to electrolyte freezing when
the temperature drops to −80 °C. The performance of the ULLE-
assembled full cell is also not promising (Supplementary Fig. 29c). At
room temperature, the discharge capacity decreased from
280.1mAhg−1 to 66.3mAhg−1 (40th cycle), resulting in a capacity
retention rate of only 23.7%, which may be attributed to the higher

solubility of vanadium and organic polymer in the cathode material in
ULLE batteries. Conversely, stable cycling could be achieved with
ULCE. It is noteworthy that the curing layer formed by concentration
polarization at the cathode interface not only effectively mitigates the
occurrence of cathode side reactions in the battery but also sig-
nificantly enhances its capacity retention rate. After 40 cycles, the
ULCE full cell discharge capacity decreases from 293.8mAhg−1 to
170.1mAh g−1, resulting in a capacity retention rate of 57.9%, indicating
a significant level of capacity preservation compared toULAEandULLE
(Supplementary Fig. 29a).When the temperature is lowered to −80 °C,
the discharge capacity decreases to 134.8mAh g−1 at specific current of
0.01 A g−1. After undergoing 330 cycles in the ultra-low temperature
environment, the discharge capacity is observed to 87.6mAh g−1, with
a corresponding capacity retention rate of 65.0%, demonstrated high-
capacity retention levels (Fig. 4c). The aforementioned result is in
accordancewith the charge/discharge curves (Supplementary Fig. 30).

The variable temperature rate test of the ULCE full cell was con-
ducted at an ultra-low specific current of 0.02Ag−1. To mitigate abrupt
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temperature fluctuations in the test device, it is recommended to adopt
a gradual increase with intervals of 20 °C, starting from −80 °C and
ascending to 20 °C (Fig. 4d). The battery’s discharge capacity aligns
perfectly with expectations across all temperature ranges, exhibiting
exceptional performance at both −80 °C and 20 °C. This further vali-
dates the authenticity of the findings across other temperature inter-
vals, demonstrating that the ULCE-assembled battery is highly
adaptable to varying temperatures. To investigate the ULCE in practical
applications at −80 °C of rate performance with different current den-
sity, full cells based ULCE were assembled and tested. The rate perfor-
mance of the cells at various specific currents from 0.01 to 0.5 A g−1 is
illustrated in Figs. 4e, f, demonstrating the remarkable discharge
capacity exhibited by the batterywith theULCE across different current
densities. The exceptional rate performance fulfills the practical appli-
cation discharge requirements in ultralow temperature environments.

