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Abstract

Rechargeable aqueous zinc-ion batteries (ZIBs) have been considered as a
promising candidate for the large-scale energy storage device owing to their
low cost and high safety. However, the practical application of aqueous ZIBs at
low temperature environment is hindered by the freezing aqueous electrolytes,
which leads to a sharp drop in ionic conductivity, and thereby a rapid deterio-
ration of battery performance. Herein, a chaotropic salt electrolyte based on
low concentration aqueous Zn(ClO,4), with superior ionic conductivity under
low temperature (4.23 mS/cm at —50°C) is reported. The anti-freezing method-
ology introduced here is completely different from conventional freeze-
resistant design of using “water-in-salt” electrolyte, cosolvents, or anti-freezing
agent additives strategy. Experimental analysis and molecular dynamics simu-
lations reveal that the as-prepared Zn(ClO,), electrolyte possesses faster ionic
migration compared with other commonly used Zn-based salts (i.e., Zn
(CF3S03), and ZnS0O,) electrolyte. It is found that Zn(ClO,), electrolyte can
suppress the ice crystal construction by forming more hydrogen bonds
between solute ClO, and solvent H,O molecules, thus leading to a superior
anti-freezing property. The fabricated ZIBs using this aqueous electrolyte
exhibits a dramatically enhanced specific capacity, remarkable rate capabil-
ity, and great cycling stability over a wide temperature range, from —50 to
25°C. The aqueous ZIBs also exhibit an outstanding energy density of
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1 | INTRODUCTION

With more and more renewable energy being exploited,
it is urgent to develop high safety and environmental
friendly energy storage devices to store electricity pro-
duced from renewable clean energy."? Rechargeable
zinc-ion batteries (ZIBs) are promising technologies for
large-scale energy storage due to the abundance of metal
zinc, super safety, low redox potential (—0.76 V vs. the
standard hydrogen electrode) and high theoretical capac-
ity (820 mAh/g).*°® Moreover, ZIBs with aqueous electro-
lytes have the merits of high safety, low cost, and
environmental friendliness. Unfortunately, at a low
working temperature, the natural freeze of traditional
aqueous electrolytes suffers from sharp drop in ionic con-
ductivity, resulting in rapid deterioration of battery per-
formance.”® The freeze of aqueous electrolytes limits the
further practicability of ZIBs in cold area or cold chain
logistics. Consequently, it is a priority for restraining the
electrolyte from freezing at subzero temperatures for con-
structing low-temperature aqueous ZIBs.

In fact, the freezing process of water involves the forma-
tion of hydrogen bonds (H-bonds) in ice crystals. To sup-
press the freeze of aqueous electrolyte, one effective strategy
is to break the H-bonds network formed by water molecu-
lar. Up to now, the most adopted methods for lowering the
freezing point of aqueous electrolytes include “water-in-
salt” electrolyte’ ™' and adding organic cosolvents or anti-
freezing additives in electrolyte."** For the former method,
the highly concentrated electrolytes can significantly reduce
the activity of free water molecules, thus decreasing the
freezing point of the “water in-salt” electrolyte, which
endows ZIBs to work at subzero temperatures. However,
the high-concentration electrolytes also bring issues, such
as high cost, high viscosity, and salt precipitation as the
temperature dwindle. For the latter method, the addition of
organic cosolvents or anti-freezing additives in electrolytes
would weaken the environmental friendliness of aqueous
electrolytes. Besides, the additional solvents or agents would
add to the complexity of production and raise the cost of

238.4 Wh/kg without compromising the power density (7.9 kW/kg) under
—20°C. Moreover, the assembled aqueous ZIBs can also cycle stably over
1000 cycles at an ultra-low —50°C. The high-safety and cost-effective
chaotropic salt electrolyte presented here is a promising strategy for low
temperature energy storage application.

