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Toward Low-Temperature Zinc-Ion Batteries: Strategy,
Progress, and Prospect in Vanadium-Based Cathodes

Lujie Jia, Hongfei Hu, Xiaomin Cheng, Hao Dong, Huihua Li, Yongzheng Zhang,*
Huang Zhang, Xinyu Zhao, Canhuang Li, Jing Zhang,* Hongzhen Lin,* and Jian Wang*

Low-temperature vanadium-based zinc ion batteries (LT-VZIBs) have attracted
much attention in recent years due to their excellent theoretical specific
capacities, low cost, and electrochemical structural stability. However, low
working temperature surrounding often results in retarded ion transport not
only in the frozen aqueous electrolyte, but also at/across the
cathode/electrolyte interface and inside cathode interior, significantly limiting
the performance of LT-VZIBs for practical applications. In this review, a variety
of strategies to solve these issues, mainly including cathode interface/bulk
structure engineering and electrolyte optimizations, are categorially discussed
and systematically summarized from the design principles to in-depth
characterizations and mechanisms. In the end, several issues about future
research directions and advancements in characterization tools are
prospected, aiming to facilitate the scientific and commercial development of
LT-VZIBs.
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1. Introduction

Along with the popularization of new
energy storage systems, the increasing
demands for higher safety in turns put
forward a more urgent demand for
developing high-energy-density batter-
ies, especially under low-temperature
environmental conditions.[1] Thanks
to the high theoretical specific ca-
pacity, the potentially low cost, and
excellent safety of metallic zinc an-
ode, aqueous zinc ion batteries (ZIBs)
have become one of the main candi-
dates for next-generation high-energy-
density storage batteries.[2] Be exposed
from room to low temperature condi-
tion, it demonstrates deteriorated and
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Figure 1. A) The comparison in the specific capacity and plateau voltage of different cathodes for Zn ion batteries; B) The investigation trend of the
vanadium-based cathodes in Zn ion batteries in recent 5 years around the worldwide; C) Charge/discharge evolution of a low-temperature vanadium-
based Zn ion battery; D) Summary of the recent foucs on the optimization strategies to low-temperature vanadium-based Zn ion batteries.

dissatisfactory electrochemical performances of ZIBs. Usu-
ally, in low-temperature operation conditions, the large sol-
vation/desolvation energy barrier of [Zn(H2O)6]2+ at the elec-
trode/electrolyte interface is too crucial to dissociate for free iso-
lated Zn2+, if not more important than electrolyte solidification,
leading to unsatisfied performances.[1d,2e,3]

For the cathodes of vanadium-based compounds (V2O5,
LixV2O5, V2O3, MgV2O4, etc.),[4] manganese-based compounds
(MnO2, ZnMn2O4, etc.)[5] and Prussian blue and their ana-
logues (PBA),[6] all exhibit remarkable Zn ion storage per-
formance. Compared to other cathode materials, vanadium-
based cathode materials tend to have better low-temperature
performance and theoretical specific capacity (589 mAh g−1)
with moderate voltage plateau (Figure 1A), providing a criti-
cal option for improving the energy density of zinc ion bat-
teries with long lifespan.[7] Apart from this, vanadium-based
cathode materials also exhibit layered structure, affording the
feasibility of storing Zn2+ and intrinsically propelling rapid
Zn2+ diffusion.[8] In this regard, many works have pointed
out that vanadium-based cathode materials are robust in re-
alizing high-rate charging/discharging ability as high as 40
A g−1.[9] Moreover, facile modification of introducing metal
ions, atoms, or even molecules inside the cathode helps to
expand the interlayer spacing or fabricating catalytic sites,
thereby improving its diffusion kinetics under low-temperature
performance.[2d]

In spite of electrolyte modification to reduce freezing point,
the diffusion kinetics of Zn2+ in cathode via design and in-
terface engineering strategies are attracting more and more
attentions.[1d,10] However, vanadium-based ZIBs also encounter
several challenging issues. For example, even though the
bare radius of Zn2+ (0.74 Å) is very similar to that of Li+

(0.76 Å), the larger solvation structure shell of [Zn(H2O)6]2+

([Zn(H2O)6]2+→6H2O+Zn2+) inevitably leads to sluggish Zn2+

diffusion and poor interfacial charge transfer kinetics at the
interface owing to the higher bivalent state and the spatial
steric effect.[11] Meanwhile, the stability of vanadium-based ZIB
with low current density at low temperature is also a great
challenge due to the structural disintegration at high levels of
cation embedding and the dissolution of vanadium in the weakly
acidic electrolytes,[12] which is a spontaneous reaction as the
strongly polarized water molecules corrode the crystal structure
of vanadium-based cathode. This problem not only leads to ca-
pacity degradation, but also negatively affects the cyclic stability
of the battery as dissolved metal ions are deposited on the elec-
trodes causing passivation during the electrochemical process,[13]

which will be more pronounced when operated at low tempera-
tures. Under the low temperature, the behaviors of hydrate Zn2+

seems to be a disaster and rate-determining step owing to the lim-
ited kinetics and huge desolvation barriers, which should be fur-
ther demonstrated and made clear. In addition, the zinc dendrite
growth also seriously hamper the reversibility of Zn anode.[10a,14]
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Lastly, the deterioration of wettability and the generation of active
water molecules at electrolyte/cathode interfaces would cause the
formation of hydrogen evolution reaction.[15]

Up to date, intensive researches have been performed to solve
these problems of LT-VZIBs from the aspects of cathode struc-
ture modification designs to electrolyte engineering.[16] Increas-
ing efforts come out for achieving high-performance vanadium-
based ZIBs in addressing the above issues partially around
the world as summarized in Figure 1B.[3a] As discussed above,
bringing the ZIBs from room-temperature to low-temperature
operating environment would induce more tough and com-
plex challenges (Figure 1C).[17] For example, when the sol-
vated [Zn(H2O)6]2+ with large solvent sheath moves to the elec-
trode/electrolyte interface, they have to overcome the huge des-
olvation energy barrier before participating across the interface,
which is the rate-limiting step for LT-VZIBs.[10c,18] Meanwhile,
in the solid electrode interior phase, the steric hindrance ef-
fect caused by the repulsion of the lattice atoms against solvent
molecules makes it extremely difficult for solvated [Zn(H2O)6]2+

to diffuse at low temperature.[19] To this end, to improve the per-
formances of LT-VZIBs is initial to reduce the desolvation en-
ergy barrier at the electrode/electrolyte interface and decrease
freezing point without sacrificing ion conductivity. Although
larger numbers of reviews on vanadium-based cathode or low-
temperature zinc-based batteries have appeared, the discussions
and analyses mainly focus on the principles of electrolyte modu-
lations or solvation shell structure regulations for realizing low-
temperature freezing point.[20] However, the sluggish Zn2+ dif-
fusion kinetics are responsible for the depressive electrochemi-
cal performance. Up to date, there lacks of a comprehensive and
systematic summary with respect to the local electronic effect of
the cathode materials and diffusion behaviors for propelling Zn2+

diffusion at the interface or in the electrode interior.
In terms of recent progresses in cathode and electrolyte, the

optimal strategies toward high-performance LT-VZIBs are sum-
marized in Figure 1D. First, the cathode construction engineer-
ing strategies of vanadium-based cathodes, including metal ion
doping and enrichment of anion/cation vacancies are reviewed
from the perspective of electron density, aiming at enhancing the
structural stability, improving the ionic conductivity or expanding
layer spacing to provide pathways for free Zn2+ transport. Sec-
ond, electrolyte optimization strategies for regulating solvation
shell such as high-concentration electrolytes, electrolyte addi-
tives, and gel electrolytes are summarized, decreasing the freez-
ing point of electrolyte, passivate interfacial water molecules, and
reducing the desolvation energy barrier. Thirdly, the application
of advanced characterization tools for in-depth investigation and
mechanism of LT-VZIBs are briefly reviewed and prospected

2. Cathode Structure Engineering for Fast Zn2+

Desolvation and Diffusion

As well known, the physicochemical properties of cathode ma-
terials are the decisive factors for insertion/extraction, which de-
termines the performances of battery systems.[1c] As discussed
above, in the low-temperature surroundings, the ideal cathode
materials should reach the following demands:[2d,3a,15c,21] 1) rapid
electronic conductivity within cathode networks; 2) fast dissoci-
ation kinetics from [Zn(H2O)6]2+ to generate bare free Zn2+ at

the interface; 3) fast ion diffusion kinetics in the cathode inte-
rior to reach the maximum capacity; 4) robust cathode/electrolyte
interphase formation with rapid Zn exchange. For the cathode,
the metal ion in cathode also dissolute in the electrolyte when
charging/discharging, deteriorating the crystal structure. From
the viewpoint of electronic density, the dissolution of V can be
also interpreted by the electronic density redistribution. Gener-
ally, doping effects via metallic cations such as Mg, Ca, Na, and
non-metallic anions like O, N, P, S, etc., are capable of redistribut-
ing the local electronic density with high electronic conductivity
and fast ion diffusion kinetics, inhibiting the structure destroy
after insertion/extraction.[2a,d,22] Another strategy is defect engi-
neering on the cathodes, including surface and bulk defects, be-
coming an effective method to redistribute electronic density and
improve the activity sites at the interface.[23] In this section, the
electronic density modifications via metallic cation doping, non-
metallic anion doping, and defect construction are briefly intro-
duced.