To further illustrate the practical application potential of the
ULCE, we fabricated and conducted performance testing on pouch
cells (mass loading: 10mgcm−2)61,62. The assembly of the pouch cell is
illustrated in Fig. 5a, b. By harnessing the concentration polarization
effect of ULCE during cycling, the solidified layer can be formed at the
electrode interfaces of pouch cell, effectively enhancing its perfor-
mance. We assembled a multi-layered Zn//PANI-V2O5 pouch cell63,
which exhibit a specific capacity about 300mAhg−1 at the specific
current of 0.02 A g−1 and temperature of −20 °C. Then, the tempera-
ture is reduced to −40 °C without altering the current density, result-
ing in a decrease in the pouch cell capacity to ~221.6mAh g−1 and the
capacity retention rate remains consistently high. To evaluate the
cycling performance under lower temperature conditions, the tem-
perature is further decreased to −80 °C. The capacity stabilizes and
maintains a consistent level of ~50mAh g−1, and an impressive capacity
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retention rate of 100% could be observed after 50 cycles, demon-
strating excellent electrochemical performance (Fig. 5c, d). The results
demonstrate its robust cycle performance even under practical high-
loading conditions. To assess the practical application capability of
ULCE pouch cell64, we conducted experiments to evaluate the endur-
ance performance of a satellite model powered by these cells under
different temperature conditions. At 20 °C, the low-speed rotating
satellite model can be powered by four series of single-layered pouch
cell (mass loading: 10mg cm−2) for over 30min (Fig. 5e, Supplementary
Movie 1), which demonstrates the ULCE pouch cell’s exceptional
practical applicability. Whether the physical rotation of pouch battery
would affect the mass transfer of the electrolytes is an interesting
question that needs to be considered, which is important for its
practical use under dynamic conditions. The operation of the pouch
cells with ULLE and ULAE as the wing of satellite model are also con-
ducted (Supplementary Fig. 32, Supplementary Movie 2 and 3), whose
operating time are a little shorter than that for ULCE. Furthermore, a
homemade device is designed that can test a rocking battery to more
intuitively observe the effect of rotation on the battery operation
(Supplementary Fig. 33, Supplementary Movie 4). The charge/dis-
charge profiles of static and side-to-side oscillated pouch cells with
different electrolytes are listed in Supplementary Fig. 34. It canbe seen
that the charge/discharge curves of all three batteries are smooth in
the static state. However, the charge/discharge curves of oscillating
batteries with ULAE and ULLE demonstrate observable voltage oscil-
lation due to the interface disturbance in all-liquid electrolytes. For
ULCE, due to the formation of solidified layer at the interface, its effect
on mass transfer could be effectively inhibited, contributing to the
smooth voltage curves and longer operating time under dynamic
condition. The results indicate our electrolyte ULCE for ZMBs is
potential not only for stationary large-scale energy storage, but also for
dynamic energy storage. Furthermore, when the temperature is
decreased to −20 °C, the endurance timeof the satellitemodel exhibits
minimal variation compared to that at 20 °C (Fig. 5f, Supplementary
Movie 5). TheULCE-basedpouchcell exhibits exceptional resistance to

low temperatures, thereby showcasing its immense potential for
practical applications in cold environments.

Universal effect of different anionic salts
The success of “beyond aqueous” ULCE in reinforcement of ultra-low
temperature cycling performance and enhancement of anodic and
cathodic interface stability in ZMBs motivate us to assess its uni-
versality for different anionic zinc salts. We thereby synthesized four
additional ULCE, with different zinc salts of Zn(OTf)2, ZnSO4,
Zn(ClO4)2, Zn(AC)2 respectively (Supplementary Fig. 35). In addition to
the limited solubility of ZnSO4 in MeOH, the other three zinc salts
exhibit favorable solubility in MeOH. Subsequently, we chose ULCE
(Zn(OTf)2) as the subject of investigation to thoroughly examine its
electrochemical performance and validate its applicability. Firstly, we
investigate the cyclic performanceof Zn//Zn symmetrical cell to assess
the protective effect of the phase interface on the anode. Despite the
symmetric cell employing the 0.5M ULCE (Zn(OTf)2) exhibits an
increased overpotential due to reduced ionic conductivity and slug-
gish Zn plating/stripping kinetics at low temperatures, it demonstrates
stable operation at −60 °C for over 5000 cycles, indicating remarkable
temperature stability (Fig. 6a).

The wide electrochemical window (Supplementary Fig. 36) of
ULCE (Zn(OTf)2) at the temperature of 20 °C demonstrates its feasi-
bility in full cells. To further validate its universality, we developed a
pouch cell (mass loading: 10mg cm−2) with ULCE (Zn(OTf)2) for com-
prehensive testing. The pouch cell exhibits capacity of 219.7mAh g−1 at
−20 °Cand the capacity retention rate reached96.2% after undergoing
5 short cycles. As the temperature decreases to −40 °C, the battery
capacity reaches 153mAhg−1 under constant current conditions, and
after ~13 cycles, it increases to 167.4mAhg−1 while maintaining a high
percentage of 100% Coulombic efficiency. As the temperature is
reduced to −80 °C, accompanied by a decrease in specific current to
0.01 A g−1, the battery capacity decreases to 22.4mAh g−1. After sub-
jecting the pouch cell about 50 cycles at this ultra-low temperature, an
impressive stable operation can be observed, thus proving its
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feasibility in ultra-low temperature environment (Fig. 6b, c). The
capacity difference of ULCE (Zn(OTf)2) and ULCE (ZnCl2) can be
attributed to the intrinsic difference in ionic conductance between the
two salts. These test results provide strong evidence for the uni-
versality of the formation of solidified layer and its protective effect
across various anionic zinc salts.