anti-freezing property, aqueous zinc ion batteries, high energy density, low-concentration

the final electrolytes. To date, most frequently adopted five
typical Zn-based aqueous electrolytes including ZnSO,,
7ZnCl,, Zn(CF5S03),, Zn(CH;COO),, and Zn(NOs),, have
been reported in ZIBs.>'>™*® Unfortunately, the above elec-
trolytes with the low concentrations are still suffering from
the severe decline of ionic conductivity under subzero tem-
peratures. Therefore, developing a low-concentration and
organics solvent-free anti-freezing aqueous electrolyte
with superior electrochemical performance is of impor-
tance for the practical application of aqueous ZIBs.
Generally, the properties of anti-freezing aqueous elec-
trolytes for the ZIBs shall possess the following fea-
tures: (a) wide electrochemical window, (b) high ionic
conductivity, and (c) good ability to withstand the low
temperature condition.

Chaotropic salts, large monovalent ions with a low
charge density, can effectively disrupt the network of
hydrogen bonding of surrounding water due to the inter-
action between chaotropic salts and water molecules."
Apart from thiocyanate, perchlorate is the most chao-
tropic anion in the Hofmeister series.” In fact, it is found
that the existence of liquid water in the ultra-low temper-
ature environment of Martian is closely related to per-
chlorate.* Perchlorate is frequently used by scientists to
obtain dehydrated macromolecules, such as DNA or
proteins, that are saturated with hydrogen bonded H,O
molecules.??> Due to the above facts, it is speculated that
perchloric-based salt aqueous solution may possess good
anti-freezing property and perchloric-based Zn salt could
become an ideal aqueous electrolyte for constructing
aqueous ZIBs with anti-freezing property. So far only
Yan et al. reported that 1 M Zn(ClO,), salty ice electro-
lyte enabled the as-built zinc-ion hybrid supercapacitor
to achieve anti-freezing property.”> Here, we further
investigate this perchlorate-based chaotropic salt by mod-
ulating the electrolyte concentration and apply it to ZIBs.
We discover that the 3 M Zn(ClO,), aqueous electrolyte
has optimum anti-freezing property, whose mechanism is
different from previous reported salty ice electrolyte in
zinc-ion hybrid supercapacitor. It is further confirmed
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that zinc perchlorate electrolyte can be well compatible
with electrode materials in ZIBs.

In this work, we formulated various concentrations of
aqueous Zn(ClO,),-based electrolytes without adding any
organic cosolvents or anti-freezing additives. We discover
that the 3 M Zn(Cl0O,), aqueous exhibits a high ionic con-
ductivity of 4.23 mS/cm at ultra-low —50°C, proving its
great anti-freezing capability. Through the experimental
analysis and molecular dynamics (MD) simulations, it is
found that the Zn(ClO,), solution possess faster ionic
migration than other Zn-based salts and can form more
H-bonds between solute ClO,  and solvent H,O which
suppress the construction of ice crystals, resulting in a
superior anti-freezing property. The assembled aqueous
ZIBs device shows an outstanding energy density of
238.4 Wh/kg without compromising the power density
(7.9 kW/kg) under —20°C, which surpasses most previ-
ous ZIBs works. More significantly, the fabricated ZIBs
still can stable charge/discharge at ultra-low —50°C for
1000 cycles. The cost-effective, high-safety, and eco-
friendly Zn(Cl0,), aqueous electrolytes have a promising
practical application in aqueous ZIBs device working low
temperature conditions.

2 | EXPERIMENTAL SECTION

2.1 | Chemical reagents

Zn(Cl0,),-6H,0 (AR, >99%), ZnSO,-7H,O (AR, >99%),
and Zn(CF3S03), (AR, >99%) were purchased from Alad-
din Chemical Reagent Co., Ltd.. MnSO, (AR, >99%) was
purchased from Macklin Chemical Reagent Co., Ltd. rGO
was purchased from China XFNANO Materials Tech Co.,
Ltd. Carbon cloth (wos1009) was purchased from CeTech
Co., Ltd.