2.1. Metal Cation Doped Vanadium-Based Cathodes

Extensive investigations have revealed that the doping of metal
cations and cationic groups into vanadium-based materials can
greatly improve the ion diffusion kinetics and enhance the intrin-
sic electronic conductivity of cathodes due to the increased inter-
layer spacing. The dopants reinforce their structural stability with
robust electronic density distribution during cycling.[24] With in-
depth research, various types of dopant ions ranging from the
main group metal ions with weak electronegativity such as K+,
and Mg2+ etc., to the transition metal ions with tunable d-orbital
electronic structures such as Mn2+, and Cu2+ etc. have revealed
and shown their vital functions in improving the Zn2+ storage
capacity and cycling stability.[2d,25]

In general, weakly electronegative main group ions doped into
vanadium-based materials can be tightly bound to the vanadium-
based internal crystal structures such as square cones and trig-
onal cones to ensure fast diffusion kinetics and improve their
structural stability.[26] For layered vanadium-based oxides, the
limited 2D ion diffusion path makes the reaction rate extremely
slow. It was designed that K+ was doped into the interlayer of
V2O5 along the b-direction (Figure 2A), forming the pure mon-
oclinic crystalline of K0.5V2O5 (KVO) (Figure 2B).[25a] In this
manner, a wider layer spaced KVO is generated and delivers an
ideal Zn ion diffusion coefficient from 10−12 to 10−11 cm2 s−1

(Figure 2C). Assembling in full Zn//KVO cells tested at a low
temperature of −20°C, an ultrahigh discharge capacity of 317
mAh g−1 was displayed at a current density of 0.1 A g−1, demon-
strating superior low-temperature diffusion kinetics. Similarly, a
discharge capacity of 241 mAh g−1 delivered after 1000 cycles at
1 A g−1, showing an excellent structural stability at low tempera-
tures.

Not coincidentally, to further advance the industrial applica-
tion of LT-VZIBs, a larger radius of Mg2+ is introduced into
V2O5 crystal to form Mg0.19V2O5·0.99H2O (𝛿-MgVO) electrode
with an extra-large layer spacing of ≈13.4 Å (Figure 2D), which
greatly improved the solvated ion diffusion kinetics inside the
cathode at low temperatures. In conjunction with an anti-freeze
gel electrolyte (Figure 2E).[25b] Increasing the cathode loading to
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Figure 2. A) Crystalline illustration of K+ doping into the V2O5. B) The XRD pattern of KVO. (C) The Zn2+ diffusion coefficient of the KVO cathode.
Reproduced with permission.[25a] Copyright 2021, The Royal Society of Chemistry. D) Schematic diagram showing the formation process of 𝛿-MgVO
and the working principle of the Zn//𝛿-MgVO battery. E) The schematic diagram of thin-film PVA/G Zn//𝛿-MgVO battery. F) Cycling performance at 2.0
A g−1 under different temperatures. G) Volumetric Ragone plots in comparison with those of previously reported energy storage devices (these devices
in other reports were all measured at room temperature). Reproduced with permission.[25b] Copyright 2021, The Royal Society of Chemistry.

commercial levels as high as 10 mg cm−2, the assembled Zn//𝛿-
MgVO full cells exhibited an astonishing cycling stability verified
from 60 to -30 °C. After 5000 cycles, robust capacities of ≈309,
270, 227, and 153 mAh g−1 were maintained at 60, 25, 0, and
-30 °C, respectively, with the capacity retention rates of 91.7%,
99.0%, 98.2%, and 87.7%, respectively (Figure 2F). Moreover, the
volumetric energy density exhibited by the full cell was much
more advantageous even compared to other batteries under am-
bient temperatures at that time (Figure 2G).

In the case of transition metal ions with tunable d-orbital elec-
tronic structures, the interlayer doping is essentially similar to
the main group ions. However, the difference is that the main
purpose of transition metal ions doping is to improve the electri-
cal conductivity of cathode, regulate the intrinsic electronic den-
sity distribution, and promote electrochemical behaviors.[26–27]

In reality, the application of adjustable d-orbital electrons can
help the system to achieve more functions.[1h,28] For example, the
unfilled 3d orbitals with more shared electron orbitals promote

more electron transfer, reduce the impedance, and accelerate the
reaction kinetics inside the electrode. Cao et al. had designed
the introduction of Mn2+ in vanadium-based oxide, which had a
certain catalytic effect and simultaneously promoted the electron
transfer, resulting in a significant improvement in electrochem-
ical performance.[26,29] In addition, unlike the main group ions,
the dopant of transition metal Mn2+ brought about a reduction
in the original layer spacing from 14.39 to 13.26 Å (Figure 3A).
Due to the tight binding energy between the doped Mn2+ and
the negatively charged VO6 units, the charge transfer resistances
were decreased along with the increase of cycles, contributing
to the enhanced structural stability, and facilitated ion transport
(Figure 3B). Meanwhile, the superior zinc ions diffusion coeffi-
cient was achieved, i.e., 10−12 to 10−10 cm2 s−1 (Figure 3C). With
the introduction of Mn2+ into crystal host material, the calcula-
tion shows that interlayer charge state of V2O5 was altered and
a new energy level appeared near the Fermi level (Figure 3D).
Therefore, the band gap was reduced to ≈40% of that in the
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Figure 3. A) The XRD patterns of Mn0.15V2O5·nH2O and V2O5·nH2O. B) Nyquist plots of Mn0.15V2O5·nH2O cathode before and after cycling at room
temperature. C) The Zn2+ diffusion coefficient of the Mn0.15V2O5·nH2O cathode. D) Electron density difference of Mn2+-doped V2O5, charge accumula-
tion is in yellow and depletion in blue. Calculated total band structures for E) pure V2O5 and F) Mn2+-doped V2O5. G) Rate capacities at various current
densities at -20 °C. H) Long cycling performance at 2.0 A g−1. Reproduced with permission.[2d] Copyright 2019, WILEY-VCH.

original V2O5 from 2.28 to 0.9 eV, implying a considerable im-
provement in its electrical conductivity (Figure 3E,F). In addition,
the interaction and charge redistribution between vanadium and
manganese ions in different valence states result in a series of
changes in the concentration of ionic and electronic defects in
the host material, accelerating the diffusion of zinc ions and im-
proving the electron transfer kinetics. At an ambient tempera-
ture as low as −20°C, the battery still displayed a high-rate per-
formance with the current densities increasing from 0.05 to 1.0
A g−1, achieving discharge capacities of 202 and 96 mAh g−1,
respectively. Switching the current density back to 0.05 A g−1,
the capacity returns to its initial value, displaying the robustness
(Figure 3G). Even at a high current density of 2.0 A g−1, a high
specific capacity of 100 mAh g−1 could be maintained over 3000
cycles (Figure 3H).[2d] Despite great progress achieved in metal
cation doping, in-depth understanding of current researches on
LT-VZIBs is still absent and the concise tools monitor expanding
the layer spacing should be developed.

2.2. Non-Metallic Anion Doped Vanadium-Based Cathodes

For vanadium-based composites, although cation doping is an
effective approach to regulate the electronic density by adjust-
ing crystal structures, these extra metal ions with higher atomic
weight would sacrifice the storage of Zn2+ and decrease the en-
tire energy density, causing lower theoretical specific capacity.[30]

Instead of cation, anion doping such as S, F, P, N, etc. is consid-
ered to be an alternative to increase the electronic conductivity

without increasing too much weight.[22a] For the most common
metal oxide cathodes, the process of zinc ions insertion can be
difficult due to the strong electronegativity of oxygen, yet the use
of heterogeneous atomic doping with weak electronegativity can
effectively attenuate the electrostatic interactions.[31]

Since there exists a lone electron pair in nitrogen atom, acting
as a carrier to promote the electron redistribution, N doping strat-
egy can effectively avoid the atom agglomeration.[32] For exam-
ple, the creation of a nitrogen-doped vanadium dioxide/nitrogen-
doped carbon (N-VO2@NC) heterostructure was designed with
abundant active sites via the thermal decomposition of vanadium
oxide (VOx)/polypyrrole (PPy) on carbon nanotube fibers (CNTF)
(Figure 4A), significantly improving the activity of the electrode
material.[30c] Moreover, the theoretical calculation results indi-
cated that the band gap of PPy-assisted generated N-VO2 was
reduced from 0.55 to 0.23 eV (Figure 4B), which facilitated the
excitation of charge carriers to the conduction band, contribut-
ing to a significant enhancement of the electronic conductivity of
the composite. In addition to single anion doping, experiments
have confirmed N-doped vanadium oxide will also bring about a
large number of oxygen defects during the doping process, which
further facilitates ions diffusion and electron conduction by low-
ering the diffusion energy barrier of zinc ions.[33]

Compared with F and N doping, S atom shows the largest
atomic radius and the lowest electronegativity, which can greatly
expand the layer spacing, reduce the energy barrier for Zn2+ dif-
fusion, and promote its diffusion kinetics.[34] By replacing some
of the oxygen atoms in vanadium oxides with S atoms through
sulfidation reaction, abundant oxygen defects are created to
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Figure 4. A) Schematic illustration of preparation of N-VO2@NC@CNTF B) The corresponding density of states of VO2 and N-VO2. Reproduced with
permission.[30c] Copyright 2022, WILEY-VCH. C) TEM images of S-H2V3O8 nanofibers. The adsorb free energy of D) S-H2V3O8 and E) H2V3O8. F)
Cycling performance at 0.3 A g−1. G) GCD curve and corresponding H) and I) ex-situ XRD patterns at different states. Reproduced with permission.[30d]

Copyright 2022, Elsevier.

obtain the S-H2V3O8 cathode as well (Figure 4C). With the as-
sistance of theoretical calculations, S-H2V3O8 cathode possessed
a lower band gap and a higher Zn2+ adsorption energy compared
to H2V3O8 from −2.16 to 2.65 eV (Figure 4D,E), which enhanced
the charge transfer rate at the interface and improved the zinc
ions diffusion kinetics.[30d] With the expanded layer spacing and
increased active sites (Figure 4C), the resulted S-H2V3O8 cath-
ode showed a cyclic stability with a capacity retention of 83.1%
and Coulombic efficiency of almost 100% after 50 cycles at 0.3
A g−1 in comparison to that of H2V3O8 (81.6%) (Figure 4F).
Furthermore, the ex-situ XRD was employed to investigate the
charge storage process and the electrochemical reaction mecha-
nism of the S-H2V3O8. As shown in Figure 4G–I, in the first fully
charge/discharge cycle at 0.3 A g−1, the peaks at 26.4o and 43.9o

attributing to the crystal face of (101) and (341) gradually shift to
a lower degree in the discharging process and then move posi-
tively to the original degree during the charging process, which
represents interlayer distance increases firstly and then decreases
coming from the excellent reversibility of Zn2+ de-/intercalation.
Since most of the anion doping has been studied at room tem-
perature so far, only an outlook on its application prospects at
low temperatures will follow.