Discussion
In summary, a promising strategy is proposed to design “beyond
aqueous” CEs with ultra-low salt concentration for ultra-low tempera-
ture ZMBs. Due to the phenomenon of concentration polarization in a
low salt concentration environment, the intrinsic cohesion stability of
colloidal particles at the electrolyte/electrode interface is disrupted,
leading to spontaneous in-situ generation of an interfacial phase rigi-
dification layer on both cathode and anode surfaces. This enables
protection for both electrodes: preventing dendrite growth and
achieving stable Zn deposition on the anode side, while inhibiting
dissolution of cathodematerial,maintaining its structural stability, and
facilitating uniform Zn deposition through nano transfer channels on
the cathode side. Moreover, by utilizing MeOH as a “beyond aqueous”
solvent, normal circulation can be achieved even under ultra-low
temperature conditions down to −80 °C. Furthermore, ULCE are pre-
pared using different zinc salts, whichdemonstrates the universality of
concentration-polarization induced phase rigidification in different
ultralow-salt-concentration colloid electrolytes.

Most importantly, through the investigation of colloidal parti-
cles’ unique behavior at ultra-low salt concentrations, we have suc-
cessfully elucidated the crucial role played by CEs in such conditions.
Employing ultra-low salt concentration CEs can serve as a straight-
forward and universal approach to transform the adverse interfacial
concentration polarization during battery cycling into an advanta-
geous driving force for the formation of an interfacial protective
layer, thereby achieving comprehensive protection for both cathode
and anode. This principle has been applied to the fabrication of quasi-
solid electrolytes in our previous work21, in which high concentration
salt can disrupt the stability of colloidal particles leading to the for-
mation of solid electrolytes. Furthermore, the phenomenon of con-
centration polarization is ubiquitous in all kinds of electrolytes and
battery systems. Therefore, its possible effects in different battery
types and electrolyte types can be thoroughly studied in the future,
including but not limited to liquid/solid electrolytes of Zn-based
batteries. Finally, we expect that the development of ultra-low salt
concentration CEs will facilitate (1) a deeper comprehension of con-
centration polarization at the electrode/electrolyte interface, (2) a
design paradigm of investigating and elucidating the variable and
dynamic colloidal behaviors and mechanistic actions of CEs, (3) a
widespread and uncomplicated strategy for electrolyte design, and
(4) an inspiration for designing other side reactions during battery
cycling that can act as favorable driving forces.

Methods
Materials
Zinc chloride (ZnCl2, ≥ 96%), zinc perchlorate (Zn(ClO4)2, 98%), zinc
sulfate (ZnSO4, AR), zinc trifluoromethanesulfonate (Zn(OTf)2, 98%),
zinc acetate (Zn(AC)2, 99%), vanadium pentoxide (V2O5, 99.99%),
H2O2, aniline, KOH were produced by Shanghai Aladdin Bio-Chem
Technology Co., Ltd. All chemicals were used without further pur-
ification. Zn metal foils (200 μm, 10 μm) and Cu foils (10 μm) were
supplied by Shanghai Weidi Metal Material Technology Co., Ltd. The
stainless-steel mesh (400 mesh) was supplied by Guangdong Canrd
New Energy Technology Co., Ltd.