2.2 | Material preparation

Preparation of MnO, cathode and Zn anode: The
a-MnO, material was synthesized prepared using a
hydrothermal method.>* For the cathode slurry, 80 wt
% of a-MnO,, 10 wt% of rGO, and 10 wt% of poly-
vinylidene fluoride (PVDF) were mixed in N-methyl
pyrrolidone (NMP) under constant magnetic stirring
for 6 h. Then, the slurry was spread onto carbon cloth
and dried in oven at 60°C for 24 h. The mass loading of
active materials (a-MnO,) was about 1.5-2.0 mg. The
Zn anode was carried out by a constant current electro-
deposition technique in an aqueous medium (0.9 M
Na,SO, + 0.4 M ZnSO,4-7H,0 + 0.3 M H3BOs). In elec-
trochemical cell, a carbon cloth was used as the
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working electrode and Pt plate was used as the coun-
ter/reference electrode. The —40 mA/cm? current den-
sity was applied for 15 min at room temperature. The
mass loading of zinc was ~8 mg/cm? (The surface mor-
phology of the as-prepared Zn is shown in Figure S1).

2.3 | Structural characterization and
computational details

Fourier-transform infrared spectrometer and Raman
spectrometer of electrolytes were collected through
LabRAM HRS800 (Horiba Jobin Yvon S.A.S) and Vertex-
70 (Bruker). Differential scanning calorimetry measure-
ment was examined by DSC1 (Mettler Toledo). The sur-
face morphology of the samples was analyzed by field-
emission scanning electron microscopy (SEM, Zeiss
Supra, Carl Zeiss). Molecular dynamics simulation, called
dynamic reaction coordinate (DRC) simulation, was car-
ried out to investigate electrolytes by MOPAC 2016.%>%¢
The integration time was 30 ns with a 1 fs interval and
1000 steps in total. The simulation temperature was
300 K. After 1 ps, the system was fully equilibrated, the
date was collected for further analysis. The half-life (¢;,,)
for loss of kinetic energy is 50 fs. The model in this study
was built and RDF (radial distribution function) was
explored by using VMD3 (visual molecular dynamics).
The electrolytes are surrounded by a [60 x 60 x 60] A
water box.”’

2.4 | Assembly of aqueous ZIBs devices
Aqueous ZIBs devices were fabricated in CR2032 coin cell
for cell performance evaluation by stacking the a-MnO,
cathode, 50-pm thick fiberglass separator (NKK-MPF30AC-
100, Japan), 50 pL electrolyte, and Zn anode. The electrolyte
was obtained by dissolving different concentrations of
Zn(ClO,),-6H,0 in pure water. The reported articles have
proved that adding a small amount of MnSO, could
improve the cycle performance of ZIBs.***** In the follow-
ing experiments, if not specified, all electrolytes were added
with 0.1 M manganese sulfate for further measurements.
Besides, ZnSO, and Zn(CF3SO;), were studied together
with Zn(ClO,), as the standard salt for aqueous zinc
electrolytes.

2.5 | Electrochemical characterization

The linear sweep voltammetry (LSV), electrochemical
impedance spectroscopy (EIS), and cyclic voltammetry
(CV) were carried out on a CHI660 electrochemical
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workstation (Shanghai CH Instrument Co., Ltd.). The
electrochemical stability window was acquired via
LSV, using stainless steel plate as working electrode,
zinc foil as counter and reference electrode. The ionic
conductivity was examined by EIS, frequency range
was from 100 kHz to 0.01 Hz with an AC amplitude of
5 mV. The ion conductivity was calculated from the
Nyquist plot using the following equations:

°TRA

where o (S/cm) represents the ion conductivity; A (cm?)
is electrode contact area; L (cm) is interval distance
between the two stainless steel electrodes; Ry (Q) is the
electrolyte resistance, which was obtained from the inter-
cept with the x-axis in Nyquist plots. The rate perfor-
mance and the cycling stability were carried out on a

(B)

Land CT2001A battery-test system (Wuhan Land Elec-
tronic Co., Ltd).