Currently, the researches on LT-VZIBs have mainly focused on
cation doping to improve the electron conductivity of cathode ma-
terial or accelerate the ion diffusion kinetics inside the cathode to
enhance the battery performance. Remarkably, anion doping has
a similar function of cation but is also rarely reported at low tem-
perature, and the absence of specific case studies does not mean

that it is not meaningful.[35] These weaker electronegative an-
ions are deemed to play an essential role in promoting the inser-
tion/extraction behaviors of Zn ions in LT-VZIBs, which needs
to be further studied and understood in depth. Other than that,
there is also a little-known but critical issue of facilitating the de-
solvation reaction at the cathode/electrolyte interface under low
temperatures to obtain highly reactive free zinc ions, which is ex-
tremely critical to achieve high energy density LT-VZIBs.[1d,36] In
fact, both the carrier exchange within cathode networks and the
dissociation kinetics from [Zn(H2O)6]2+ to generate free Zn2+ at
the interface are degenerated as the surrounding temperature de-
creased to below 0 °C. On the other hand, the inflated larger solva-
tion structure shell with bigger hydrate radius at low temperature
may significantly induce the accessible insertion of [Zn(H2O)6]2+

into the layers of the vanadium-based compounds, greatly de-
creasing the ion diffusion kinetics in the cathode interior and/or
at the cathode/electrolyte interface. Apart from improving the in-
trinsic electronic conductivity, the anion doping is also quite po-
tential to change the local current density of the vanadium-based
compounds, forming active sites to reduce the energy barrier
for Zn2+ diffusion and promote its diffusion kinetics for many
Zn2+ storage. In the future, the strategy of anion doping for high-
performance LT-VZIBs should pay more attention to strengthen
the desolvation capability at the cathode/electrolyte interface to
release more free zinc ions and further broaden the layer spacing
of the vanadium-based compounds to fasten ion diffusion kinet-
ics at the premise of improved intrinsic electronic conductivity of
the cathodes.

Adv. Energy Mater. 2023, 2304010 2304010 (6 of 22) © 2023 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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2.3. Intrinsic Defects Engineering for Vanadium-Based Cathodes

Since most of the electrochemical reactions occur at the elec-
trode/electrolyte interface, surface defects of cathode materials
would make the interface more active than bulks and become re-
search focus.[3b,23b,c,37] Usually, the defects are generally divided
into extrinsic defects and intrinsic defects.[34b] Extrinsic defects
such as anions/cations doping defects, consist of impurity atoms
or impurity ions embedded in the lattice, while intrinsic defects
such as anion/cation vacancies defects are formed by the devia-
tion or removal of crystal itself from the lattice structure, e.g. ther-
mal motion of atoms or ions at lattice junctions without chang-
ing the overall crystal composition.[38] Unlike extrinsic defects in-
duced by doping effect, vacancy produced by chemical removal
and thermal reduction are intrinsic defects, which play important
parts in regulating the surface properties and electronic structure
of cathodes:[22d,34a,36,37c,39] (1) improving ion/electron diffusion ki-
netics in the cathode interior; (2) generating more interfacial ac-
tive sites to improve the capability of zinc ion storage; (3) reduc-
ing the low reaction energy barriers with fast interfacial desolva-
tion. Essentially, the introduction of vacancy defects allows the
redistribution of electron density in the host materials, resulting
in the establishment of a catalytically active centers,[23c] therefore,
controlling defects and further comprehending the mechanisms
is inevitable for LT-VZIBs. In this part, the defect engineering
methods to improve the capability of Zn2+ desolvation and diffu-
sion for achieving high electrochemical performance of batteries
at low temperatures are summarized

As we all know, most vanadium-based materials are oxygen-
containing compounds with different ratios. Abundant oxygen
vacancies can be obtained through a simple partial reduction
treatment without changing the surface morphology.[22a,23c] By
removing oxygen atoms from the pristine V6O13 (p-VO) lattice,
the oxygen-deficient V6O13 (Od-VO) composites are formed on
graphene oxide (Figure 5A), thus providing rich sites for allow-
ing zinc ions to be rapidly inserted into the electrode interior.
Moreover, the strong formed chemical bonds between Zn and
O prevent the release of Zn2+ during charging because of the
strong Coulombic ionic lattice interaction between divalent Zn2+

and the metal oxides (Figure 5B). As the cell cycles, these in-
active Zn2+ gradually accumulated and formed a physical bar-
rier on the cathode, which reduced the number of active sites
for Zn2+ storage and hindered electron transfer of reactions in-
side the cathode, thus severely deteriorating the cycling stability.
However, in the presence of oxygen defects, the negative oxygen
atoms that interacted intensely with divalent Zn2+ were partially
extracted from the vanadium oxide lattice (Figure 5B), thus pro-
moting a highly reversible insertion/extraction behavior of Zn2+

during the cycling process. Comparing with the conventional
Zn2+ intercalation into the ab-plane of perfect vanadium oxide,
oxygen-deficient sites could open the vanadium oxide layer and
allowed Zn2+ diffusion/intercalation along the c-axis, thus greatly
promoting the reaction kinetics and electrochemical reactivity
(Figure 5C,D).[2b] As a result, the galvanostatic intermittent titra-
tion technique (GITT) measurements revealed that the average
Zn2+ diffusion coefficients in the discharged and charged states
were about 1.1×10−11 and 0.4×10−11 cm2 s−1, respectively. At cur-
rent densities of 0.2, 0.5, 1.0, and 2.0 A g−1, the reversible specific
capacities of 401, 366, 321, and 279 mAh g−1 were achieved, re-

spectively. Even at a high current density of 5 A g−1, an ultra-high
discharge capacity of 223 mAh g−1 was provided.

Even if its application extends to harsh cryogenic environ-
ments, the oxygen defects also play a critical role that cannot be
ignored in promoting the electrode reaction kinetics. By simu-
lating the diffusion behaviors of free Zn2+ in the crystal struc-
ture, three types of oxygen-deficient sites were identified, namely,
terminal site, bridge site-1, and bridge site-2 (Figure 5E).[40] The
diffusion energy barriers of the anoxic sites of terminal site and
bridge site-1 were 1.0 and 1.1 eV, respectively, much lower than
that on perfect NH4V4O10 one (2.2 eV). At the same time, the oxy-
gen defect of bridge site-2 was generated at the bottom, away from
the Zn2+ diffusion layer, which weakened the role of electron
donor, promoted the diffusion kinetics of zinc ions, made the
insertion/extraction reaction highly reversible. Thus, the same
zinc ions diffusion coefficient at -30 °C was obtained as nor-
mal temperature, i.e.,≈10−9 cm2 s−1. Under -30 °C, the oxygen
defective-rich NH4V4O10-x·nH2O (NVOH) cathode delivered spe-
cific capacities of 400, 209, and 94 mAh g−1 at 0.05, 1.0, and 3.0
A g−1, respectively, and the reversible capacity of ≈380 mAh g−1

when the current density went back to 0.05 A g−1 (Figure 5F).
Even cycled at 2 A g−1, a stable Coulombic efficiency was main-
tained with a reversible capacity of 145.5 mAh g−1 after 2600 cy-
cles (Figure 5G,H).[2a]

Currently, the majority of intrinsic defects in cathode materi-
als cycled at low temperatures are described as a function of oxy-
gen vacancies, while other anion defects or cation defects have
never been involved.[22a] Unlike the reaction at room tempera-
ture, the decisive steps of the reaction inside the battery at low
temperature are ion diffusion, electron conduction, and interfa-
cial desolvation.[3d] Cathode/electrolyte interface, as an essential
component at low-temperature, should reduce the interfacial de-
solvation energy barrier so that the obtained free Zn2+ can diffuse
rapidly inside the electrode and participate in the electrochemical
reaction. However, the related researches are extremely rare and
this field is still an unsigned blank area.[10b] Generally, the intro-
duction of vacancy defects could provide many catalytic sites to al-
low reducing the low reaction energy barriers with fast interfacial
[Zn(H2O)6]2+ desolvation and generating more interfacial active
sites to improve zinc ion diffusion kinetics in the cathode inte-
rior together with the robust interfacial cathode/electrolyte inter-
phase (CEI) layer formation. Considering the depressive kinetics
at low temperature, higher concentration of defect in the cath-
odes is more favorable to improve the catalytic sites due to that
the redistribution of electronic structure would bring in higher
reaction kinetics in zinc ion desolvation, diffusion, and storage.
However, the metal oxides with much higher defect concentra-
tion are possible to burst into the structure degradation or even
collapse, which would threaten the capacity and lifespan of the
LT-VZIBs. In this view, a trade-off between the high activity and
the structural stability should be taken into account. Thereby, it
is critical to seek the relationships between the performance and
the stability of cathode structure and to gain the accurate manip-
ulation of the defect concentration to tailor the surface electronic
structure of the vanadium-based cathode for reinforced the ca-
pability of zinc ion desolvation, diffusion, and storage. In this
regard, further characterization exploration, and visualization of
the defects in the cathode chemistry should be a continuous pur-
suit for stabilizing the electrochemical performance.
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Figure 5. A) Configuration of the Zn//Od-VO battery and the oxygen-deficient sites (represented by red spheres) are incorporated into the vanadium
oxide framework. B) Illustrations of the Zn2+ storage/release for pristine vanadium oxide (p-VO) and oxygen-deficient vanadium oxide (Od-VO). C)
Embedding path of Zn2+ in the perfect structure along the ab-plane. D) Embedding path of Zn2+ in the oxygen-deficient structure along the ab-plane
and c-axis. Reproduced with permission.[2b] Copyright 2019, WILEY-VCH. E) Schematic illustration of Zn2+ diffusion in NVOH with oxygen vacancy at
terminal site, red balls are O atoms, blue balls are N atoms (NH4+ ions), green balls are Zn2+ ions, grey balls are V atoms. F) Rate performance of
NHVOH. G) Photograph of a discharging phone powered by four cells in series in a -30 °C cryogenic box. H) Cycling performance at 2.0 A g−1 under
different temperature. Reproduced with permission.[2a] Copyright 2020, Elsevier.