Preparation of different electrolytes
The ULAE was prepared by combining salt and deionized water to
achieve a salt concentration of 0.5M. Similarly, the ULLE was prepared

by mixing salt with MeOH to obtain a salt concentration of 0.5M. And
theULCE involved adding salt to apre-obtained colloidal silica solution
in order to attain a salt concentration of 0.5M. The preparation
method for various salts remains consistent. If not specified, the col-
loid content in the CE is 10wt%.

Synthesis of PANI-V2O5

Typically, 0.72 g of V2O5 powder was dissolved in a mixture solution
containing 60mL of DI water, 10mL of H2O2 (30wt.%) to obtain a
homogeneous clear orange solution. Then themixture was sealed into
a 100mLTeflon-lined stainless-steel autoclave andheated at 190 °C for
10 h to produce the hydrated V2O5 hydrogel. Then, the prepared
hydrated V2O5 hydrogel was transferred into a beaker with aniline
monomers (720μL, slowly dripped) by vigorously stirring at room
temperature. During the process, dark blue precipitate can be pro-
duced. The precipitates were isolated and washed by filtration with DI
water and ethyl alcohol for several times, followed by getting freeze-
dried under −40 °C for 24 h to obtain the final product31.

Preparation of the PANI-V2O5 cathode electrode
To prepare the PANI-V2O5 cathode electrode, PANI-V2O5 active mate-
rial, super P and polyvinylidene difluoridewere blended in amass ratio
of 7:2:1 andmixedwithNMP solvent. The obtained electrode slurrywas
coated on stainless-steel mesh collectors and then dried at 70 °C
overnight to remove residue solvent. The cathode of the pouch cell is
coated with slurry on a stainless-steel collector, which is securely held
in place by a custom bracket (Supplementary Fig. 31). The areal mass
loadings of coin cell and pouch cell were controlled at about 1 and
10mgcm–2, respectively.

Activation energy calculation
The activation energy (Ea) for interfacial charge transfer tested with
Zn//Zn symmetrical batteries follows theArrhenius equation as follows
equation (Eq. (2)):

1
Rct

=A exp
�Ea

RT

� �
ð2Þ

where A is the frequency factor, R is the gas constant, and T is the
absolute temperature. The Rct values at each temperature were esti-
mated from the corresponding equivalent circuit fit.

Steady-state cation transference number calculation
To accurately calculate the steady-state cation transference number
(t +ss), each sample cell shouldbe subjected to a conditioning treatment,
which consists of five charge and discharge cycles at a low current
density of 0.06mAcm–2 in order to help stabilize the electrodes’
interfacial layer. After the preconditioning, constant polarization
potential (ΔV ) is applied until the steady-state current (iss) is reached.
Bulk and interfacial resistances are measured by performing AC
impedance spectroscopy before the polarization and during the
steady-state. The calculating equation is listed as below (Eq. (3))65–70:

t +ss =
iss ΔV � Roiohm
� �

iohm ΔV � Rssiss
� � ð3Þ

in which Ro is the initial interfacial resistance, Rss is the interfacial
resistance when iss is reached. iohm is defined as an initial current cal-
culated by Ohm’s law, given by the following equation (Eq. (4)):