3 | RESULTS AND DISCUSSION
3.1 | Characterization of the aqueous
electrolytes

The low-temperature electrochemical performance of
aqueous ZIBs is closely related to the freezing and ionic
conductivity of the electrolyte at low temperature. As
shown in Figure 1A, the Zn(ClO,4), aqueous solution with
low concentration (<2 M) is frozen at —50°C, while it
becomes solid state again with the increase of solution
concentration (5 M). As noted before, the freeze capabil-
ity is mainly influenced by the H-bonds of free water.
FTIR and Raman spectroscopy were performed to reflect
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FIGURE 1

Zn(C10,),

Zn(CF,50,),

Characterization of the aqueous solution: (A) The optical photographs of different concentration Zn(ClO,), aqueous

solution at 25, —10, —30, and —50°C. (B, C) FTIR spectrum of pure H,O and the Zn(Cl0,), aqueous solutions with various concentration,
showing the O—H stretching band and the O—H bending band, respectively. (D) Raman spectrum of pure H,O and the Zn(ClO,), aqueous
solution with various concentration. (E) Schematic illustration of a possible mechanism of how the perchlorate anions interaction impacts
the H-bonds of the Zn(Cl0,), aqueous solution. (F) DSC curves of 3 M ZnSO,, 3 M Zn(CF3S03),, and 3 M Zn(Cl0,),. (G) The snapshot of
the MD simulation of Zn(Cl0O,), aqueous solution. (H) Averaged hydrogen bonds numbers for Zn(ClO,),, ZnSO,, and Zn(CF3S03), systems.

(A color version of this figure can be viewed online)
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the H-bonds changes in Zn(Cl0O,), aqueous solution with
the increasing concentration. As displayed in Figure 1B,
there are a main peak at 3370 cm™ ' and two shoulders at
3220 and 3549 cm ™, owing to the O—H stretching bands.
For the pure water, the peak at 1637 cm ' belongs to
O—H bending bands in Figure 1C. It is observed that the
O—H bending bands shift from 1637 to 1624 cm ' with
increasing the concentration of Zn(ClO,),. Furthermore,
with increasing concentration, the low wavenumber
3220 cm ™! shoulder decreases and the high wavenumber
3549 cm™ ! shoulder increases. This phenomenon is in
consistent with previous reported “structure breaking”
effect of solute ClO,  anion on the H-bonds network of
solvent H,0.*>*' In Raman spectrum (Figure 1D), it has
an O—H stretching envelope between 3000 and
3700 cm ™!, where the band at ~3230 cm ™! stands for the
ice-like component, the band at ~3420 cm ™' is the ice-
like liquid component, and the band at ~3530 cm ™! rep-
resents the liquid-like amorphous phase.** The two bands
at lower wavenumbers are responsible for the H-bonded
free water molecules.®® The new band in Zn(ClO,), solutions
at ~3545cm ' represents the water molecules coordinated
anions with H-bonds>*> When the concentration of
Zn(ClO,), increase, two lower bands at 3230 and 3420 cm ™ *
strongly decreases. For instance, in 3 M Zn(ClO,), solution,
the band at 3230 cm ' almost disappear and the band at
3420 cm ! is hardly observed, which means that the H-bonds
of free water molecules were broken. Moreover, the Cl—O
stretching (~936 cm ™ ') of ClO, gradually strengthens fol-
lowing the concentration increase, which discloses that it
forms strong H-bonded interactions between ClO,  and
water, but the rising trend is limited when the concentration
is greater than 3 M (Figure S2). This phenomenon was also
found in recently reported H,SO, work.*® Together with FTIR
results, it suggests that the H-bonds are seriously destructed
with increasing the concentration, and the strong H-
bonded interaction is formed between ClO, and
water molecules, therefore suppressing the establish-
ment of ice crystals and lowering the freeze points
(Figure 1E). In order to help the reader to understand
the anti-freezing property of Zn(Cl0,),, the differen-
tial scanning calorimetry (DSC) measurements were
carried out to observe freezing points of three typical
different zinc salt electrolyte with 3 M concentration.
As shown in Figure 1F, the freezing points of ZnSO,,
Zn(CF3S03),, and Zn(Cl0,), are —26, —37, and —74°C,
respectively.