3. Aqueous Electrolyte Engineering for Cyclable
LT-VZIBs

Generally, the physiochemical properties of electrolyte deter-
mines interface information, freezing point, and solvation shell
structure at ambient/extreme conditions.[41] Thanks to the
aqueous system, the electrolytes of ZIBs deliver unparalleled
features exceeding organic electrolyte in lithium ion batter-
ies, such as higher ionic conductivity, low cost, and environ-
ment friendliness, affording great potentials in future energy
storage grid.[42] However, as research proceeded, it is found
that the further advancement of ZIB has greatly been hin-
dered by the electrolyte corrosion and side reactions of hy-
drogen evolution reaction when cycled under high deposition

capacity.[10b,43] The application of aqueous electrolyte with wa-
ter as solvents under low temperature environment inevitably
encounters the following problems:[44] (1) solidification of sol-
vent leads to huge diffusion barriers and even direct bat-
tery failure; (2) increased viscosity with cross-linked hydrogen
bond causes sharp decrease in ionic conductivity; (3) severe
solvation shell with higher force leads to sluggish transport
and huge barrier at the electrode interface and interior.[15a]

To deal with above problems, the development of electrolyte
then gradually evolved into the following categories: (1) high-
concentration salt electrolytes (water-in-salt); (2) organic addi-
tive electrolytes; and (3) hydrogel electrolytes. The following
will detail the improvement of LT-VZIBs by optimizations mea-
sures.

Adv. Energy Mater. 2023, 2304010 2304010 (8 of 22) © 2023 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 6. A) CV curves of Zn electrodes in different electrolytes. B) Vanadium K-edge XANES spectra collected for the initial, full discharged, and fully
charged states. C) Diagram of energy versus density of states in VOPO4/SWCNT electrodes. Reproduced with permission.[47] Copyright 2019, WILEY-
VCH. D) FTIR spectra and E) electrochemical stability window of the ZnCl2 electrolyte at different concentrations. Reproduced with permission.[48]

Copyright 2018, The Royal Society of Chemistry. F) FTIR spectra with various salt concentrations. G) The cycle lifespan profiles of the NVPOF electrode
in the 25 m + 5 m electrolyte (red) and 30 m electrolyte (blue) at a current rate of 0.5 A g−1. Reproduced with permission.[51] Copyright 2020, Wiley-VCH.
H) Schematic illustration of the dynamic structural evolution for V2O5 cathode in different concentration electrolytes. Reproduced with permission.[52]

Copyright 2021, WILEY-VCH.

3.1. Water-In-Salt Typed High Concentration Electrolytes

Under certain conditions, the ionic conductivity of electrolytes
is related to the concentration of electrolyte salts and grows
with increasing salt concentration, mainly because the distance
between the central Zn2+ and the solvents and anions short-
ens when increasing concentration, intensifying the interfa-
cial interaction.[13c,15a] Previous studies of ZIBs had pointed
out that the solvent structure mechanism of metal ions was
found to be similar to that of lithium ion battery systems. In-
deed, high-concentration salt electrolyte systems can regulate
the solvation shell in the electrolyte and effectively improve the
electrode/electrolyte interface stability, forming electrolyte salts-
derived solid electrolyte interphase, thus extending the cycle life
of battery.[45] However, due to the decrease of surrounding tem-
perature, the dissolution of electrolyte salts becomes lower and

that is necessary to adjust the salt concentration of the electrolyte
to make it suitable for low temperature conditions. However, it
should be noted that high-concentration electrolyte may solve
multiple problems,[46] which not only slows the dissolution and
corrosion of the electrode, but also reduces the freezing point
of the electrolyte, expands the voltage window and improves the
ion migration number, etc, which seems like the ionic liquid
additives in the conventional electrolytes to regulate the inner
Helmholtz layer.

Introducing high concentration salt system into vanadium-
based ZIBs not only extends the cycle life, but also effectively re-
duces the dissolution of cathode materials, raising the capacity
retention rate. After employing 21 m LiTFSI/1 m Zn(Tr)2 as the
electrolyte for Zn//VOPO4 full battery, Niu et al. discovered that
the voltage of oxygen evolution reaction in Figure 6A was greatly
enlarged, and there was no obvious oxygen absorption reaction

Adv. Energy Mater. 2023, 2304010 2304010 (9 of 22) © 2023 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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even when charged to 2.1 V, while the redox peaks still appeared
in the high-voltage region. The X-ray near-edge structure analysis
(XANE) of V in the K-edge (Figure 6B) also illustrated that the re-
dox reaction occurred in the high-voltage region. In the relation-
ship of energy versus density of states in Figure 6C, it is found
that an electron will be lost from oxygen to generate a localized
electron hole on the oxygen during the first charging from the
open-circuit voltage to 2.1 V, since the energy of the oxidation of
V5+ is below the oxygen valence band. On discharging from 2.1
to 1.7 V, the electron will be returned to oxygen. On further dis-
charging from 1.7 to 0.8 V, the electron will occupy the t2g state
of octahedrally coordinated VOPO4, corresponding to a slight in-
crease in interlayer spacing. In contrast, at the fully discharged
state, owing to the strong electrostatic attraction between inserted
Zn2+ ions and oxygen in the layers, the interlayer spacing de-
creased. These results show that increasing the plateau voltage
of the battery to 1.56 V promotes the reversibility of the crystal
structure conversion of VOPO4 during charge/discharge, result-
ing in an excellent rate performance and a long cycle life of up to
1000 cycles with a capacity retention of 93%.[47] As depicted in the
Fourier transform infrared (FTIR) analysis of Figure 6D, when
the concentration of ZnCl2 increases from 5 to 30 mol L−1, the H-
O-H bending vibration red-shifts from 1623 to 1612 cm−1, likely
corresponding to the increased viscosity. Meanwhile, in the O-H
stretching band, the symmetric stretch (3200 cm−1) decreases and
asymmetric stretch (3400 cm−1) increases. It means that the high
concentration salt electrolyte can wipe off undesirable side reac-
tion products Zn(OH)2 and ZnO through disturbing the hydro-
gen bond network binding with Zn2+. Meanwhile, the high con-
centration salt electrolyte can greatly broaden the electrochemical
stability window range (Figure 6E).[48] However, follow-up inves-
tigations have identified that the pH value of the electrolyte also
has a great impact on the cycle stability. For example, alkaline
electrolytes tend to form Zn(OH)4

2− or ZnO on the metallic Zn
surface that result in low Coulombic efficiency;[49] while acidic
electrolytes would interact with the vanadium-based electrodes,
resulting in poor cycle stability and severe capacity decay.[49c,50]

Subsequently, a neutral double-salt aqueous electrolyte com-
posed of 25 m ZnCl2/5 m NH4Cl was designed by Bai et al.[51]

Fourier Transform Infrared Spectrometer (FTIR) displayed that
the peak intensity of the -NH group gradually weakened at 3206
cm−1 as the ZnCl2 salt concentration increased, and the bending
vibration signal of O-H also shifted to the low wavenumber from
1623 to 1606 cm−1. Figure 6F illustrated that there were more
electrolyte ions filling between the water molecules, leading to
the desolvation effect by breaking the hydrogen bonds as solute
molecules compete for ligand environment. Meanwhile, the in-
troduction of NH4Cl into the electrolyte act as the buffer and reg-
ulated the pH value of the electrolyte. Consequently, the capac-
ity decay of Na3V2(PO4)2O1.6F1.4 (NVPOF) cathode was signifi-
cantly suppressed at 0.5 A g−1 and the lifespan lasted up to 2000
cycles (Figure 6G). However, the mechanism of zinc ion stor-
age in high-concentration salt electrolyte remains unknown. An
in-depth analysis of reaction mechanism of high-concentration
salt and the structural evolution in the absence of water was per-
formed by Ma et al.[52] To gain insight into the dynamic diffusion
kinetics of H+ and Zn2+ in V2O5, the migration paths were de-
picted in detail by the aid of theoretical simulation (Figure 6H),
which revealed that H+ possessed a lower diffusion barrier than

Zn2+ (0.10 vs 6.57 eV) because of the smaller size. The aforemen-
tioned results also confirm that in the high-concentration salt
system, hydrogen ions are the main contributors to the capac-
ity, while the V2O5 cathode in the low-concentration electrolyte
will experience severe lattice expansion from 4.4 Å to 13.9 Å
(319%) due to the dehydration intercalation of zinc ions, enlarg-
ing the layer space distance. That means the application of high-
concentration salt system would effectively suppress the lattice
expansion and significantly avoid high internal stress and large
volumetric changes in the V2O5 cathode.