iohm =
ΔV
RT

ð4Þ

whereΔV is the applied polarization potential and RT is the total initial
cell resistance.
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Materials characterizations
The chemical structures of samples were examined by FTIR spectro-
meter (Thermofisher, Nicolet IS10). All the morphologies’ observation
was conducted by Scanning Electron microscopy (SEM, ZEISS Gemini
SEM 300). SAXS using Cu-Kα radiation was employed to test the
electrolytes. The Raman spectra were collected on Laser Confocal
RamanMicro spectroscopy (Horiba Jobin Yvon, France). For the in-situ
Raman test, the Raman beam is focused on the neighborhood of Zn
prolapsed side, and the initial measured results are from the bulk
electrolyte.With thebeginningof the cycle, concentrationpolarization
leads to an increase in zinc ion concentration at the Zn2+ outflow
interface, consequently inducing changes in the solvation structure of
the electrolyte. Therefore, the in-situ Raman signals’ changes refers to
ion’s concentration changes in the neighborhood of electrode/elec-
trolyte interfaceduring theZn stripping,whichcould reliably imply the
ion distribution changes. For Ramanmapping, ULAE is cooled from 20
to −40 °C and ULCE is cooled from 20 to −80 °C to observe whether
phase transition process would take place in the two electrolytes
during the cooling process. DSC was carried out in DISCOVERY
DSC250 with a cooling rate of 10 Kmin–1, constant temperature for
2mins and a heating rate of 5 Kmin–1. In-situ temperature-changeX-ray
diffraction (XRD) characterization was conducted on diffractometer
(Bruker, D8 Advance). AFM was used to observe the physical
morphologies and Young’s modulus (Bruker, Dimension Icon). The
element concentrations in the electrolytes were determined by ICP-
AES (Agilent 5800).

Electrochemical characterizations
Zn foils with a thickness of 200μmwere used in cells if notmentioned,
while the cells under 50% DoDZn was conducted by using Zn foil with a
thickness of ca. 10 μm. The total capacity of the used Zn foil (Czn) is
calculated based on the mass of the Zn foil (mzn) according to the
following equation (Eq. (5)):

Czn =mzn ×820mAhg�1 ð5Þ

Before use, the Zn foil was polished by softback sanding sponges
and then wiped with ethanol. The used separator was glass fiber
separator (Whatman, GF-A, 260 μm). The electrochemical tests were
carried out in coin-type cell (CR2032) and pouch cell. During cell
assembly, the Zn//Cu coin cells were assembled using Cu foil (Φ12mm)
as cathode and zinc foil (Φ12mm) as anode. The Zn//Zn coin cells were
assembled using zinc foil (Φ12mm) as cathode and anode. For coin full
cells, zinc foil (Φ12mm) was used as the anode, and the stainless-steel
mesh with PANI-V2O5 load is cut into a small round (Φ12mm) as the
cathode. The diameter of separators used in coin cells is 16mm. For
pouch cells, zinc foil and the stainless-steel mesh with PANI-V2O5 load
were cropped to a rectangle of 4.1 × 7.6 cm as the anode and cathode,
and both tabs were made of Ni. The separator was cropped to a rec-
tangle of 4.5 × 8 cm. The electrolyte dosage of coin cells was 100μL. In
the pouch cell, the electrolyte dosage of each cathode plate was 1mL.
During the assembly of themulti-layered pouch cell, four anode plates
and three cathode plateswere stacked together, as shown in Fig. 5a. All
batteries were tested using the Neware battery test platform (CT-
4008Q-5V100mA). The voltage range for ULCE (ZnCl2) full batteries
was 0.5–1.2 V at room temperature and 0.5–1.5 V at subzero tempera-
tures, while for ULCE (Zn(OTf)2) full batteries, the voltage range was
consistent at 0.5–1.5 V across all temperatures. The specific capacity of
full batteries was calculated based on the mass of PANI-V2O5. The
electrochemical tests were carried out in a climatic chamber to realize
specific environmental temperatures (a range of 20 to −80 °C).

The Tafel plots were recorded by electrochemical station within a
voltage range of -1.04 V∼ -0.87 V in a three-electrode system (Ag/AgCl
as reference electrode, Pt as counter electrode, Zn as working elec-
trode) at room temperature. CA measurements are conducted in Zn//