Metal ions have strong electrostatic interactions with dipolar
water molecules, and the solidification fundamental reason for
the most aqueous electrolytes is that the bonding rate of hydrogen
bonds is faster than the breaking rate. In this case, the introduc-
tion of concentrated electrolytes can break the hydrogen bonding
network and thus inhibit the solidification of water.[2c,15a] Chen’s
group realized the rupture of the pristine hydrogen bonding net-
work in the ZnCl2-based electrolyte by modulating the solvation
shell structure, which can effectively reduce the number of hy-
drogen bonds in active water molecules and inhibit the solidifi-
cation of free water, thus significantly lowering the solid-liquid
transition temperature (Tt) of the aqueous electrolyte.[2c] When
a high-concentration electrolyte contains 1 m Zn(CF3SO3)2 and
21 m LiTFSI, the quasi-solid-state battery can operate at -15 °C
and achieve a capacity of 60 mAh g−1 at a current density of 0.5 A
g−1.[53] Although much improvements have been achieved, sev-
eral challenges in high-concentration salt electrolytes under low-
temperature environments remain intractable, such as increased
viscosity, decreased conductivity, salting-out at low temperatures,
and high cost.[15a] Consequently, the implementation of high-
concentration salt electrolytes in zinc-ion batteries still requires
some practices to be considered.

3.2. Solvation Shell Reconstruction with Organic Additives

In contrast to high concentration salt electrolyte systems, the hy-
drophobicity of organic additives is adopted to make it preferen-
tially adsorb at the electrode interface to form localized region
of high concentration, thus isolating the active water and elec-
trode and expanding the electrochemical window.[2e,54] Addition-
ally, the solidification point of the optimized electrolyte can be
lowered due to the destruction of the hydrogen bonding network
in the low temperature environment of the mixed electrolyte,[3a]

ensuring a much higher ionic conductivity than that of pure mat-
ter. Not only that, the electrolyte additives also change the solva-
tion shell and regulate the coordination environment of zinc ions
via crowed strategies, which can slow down the severe solvation
phenomenon at low temperature,[15b] thus allowing the battery
to express excellent rate performance and cycle capacity at low
temperature. The key breakthroughs and electrochemical perfor-
mances of vanadium base cathodes using organic additives are
summarized in Table 1.

In general, the migration of Zn2+ is the dominate one in
conventional aqueous electrolyte. The Zn2+ coordinates with six
neighboring water molecules to form a solvated Zn(H2O)6

2+,
thus stabilizing the migration in the electrolyte. Unfortunately,
the large ionic radius of solvated Zn(H2O)6

2+ makes it ex-
tremely challenging to dissociate and transport across the
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Table 1. Organic additives for achieving high-performance LT-VZIBs.

Basic Electrolyte Organic Additive Cycling Performance [mAh g−1] Key Breakthroughs and Discovery Refs.

2 m ZnSO4 40 vol% ethylene glycol 113 @ 0.2 A g−1 for 250 cycles • Solvation structure regulation

✓ Working temperature: −40°C

[3a]

3 m Zn (CF3SO3)2 20 vol% propylene carbonate 183 @ 0.1 A g−1 for 300 cycles • Cathode dissolution suppression

✓ Working temperature: −40°C

[2e]

1 m Zn (CF3SO3)2 72 vol% acetonitrile

methanol

51.25 @ 2 A g−1 for 10000 cycles • Zn2+ kinetics promotion

✓ Working temperature: −40°C

[66]

1 m Zn (CF3SO3)2 methanol 160 @2 A g−1 (rate performance) • Zn(H2O)2(CH3OH)2
2+ formation

✓ Working temperature: −20°C

[67]

1 m Zn (CF3SO3)2 70 vol% tetrahydrofurfuryl
alcohol

79.61 @0.06 A g−1 for 200 cycles • Solvation structure regulation

✓ Working temperature: −40°C

[68]

2 m Zn (CF3SO3)2 40 vol% trimethyl

Phosphate

50.8 @0.5 A g−1 for 12000 cycles • Zn2+[H2O]5.02[TMP]0.14[OTf−]0.84 formation

✓ Working temperature: −50°C

[69]

2 m ZnSO4 N, N-dimethyl acetamide 152.8 @1 A g−1 for 500 cycles • Hydrogen-bonding network reform

✓ Working temperature: −18°C

[70]

1 m Zn (CF3SO3)2 oligomer poly(ethylene glycol)
dimethyl

77.8 @0.1 A g−1 for 1000 cycles • Solvation structure regulation

✓ Working temperature: 0°C

[71]

3 m Zn(CF3SO3)2

+0.1 M ZnI2

10 vol% ethylene glycol 83.3 @0.2 A g−1 for 200 cycles • Solvation structure regulation

✓ Working temperature: −20°C

[72]

2 m Zn (CF3SO3)2 50 vol% trimethyl phosphate 209.3 @1 A g−1 for 1200 cycles • Cathode dissolution suppression

✓ Working temperature: 0°C

[73]

electrode/electrolyte interface and insert inside the cathode in-
terior, considerably limiting the potential to participate in in-
ternal ion exchange and deteriorating the performance and
utilization.[55] Subsequently, the polar propylene carbonate (PC)
as an additive is introduced into 3 m Zn(CF3SO3)2 electrolyte. The
PC-added electrolytes are still colorless and transparent at room
temperature with the growing of the ratio of PC in the mixed elec-
trolyte (Figure 7A). This may be attributed to the amphipathic
structure of zinc trifluoromethanesulfonate (Zn(OTf)2), which
acts as the electrolyte and the anionic surfactant at the same time
and solve the poor intersolubility between H2O and PC. The vis-
cosity of the electrolyte gradually increased with the introduc-
tion of PC, which contributed to the difficulty of Zn2+ diffusion
and the decline of ionic conductivity (Figure 7B). This also im-
plies that the PC can change the intrinsic water-dominated sol-
vation shell structure. The FTIR spectra in Figure 7C suggested
that the hydrogen bonds (3000-3500 cm−1) between active water
molecules were destroyed and the coordination environment of
central Zn2+ was altered by the addition of PC. Afterwards, the
electrolyte coupled with NaV3O8·1.5H2O (NVO) cathode for sta-
bilizing 6 days was further characterized by mass spectrometer.
The results illustrated that only very low concentrations of ele-
mental V were dissoluted and detected in P0 and P20, indicating
that the dissolution of vanadium-based cathode in the electrolyte
was substantially attenuated. It explained why the high capacity

retention rate of 98.5% was achieved after 200 cycles for the NVO
cathode in P20 electrolyte. More importantly, the Zn|P20|NVO
battery also exhibit outstanding performance at −40°C. It deliv-
ers a high capacity of 183 mAh g−1 and maintains a capacity re-
tention of 100% after 300 cycles at 0.1 A g−1, while the capacity of
Zn|P0|NVO dramatically decrease to 0 (Figure 7D). In compar-
ison to previously reported aqueous batteries, the Zn|P20|NVO
battery also delivers superior electrochemical stability and high
reversibility at low-temperature (Figure 7E).[2e] Similarly, to de-
crease the extra weight of organic additives, researchers embark
on the task of looking for small organic molecules, such as polyas-
partic acid (PASP), to regulate the deposition behavior of zinc
ions without lowering the ionic conductivity. The adsorption of
PASP on the zinc metal surface is the key to realize the smooth
and compact deposition of Zn. The surface energy of Zn (100)
and Zn (001) planes before and after PASP adsorption are com-
pared in Figure 7F,G.[56] The Zn (001) has significantly lower
surface energy (51.1 meV Å−2) than that of the (100) plane (77.8
meV Å−2). Therefore, the metal zinc grows anisotropically dur-
ing the deposition process. After PASP adsorption, the surface
energy is disproportionately reduced and become almost same,
e.g. −4.9 meV Å−2 and −4.7 meV Å−2 for the surface energy
of the regulated Zn (001) and (100), respectively (Figure 7F,G).
With the practical PASP-containing electrolyte, the formation of
by-product Zn4SO4(OH)6·xH2O is inhibited and the corrosion of
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Figure 7. A) The optical photographs of the mixed electrolytes. B) The ionic conductivity of the mixed electrolytes at different compositions. C) Raman
spectra vibration signals of O-H in H2O, PC, and different PC added electrolytes. D) Cycling performance of the Zn|P20|NVO button battery at −40°C. E)
Comparison of the capacity at low temperature for Zn|P20|NVO battery and other reported aqueous batteries. Reproduced with permission.[2e] Copyright
2022, WILEY-VCH. F,G) Comparison of the surface energies for the Zn (001) and Zn (100) after PASP adsorption. H) Swelling extent comparison for the
coin cells assembled in the electrolyte without/with PASP after 100 cycles. I) Cycling performance at 10 A g−1 for the Zn//V2O5 full cells assemble using
the electrolyte without or with PASP additive. Reproduced with permission.[56] Copyright 2021, Elsevier.

zinc flakes is more difficult than that in bare ZnSO4 electrolyte.
At the same time, gas evolution in the coin cell is significantly al-
leviated during the repeated charge-discharge cycling. The coin
cell assembled with PASP-free electrolyte swells severely (thick-
ness 4.62 mm) while that assembled using PASP-containing elec-
trolyte swell a little bit (3.58 mm) after cycling (Figure 7H), thus
extending the lifespan of Zn//V2O5 full cells with nearly 100%
Coulombic efficiency at 10 A g−1 after 2500 cycles (Figure 7I).

Obviously, at the initial stage, the influence of organic addi-
tives on the interfacial reaction was overlooked. In later stud-
ies, it was found that the special functional groups in these
organic additives could brebuild and reconstruct the interface
between electrolyte and electrode for fast desolvation.[57] Gen-
erally speaking, desolvation can be realized by adding organic
small molecule electrolytes at room temperature without chang-
ing ionic conductivity, greatly inhibiting the side reactions at the
interface and achieving durable long cycle life.[56,58] As a typical
case, monosodium glutamate (MSG) has caught much attention
as a small molecule organic additive thanks to its advantages of
low cost and high efficiency. As depicted in Figure 8A, the bright

metallic zinc surface turned gray when soaked in pristine ZnSO4
electrolyte with unexpected side reactions, while another zinc
disk still exhibited a metallic shine surface with no obvious mor-
phological changes or by-products formed on the Zn surface af-
ter adding 0.1 m MSG into the pristine electrolyte. As confirmed,
the Glu− anion generated from MSG was preferentially adsorbed
on the surface of Zn anode, forming an isolation layer between
water molecules and metallic Zn surface to eliminate their di-
rect contact, thus inhibiting the side reactions. Apart from that,
the MSG decorated ZnSO4 electrolyte exhibited a stable current
density after a shorter 2D diffusion (Figure 8B). Density func-
tional theory (DFT) calculations similarly demonstrated that the
Glu- anion was more likely to preferentially bind with Zn2+ rather
than water molecules, thus promoting the desolvation of hy-
drated Zn(H2O)6

2+. As illustrated in the schematics (Figure 8C),
in pure ZnSO4 electrolyte, Zn2+ was deposited uncontrollably
on the Zn surface due to water adsorption and solvation phe-
nomena, eventually leading to random zinc dendrites. In con-
trast, after the introduction of MSG (Figure 8D), a physical bar-
rier adsorbed on the Zn surface was formed by Glu-adsorption,
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Figure 8. A) Optical images and SEM images of polished Zn before and after 21-day immersion. B) Chronoamperograms of Zn metal in ZnSO4 electrolyte
with and without MSG. C) Schematics of zinc dendrite formation and severe hydrogen evolution reaction during Zn deposition in ZnSO4 electrolyte. D)
Schematics of the formation of a flat zinc metal-water isolation layer during Zn deposition in ZnSO4 electrolyte with MSG. E) Voltage profiles at different
cycles and F) corresponding cycling performance at 0.5 A g−1 of NH4V4O10//Zn cells in ZnSO4 electrolyte with and without MSG. Reproduced with
permission.[58] Copyright 2022, Elsevier.

inhibiting the hydrogen evolution reactions. Even more critically,
when Zn2+ was involved in the electron exchange, the adsorbed
Glu− anion redistributes the zinc ion flux and promotes the inter-
facial desolvation of hydrated zinc ions, leading to uniform zinc
deposition and fast zinc ion transport kinetics. As a result, the
assembled NH4V4O10||Zn cells with MSG electrolyte additive de-
livered ultra-high capacity retentions of 96% at 0.5 A g−1 after 300
cycles and 93.6% at 2 A g−1 after 1000 cycles (Figure 8E,F),[58]

much better than those without MSG additive (66.6% at 0.5 A
g−1, 38.9% at 2 A g−1).

Considering the solvation effect of Zn(H2O)6
2+ and the in-

creased interfacial diffusion resistance caused by the solidifica-
tion of electrolyte at low temperature,[2e,15a] ethylene glycol (EG)
was applied as an electrolyte additive into the ZnSO4 electrolyte
to form a hybrid electrolyte with outstanding zinc ion conduc-
tivity and superior reversibility. The molecular dynamics simula-
tions (MD simulations) (Figure 9A) indicated that the solvation
structure of Zn2+ in the electrolyte allowed the binding of SO4

2−,
EG, and H2O with the coordination number as well as the dif-
fusion coefficient of Zn2+ in different electrolytes as shown in
Figure 9B. With the increase of EG content, the diffusion coeffi-
cient of Zn2+ first increased and then decreased, indicating that
the solvation structure of Zn2+ ligated with EG and H2O con-
tributed to the rapid transport of Zn2+. DFT calculations yielded
that the relative binding energies of Zn2+ to anions or solvent

molecules (Zn2+—SO4
2−>Zn2+—EG>Zn2+—H2O) (Figure 9C),

explaining that Zn2+ preferentially coordinates with EG com-
pared to H2O molecules. Besides, the introduction of EG ap-
parently decreased the electrostatic potential of Zn2+−5H2O at
solvated state, which was conducive to the rapid transport of
Zn2+-related species (Figure 9D,E). Consequently, the assembled
Zn//PANIV2O5 battery exhibited excellent rate performance at
-20 °C with a specific capacity of 130 mAh g−1 under a current
density of 0.1 A g−1 (Figure 9F).[3a] In addition, the PC addi-
tives also afforded the Zn//P20//NVO battery with a charming
cycle stability at -40 °C. Despite the co-insertion of H+ and H2O
caused by dissolution and precipitation during the discharge
processes, the introduction of PC additive significantly changed
this phenomenon (Figure 9G). A local high-concentration PC
location formed between the NVO electrode and electrolyte ef-
fectively separated the cathode from active H2O, thus desir-
ably suppressing the dissolution of NVO and HER formation
(Figure 9H). Remarkably, a large solvation shell induced by the
excessive P50 concentration may disrupt the NVO lattice and lead
to continuous capacity decay (Figure 9I).[2e] The equivalent effect
can be obtained at low temperature by adding organic reagents
such as PC, 10 EG,14 NMP,[59] etc. It is also feasible to obtain
low concentrations of non-solidifying electrolytes, thereby en-
abling superior electrochemical performance of LT-VZIBs at low
temperatures.

Adv. Energy Mater. 2023, 2304010 2304010 (13 of 22) © 2023 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 9. A) Schematic illustration of a possible mechanism of how the Zn2+-EG solvation interaction impacts the chemistry of the hybrid electrolyte. B)
Coordination numbers of H2O, EG, and SO4

2− around Zn2+ and diffusion coefficient of Zn2+ in different electrolytes calculated from MD simulations.
C) Relative binding energy for Zn2+ with different species obtained from DFT calculations. D,E) Electrostatic potential maps of the original Zn2+-H2O
system and the added-EG system. F) Rate performance of EG40 at -20 °C with various current densities ranging from 0.05 to 2.0 A g−1. Reproduced with
permission.[3a] Copyright 2020, The Royal Society of Chemistry. G) Discharge/charge voltage profiles of the Zn//P20//NVO button battery at -40 °C. H,I)
Schematic illustrations of structure evolutions of NVO during continuous Zn2+ insertion/extraction processes in P20 and P50 electrolyte, respectively.
Reproduced with permission.[2e] Copyright 2022, WILEY.

It is worth noting that the addition of organic electrolyte can
in situ generate solid electrolyte interface (SEI) layer, which is
usually composed of organic and inorganic ingredients. Gener-
ally, the SEI layer possesses outstanding ion sieving behavior and
structural flexibility, which can quickly conduct Zn2+ as well as
effectively mitigate the side reactions about water. Covalent or-
ganic frameworks (COFs) have been known as a kind of porous
crystalline materials with designable structures and extremely or-
dered mass transfer channels.[60] Park et al.[61] designed a single
Zn2+ conducting electrolytes based on a zinc sulfonated covalent
organic framework COF (TpPa-SO3Zn0.5) for aqueous zinc-ion
batteries. The as-prepared TpPa-SO3Zn0.5 electrolyte displayed
structural stability against water through chemically stable 𝛽-
ketonimine linkages. Because of well-defined directional chan-
nels and immobilized sulfonates which are covalently tethered
to directional pores, the TpPa-SO3Zn0.5 display outstanding Zn2+-

sieving behavior and homogeneous Zn2+ flux, exhibiting the con-
ductivity as high as 2.2 × 10−4 S cm−1. In addition, TpPa-SO3Zn0.5
with ionomeric buffer function can effectively prevent the struc-
tural disruption of cathode during repeated redox process, ulti-
mately achieving ultrahigh performance aqueous zinc-ion batter-
ies with the plating/stripping lifespan as high as 500 h. Mean-
while, an ultrathin and uniform 3D COOH-functionalized co-
valent organic frameworks film with high mechanical strength
was designed on the surface of Zn anodes.[60] Consequently, the
3D-COOH-COF film can not only selectively accelerate Zn2+ ion
and inhibiting anions transport for enhancing Zn ion diffusion,
but also inhibiting the occurrence of hydrogen evolution reac-
tion (HER) on the electrode surface. In short, COFs show great
promise as solid electrolyte or protective layer in aqueouos zinc
ion batteries (AZIBs) due to its unique pore structure and ad-
justable surface chemistry for sieving and averaging the ion flux.