Zn symmetric cells with a bias voltage of −150mV over 250 s at room
temperature. TheCVcurveof asymmetricZn//Cubatterieswere tested
within a voltage range of 1 to −0.6V at a scan rate of 0.1mV s–1 at
−80 °C. The electrochemical windows of electrolyte ULCE (ZnCl2) and
ULLE (ZnCl2) were tested by linear sweep voltammetry (LSV) mea-
surements within a voltage range of 0–3 V at a scan rate of 1mV s–1 in a
Zn//Ti coin cell at −80 °C. The electrochemical windows of electrolyte
ULCE (Zn(OTf)2) was tested within a voltage range of 0–2 V at a scan
rate of 1mV s–1 in a three-electrode system (Ag/AgCl as reference
electrode, two Pt as working and counter electrode respectively) at
room temperature. The ionic conductivities of the electrolytes were
calculated according to electrochemical impedance spectroscopy
(EIS). The Zn2+ conductivities were calculated according to the fol-
lowing equation (Eq. (6)):

σ =
d
RS

ð6Þ

where d is the thickness of electrolyte between blocking electrodes, R
is the bulk resistance, and S is the contact area. These measurements
were tested on electrochemical workstation (CHI 660E, Chenghua
Shanghai, China).

EQCM measurements
EQCM measurements were carried out on CHI400C. An AT-cut Pt-
coated quartz crystal with the resonance frequency of 5MHz was
coatedwith Zn and used as theworking electrode. Zn foil was used as a
counter and the reference electrode. The EQCM result was performed
at room temperature in galvanostatic mode with low current of 1mA.
The Δmass of working electrode was calculated from the change in
resonance frequency using th equation (Eq. (7)):

Δf =
�2f 2oΔm

½A � sqrtðμρÞ�
ð7Þ

where fo is the basic resonant frequency of the crystal (7.995MHz), A is
the area of the Zn plated on the crystal (0.196 cm2), ρ is the density of
the crystal (2.684 g cm–3), and μ is the crystal shear coefficient
(2.947 × 1011g cm · s–2). According to the calculation based on the
aforementioned data, there is a correspondence between a change in
frequency per Hz and a mass change of 1.34 ng.

Computational studies
MD simulations are performed with Gromacs 2019.671. For ana-
lysis of solvation structure with different salt concentrations, the
simulation system with 0.1 M ZnCl2 is composed of 8 Zn2+, 16 Cl−,
1875 MeOH; the simulation system with 0.2 M ZnCl2 is composed
of 16 Zn2+, 32 Cl−, 1875 MeOH; the simulation system with 0.5 M
ZnCl2 is composed of 39 Zn2+, 78 Cl−, 1875 MeOH; the simulation
system with 1 M ZnCl2 is composed of 78 Zn2+, 156 Cl−, 1875
MeOH; the simulation system with 2M ZnCl2 is composed of 156
Zn2+, 312 Cl−, 1875MeOH; the simulation system with 5 M ZnCl2 is
composed of 390 Zn2+, 780 Cl−, 1875 MeOH. The above species are
uniformly mixed by PACKMOL72. Cl−, MeOH are modeled by the
GAFF force field73, with bonded parameters for Zn2+ obtained
from reported work74,75. RESP2(0.5) partial charges are used for
the species involved in this study, which are derived with the help
of Multiwfn program by first optimizing the molecular geometry
at the B3LYP/TZVP level of theory in Gaussian 16, and then fitting
to electrostatic potential calculated at the B3LYP/ma-TZVP level
of theory76,77. Van der Waals interactions are described by the
Lennard Jones (LJ) potential with a cutoff of 1.2 nm. The LJ para-
meters between different atom pairs are generated by Lorentz-
Berthelot mixing rules. Electrostatic interactions are calculated
with the particle-mesh Ewald method with a grid spacing of
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0.12 nm and a pme-order of 4. 20-ns production runs are carried
out at the same PT condition maintained by Nose-Hoover ther-
mostat and Parrinello-Rahman barostat at T = 293.15 K and P = 1
bar. The leap-frog algorithm with a time step of 1 fs is used to
integrate the equations of motion. Three-dimensional periodic
boundary conditions are applied during simulations.

Data availability
The data that support the findings of this study are available within the
article and its Supplementary Information files or from the corre-
sponding author upon reasonable request. Source data are provided
with this paper.
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