Adv. Energy Mater. 2023, 2304010 2304010 (14 of 22) © 2023 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Indeed, it is challengeable to develop all-weather aqueous Zn
based batteries with acceptable performance due to the quite
sluggish reaction kinetics under low temperatures. Typically, low
temperature AZIBs (LT-AZIBs) often suffer from retarded ion
transport and severe solvation behaviors not only in the frozen
aqueous electrolyte, but also at/across the cathode/electrolyte in-
terface and inside cathode interior, significantly limiting the prac-
tical performance of LT-ZIBs. To further broaden the working
temperature for wide application, diethylene glycol monoethyl
ether (DG) was introduced by Zhang et al as an electrolyte ad-
ditive to enhance Zn battery performance within a wide temper-
ature range from −35 to 65°C. The introduction of DG into a
non-concentrated aqueous electrolyte of Zn(OTF)2 disrupts the
initial hydrogen bonding network of the aqueous electrolyte, re-
constructing the solvation structure surrounding Zn2+ for fast
diffusion kinetics. At the same time, the reductive decomposi-
tion of coordinated DG and OTF− can lead to the formation of
a self-healing inorganic/organic ZnF2-ZnS SEI layer during bat-
tery operation, effectively mitigating the detrimental side reac-
tions to realize long cycling duration Zn based batteries under
wide temperature range, which is potential to be extended to the
all-weather VZIBs in the future.[62]

3.3. Gel Electrolyte

Although the aqueous electrolytes possess high ionic conductiv-
ity and low viscosity, they also have inevitable deficiencies. Firstly,
the dissolution of the vanadium-based cathode materials in the
aqueous electrolyte leads to capacity decay. Secondly, the contact
area of the liquid electrolyte cancels out under stress. Last but
not least, the solidification of the liquid electrolyte at low tem-
perature leads to a reduction of the contact area with the elec-
trode interface, which greatly hinders the reaction kinetics at the
interface.[15a] Nevertheless, gel electrolyte strategy can inhibit the
dissolution of active materials, effectively restrain the growth of
zinc dendrites, and maintain a high ionic conductivity. Besides,
the anti-freezing gel electrolyte also delivers satisfactory capacity
at high and low temperatures.

To achieve long-term reversible Zn stripping/plating behav-
iors, a zwitterionic polymer gel electrolyte has been applied to
assemble quasi-solid-state ZIBs, in which the zwitterionic poly-
mer is a type of polymer with charged anionic and cationic
groups on the branches or main chain. This gel electrolyte ex-
hibits record-high room temperature ionic conductivity of 32.0
mS cm−1 and Zn ions transference number of 0.656.[63] As il-
lustrated in Figure 10A, the strong interactions between water
molecules and charged groups enabled zwitterionic polymers
to exhibit a robust water-retaining capacity. Furthermore, the
charged groups promoted a favorable adhesion between the elec-
trolyte and electrode interface, rendering a uniform ion distribu-
tion on the electrode surface with a high ion transfer number and
uniform ion distribution. As demonstrated in Figure 10B, the as-
prepared gel electrolyte could be quickly restored to its original
state after 20 twists. The cut ordinary gel and the blue dyed gel
still manifested the ability to withstand a weight of 200 g upon
placement for 24 h after bonding together through self-healing
ability, which also proved its strong self-healing capability and
mechanical strength. As a hydrogel with chemical crosslinking,

the obtained gel electrolyte offered exquisite mechanical proper-
ties with a high-water content above 87% exposed at 50°C for 24 h
(Figure 10C). Consequently, it displayed exceptional rate perfor-
mance and long-cycle stability when coupled with VS2 cathode.

However, conventional gel electrolytes tend to freeze below
zero degree, sacrificing their mechanical properties and ionic
conductivity and leading to poor cycling performance. Accord-
ingly, developing gel electrolytes for anti-freeze is essential to en-
sure high performance and long lifespan LT-VZIBs.[25b,64] A poly-
acrylamide (PAAm)/dimethyl sulfoxide (DMSO)/Zn(CF3SO3)2
multi-component hydrogel electrolyte (PDZ-H) was proposed
owing to the unique 3D cross-linked network of PAAm,which
displayed a wide working temperature (Figure 10D). Besides, the
coordination of the anionic groups on the chain with Zn2+ af-
fects the Zn2+ distribution and inhibits the growth of zinc den-
drites. At the same time, DMSO not only forms a solid elec-
trolyte interphase layer on the electrode surface to increase cy-
cling stability, but also has strong hydrogen bonds toward water
to decrease the freezing point. And thus, the ionic conductivity
of the PDZ-H electrolyte gradually increases with elevated tem-
perature even in a wide temperature range from −40 to 60 °C.
As revealed by the CV curves at a scan rate of 2 mV s−1, the re-
dox peaks of Zn3V2O8//Zn/PDZ-H full battery are maintained
well in the temperature ranging from −40 to 60 °C. The capacity-
voltage curves also disclose that the zinc storage mechanism
during charge/ discharge behaves similarly with changed tem-
perature (Figure 10E). Unexpectedly, the full cell stabilized nor-
mally for 300 days at a current density of 2 A g−1 under -40 °C
(Figure 10F).[65]

Owing to the exceptional elasticity of polymer matrices and
their fewer water feature, hydrogels are useful for stabilizing elec-
trode reactions and preventing interfacial dislocation. The func-
tional polymers in the gel electrolyte would benefit to confine
the activity of the water molecules against the dissolution of ac-
tive materials and the occurrence of unfavorable side reactions,
i.e., HER. When the temperature decreases to below freezing
point, the hydrogel electrolyte is deemed to encounter complex
interfacial issues like aqueous electrolyte. In this case, the elec-
trolyte/electrode interfacial contact and anti-freezing properties
of the current hydrogel electrolytes would be challenging for prac-
tical applications in zinc-ion batteries. Nevertheless, rarely report
is focused on the development of low temperature hydrogel elec-
trolyte for LT-ZIBs. To make the anti-freeze mechanism of the hy-
drogel clearer, it is potential to resort to diverse in-situ and ex-situ
technologies, such as interfacial sensitive in-situ sum frequency
generation (SFG), in-situ Raman, time-of-flight secondary ion
mass spectrometer (TOF-SIMS), to detect the evolution of the re-
lated interface from the room temperature to the freezing point
or to elaborate the interfacial information under the all-weather
temperature. In virtue of these in/ex-situ technologies, it is con-
venient to investigate the interactions among salt ions, water
molecules, and hydrophilic polymer chains in depth, understand-
ing the impact of local liquid phase components and domain-
limited ion migration chains in hydrogels on the mass trans-
fer processes and electrochemical reaction at the interface. At
the same time, the following points must be taken into account:
i) constructing a well-adhered hydrogel electrolyte/electrode in-
terface by the synergy of tough hydrogel matrix and chemical
interfacial interaction (electrostatic interactions, van der Waals
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Figure 10. A) Schematic illustration of the morphologies of Zn metal anode with LE/PZHE during Zn plating. B) Self-healing behavior of the hydrogel
electrolyte with and without blue colorant. C) Water retention capacity of PZHE. Reproduced with permission.[63] Copyright 2020, WILEY. D) Schematic
diagram of synthesis process of the PDZ-H electrolyte. E) Capacity-voltage curves at different temperature from 60 to -40 °C. F) Long-term cyclic stability
of the Zn3V2O8//Zn//PDZ-H full cell. Reproduced with permission.[65] Copyright 2022, WILEY.

interactions, hydrogen bonds and hydrophobic interactions),
enabling fast ion kinetics at the interface; ii) improving anti-
freezing ability of hydrogel electrolyte and low-temperature ionic
conductivity is crucial to ensure high performance and long lifes-
pan LT-VZIBs.

Above all, in terms of electrolyte optimizations, strategies of
high concentration salt electrolyte, organic additive electrolyte
and gel electrolyte are summarized. For example, high concen-
tration salts are effective in improving the structural stability of
cathode materials and hindering the growth of dendrite, but its
application is limited due to the high cost and the decreased salt
solubility at low temperature. Organic additives play crucial roles
in regulating the solvation structure of zinc ions and inhibiting
the uncontrollable growth of dendrites. Organic small molecules
are mostly employed to inhibit side reactions and make zinc ions
uniformly deposited, while organic reagents are engaged in re-
ducing the desolvation energy barrier and thus greatly improv-
ing the low-temperature performance. The gel electrolytes have
absolute advantages over liquid electrolytes in terms of widening
the operating voltage window and building a stable interface. It is

obvious that LT-VZIBs are adequately researched with regard to
electrolytes, but the focus for energy density improvement of LT-
VZIBs still lies on cathode modification, which has substantial
blanks to be supplemented.

4. Summary and Prospect

Vanadium-based compounds feature outstanding theoretical
specific capacity, moderate voltage plateau, and wide paths for
Zn2+ diffusion, providing a critical option for improving the en-
ergy densities of ZIBs with long lifespan. Decreasing the working
temperature from room to low temperature condition, LT-VZIBs
unavoidably face with deteriorated and dissatisfactory electro-
chemical performances due to the much-depressed dynamics de-
solvation/diffusion kinetics. In low-temperature operation, the
large solvation/desolvation energy barrier of [Zn(H2O)6]2+ at the
electrode/electrolyte interface is too crucial to dissociate for re-
leasing free Zn2+, leading to unsatisfied rate capacity and cycle
stability. To this end, the performances of LT-VZIBs are highly
dependent on decreasing the desolvation energy barrier at the
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electrode/electrolyte interface and reducing freezing point with-
out sacrificing ion conductivity.

Bearing this in mind, we systematically reviewed the kinet-
ics modulation strategies base on the recent advances in the
cathode and electrolyte toward high-performance LT-VZIBs. In
detail, the vanadium-based cathode construction strategies in
hetero ion doping and enrichment of anion/cation vacancies
are summarized, which aims at improving the electron and
ionic conductivity or expanding layer spacing to widen pathways
for transport of free Zn2+. On the other hand, in order to de-
crease the freezing point of electrolyte, passivate interfacial wa-
ter molecules, and reduce the desolvation energy barrier, vari-
ous electrolyte regulations for reconstructions of solvation shells
through high-concentration electrolytes, electrolyte additives and
gel electrolytes strategies are summarized. Although the world-
wide efforts on the LT-VZIBs, the studies are still at its early stage,
especially there lacks a comprehensive and systematic demon-
stration on the relations of the low temperature performance with
the interfacial Zn2+desolvation and diffusion kinetics. The fol-
lowing aspects to further enhance the development of LT-VZIBs
should be paid more attentions.

4.1. Developing New Electrochemically-Strengthened Cathode
with Highly Adjustable Electron Density for Fast Electron/Ion
Kinetics

In the low-temperature operations, the ideal cathode materials
should afford rapid electronic conductivity, fast dissociation ki-
netics from solvated structures to generate bare free Zn2+, and
fast ion diffusion kinetics across the interface and in the cathode’s
interior. As discussed above, metallic cations or non-metallic an-
ions doping, and defect engineering can redistribute the local
electronic density to form high electronic conductivity and fast
ion diffusion kinetics, and inhibit the structure destroy after in-
sertion/extraction at the same time. Similarly, the desolvation be-
haves like a chemical reaction, contributing to higher barriers.
In the future, one possibly could take advantages of catalysis to
reduce the desolvation and diffusion barriers, so that reach the
goal of all-weather performance. As well known, catalytic strat-
egy proposed in battery field is greatly associated with the redis-
tribution of the electronic state between the catalyst and reactant.
Recently, single atomic catalysts (SACs) are confirmed to be ef-
fective in decreasing the interfacial desolvation energy barriers
and ion diffusion energy barriers in Li metal-based batteries, due
to their unique electronic state induced high activity. Defective
vanadium-based compounds have potential to provide affluent
anchoring sites and controllable coordination numbers to mod-
ulate the coordination environment and the geometric structure
of the ligand site on the concentration and activity of SACs. In
this regard, future investigations should be devoted to the ex-
ploitation of various kinds defective vanadium-based compounds
that are affluent in coordination structures and adjustable elec-
tron structures, which is beneficial for constructing stable SACs
strengthened vanadium-based cathode with strong activity for
high-performance LT-VZIBs. Under low temperature, the behav-
iors of hydrate Zn2+ seems to be a disaster and rate-determining
step owing to the limited kinetics and huge desolvation barriers.
With optimized modification of the cathodes such as defect engi-

neering and SACs implantation, it provides sufficient active site
to help to dissociate the large-size hydrate Zn2+ and form uni-
form CEI layer, so that the V-dissolution would be avoided and
prevented under the low current density. Therefore, the stability
of zinc-vanadium batteries with low current density at low tem-
perature is also of great important for practical application.

4.2. Extracting the Zn Storage Mechanism from Combination of
Theoretical Simulations with Ex/In-Situ Characterizations

So far, vanadium-based AZIBs display controversial Zn storage
mechanisms under low temperature operations. Generally, the
cathodes sometimes face phase transition or metal dissolution
with reaction proceeding. At the same time, foreign ions (Zn2+)
insertion result in different conditions for the vanadium-based
compounds because the de-intercalation of Zn2+ induces cath-
ode expansion or even structural collapse. This structural change
poses a great uncertainty to the release of capacity and cycle stabil-
ity of the battery, let alone to find the exact storage mechanism. To
further enhance the capacity and cycle stability, the introduction
of doping atoms within the cathode’ interior may enable higher
intrinsic conductivity of vanadium-based compounds to facilitate
lower reaction energy barriers, the excess amounts of heteroatom
tend to inhibit Zn2+ ion insertion by occupying available spaces.
Under the extra influence of the icing electrolyte with low tem-
perature, this doping strategy would make the Zn storage mecha-
nism more complicated and confusing. As one solution, catalytic
sites can grant easy desolvation of free Zn2+ from solvated struc-
tures and rapid Zn2+ diffusion, but would not hinder the inter-
calation of Zn2+. Another is using ex/in-situ characterizations
such as in-situ XRD, TEM, and XAS on the vanadium-based com-
pounds to exactly trace the structure and morphology evolution
with the reaction processing or TOF-SIMS to observe the state of
the vanadium-based cathode before and after Zn2+ intercalation,
so as to establish more precise theoretical simulation for uncov-
ering exact Zn storage mechanism. Based on the obtained exact
Zn storage mechanism, the corresponding improvement strate-
gies are adopted to further optimize the electrode and realize a
high energy density LT-VZIBs.

4.3. Tracing the Real Time Interfacial Evolution Including Zn2+

Desolvation, CEI Formation, and Zn2+ Diffusion

Owing to the solidification of electrolyte at low temperature, the
interfacial diffusion resistance would significantly be increased
with the formation of solvation effect on Zn(H2O)6

2+. As a re-
sult, severe solvation shell with higher force leads to sluggish Zn
ion transport and huge energy barriers at the electrode interface
and interior. To lower the interfacial energy barriers for boost-
ing the Zn ion kinetics, the desolvation of Zn(H2O)6

2+ struc-
tures as well as their chemical interactions with the vanadium-
based compounds or their influence on the growth quality of
the cathode/electrolyte interphase (CEI) should be reorganized
at the premise of understanding the interfacial information from
molecules and atomic level. Up to date, little information on in-
terface molecules and their motion states has been available on
previous reports. Special operando optical characterizations such
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as in situ sum frequency generation (SFG) and in situ Raman
have potential to be introduced into this field to real-time dy-
namic monitor the state of interface water molecules during sol-
vated Zn2+ deintercalation, which is of immense assistance in
the design and construction of a new interfacial layer. Tracing
the real time interfacial evolution is of great importance to recog-
nize the desolvation process of the Zn(H2O)6

2+ structures to free
bare Zn2+ and their following diffusion process, which is help-
ful to evaluate the chemical kinetics at the atomic and molecular
levels and diagnose the accurate binding energy of active sites
in electrode materials to Zn2+. Such interfacial in-situ characteri-
zations supported theoretical simulations ensure a much clearer
elucidate the relationship between structure and performance.

4.4. Screening Suitable Cathode Structure to Fasten Interfacial
Desolvation and Diffusion

In conventional aqueous electrolyte, the Zn2+ coordinates with
six neighboring water molecules to form a solvated Zn(H2O)6

2+,
in order to stabilize the migration in the electrolyte. Unfortu-
nately, the large ionic radius of solvated Zn(H2O)6

2+ makes it ex-
tremely challenging to dissociate and transport across the elec-
trode/electrolyte interface and insert inside the cathode’s inte-
rior, especially under the low temperature operation. High per-
formance is only achievable when suitable features like fast in-
terfacial Zn2+ desolvation and diffusion allowed by well-designed
cathodes. As a result, it is necessary to implement a desired cath-
ode optimization to generate fast interfacial desolvation kinetics
for releasing more Zn2+ and accelerating the free Zn2+ diffusion
into the cathode’s interior to realize rapid reactions. Based on the
large number of optimization strategies, theoretical simulation is
a beneficial tool to significantly simplify the experimental steps
to screen out the most suitable cathode with well-arranged inter-
face depending on the important parameters of Zn2+ desolvation
and diffusion energy barriers. At the same time, saving the exper-
imental cost a lot.

4.5. Synthesizing Compatible All-Weather Electrolytes with
LT-VZIBs System for Fast Electrochemical Kinetics

As we all know that the chemical properties of electrolyte deter-
mine freezing point, interface electrochemistry, solvation shell
structure at extreme low temperature conditions. Generally, the
electrochemical activity of the vanadium-based cathodes in the
aqueous electrolytes is strongly dependent on surrounding tem-
perature due to their higher freezing point. With the decrease
of the temperature to below 0 °C, the solidification of solvent
would increase the viscosity with cross-linked hydrogen bond to
cause sharp decrease of ionic conductivity, introduce huge en-
ergy barriers at the same time to hinder the interfacial Zn2+ de-
solvation, Zn2+ diffusion at both the interface, the interior of the
cathode. The current strategies in high-concentration salt elec-
trolytes, organic additive electrolytes, hydrogel electrolytes enable
VZIBs realizing desired performance at room temperature, how-
ever, the large voltage hysteresis, long-time instability are still
waiting for being addressed at low temperature. As research pro-
ceeded, the ideal low temperature electrolyte should be endowed

the features of high desolvation, fast ion transport kinetics, low
temperature electrochemical stability, wide working voltage win-
dow, low voltage hysteresis, not merely requiring the decrease of
freezing point. On the other hand, highly compatible all-weather
electrolytes have also potential to guide the Zn2+ desolvation, dif-
fusion, deposition in a uniform manner through diverse regu-
lation mechanism for accelerating ion diffusion, greatly extend-
ing the service life of the LT-VZIBs at the premise of effectively
expanding the working temperature ranges from -40 to 60 °C.
The mechanism of electrode-hydrogel electrolyte interaction is
still a complex, underexplored issue, which is necessary to be
focused to reveal the intricacies of the electrode/electrolyte in-
terface in the future researches relying on divers in-situ, ex-situ
technologies, such as interfacial sensitive in-situ SFG, in-situ Ra-
man, TOF-SIMS. Similar to the aqueous electrolyte, an efficient
approach to suppress the water freezing within the hydrogel is
the adoption of additives, how to choose, modulate additive con-
centrations to balance the ionic conductivity, anti-freezing ability
at the premise of keeping excellent mechanical stability should
be further thought. Therefore, it is urgent to screen more elec-
trolytes to match well with the LT-VZIBs to remedy the remained
problems in current electrolytes. By the way, the suspended elec-
trolyte with catalytic functions in the Li metal battery field has al-
ready been reported to stabilize the migration in the electrolyte,
ensure the fast interfacial desolvation, free metal ion transport,
through regulation the solvation structure, interfacial construc-
tion simultaneously. In this regard, perhaps, the electrolyte with
catalytic suspending addictive to enable high-entropy electrolyte
is the most promising one, compatible with both the cathode, an-
ode similar Li electrolyte.
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