To further explore the effect of the low-temperature
mechanism of Zn(ClO,), aqueous solution, MD simula-
tions were performed (Figure 1G) with ZnSO, and
Zn(CF;S0s), aqueous solution simulated at the same
condition for comparison (Figure S3A,B). Conformation
analysis for the Zn(ClO,), system is presented in

Figure 1G. Normally, in aqueous electrolytes, strong H-
bonds form between free water molecules.* Each water
molecule can combine the other four water molecules via
H-bonds, forming a tetrahedral H-bond structure, where
it keeps dynamic balance between breaking and
recombining. When the temperature drops under the
freezing point, H-bonds form more quickly and they
break the balance and cause the formation of ice crys-
tals.*”*® Therefore, one effective way to break the original
H-bond network is by introducing ions to form stronger
H-bonded interaction with water molecules. The number
change of H-bonds between anions-H,O and H,0-H,O
molecules are exhibited in Figure 1H. By statistic analy-
sis, the number of H-bonds formed in anions-H,O is 4 in
3 M ZnSO, and 3 in 3 M Zn(CF;S03),, while the number
of H-bonds formed in ClO, -H,O can increase to 9 in
3 M Zn(ClO,),. The results indicated that the ClO,~
anions can more effective forms H-bonds with water mol-
ecule comparing with other two electrolytes. In addition,
the formation of new H-bonds between anions and H,O
molecules is accompanied by the breaking of H-bonds
between H,O molecules. According to previous
studies,”>* the effect of ions on the structure of water
usually follows the Hofmeister sequence. As shown in
Figure S3C, the ions on the left are classified as “structur-
ing making,” strengthening H-bonds network of free
water. The ions on the right of Figure S3C have the
reverse effect, classified as “structuring breaking,” which
help break the H-bonds network of free water. In this
way, the dynamic balance can be rebuilt via new H-
bonded interactions between ClO,  and water molecules,
thus leading to lower freezing points. Altogether, the
results of simulations are also consistent with above char-
acterizations, proving the great anti-freezing performance
of the Zn(ClO,), electrolyte system.

The ionic conductivity of Zn(ClO,), aqueous solution
with various concentration was further studied under
different temperatures by calculating through EIS
data (Figure S4) and the values of ionic conductivity are
displayed in Figure 2A. As shown in Figure 2A, it dis-
plays an increase of ionic conductivity in the Zn(ClO,),
electrolyte with increasing electrolyte concentration until
it reaches its maximum at 3 M. Further increasing the
concentration would lead to reduction of the ionic con-
ductivity. It is probably due to the strengthened interac-
tions between cations and anions, which brings about
high viscosity, leading to a detrimental process of mass
transfer.>® For the same concentration, the ionic conduc-
tivities of Zn(ClO,), show a downward trend as the tem-
perature decreases from 25 to —50°C. Notably, the 3 M
Zn(ClO,4), aqueous solution has the highest ionic conduc-
tivity within the whole temperature range, and it can still
maintain a value 4.23 mS/cm even at ultra-low —50°C,
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FIGURE 2 (A) Ionic conductivity comparisons of the aqueous Zn(ClO,), aqueous solution with various concentration under different
temperatures. (B) Comparison of the 3 M Zn(Cl0,), aqueous solution with various other low-temperature electrolytes. (C) Molecular
dynamics simulation snapshot of Zn(ClO,), aqueous solution. (D) Root mean square deviation values of Zn(ClO,),, ZnSO,, and

Zn(CF3S03),, respectively

justifying its highest anti-freezing capability. Thus, the
3 M Zn(ClO,), with the optimal ionic conductivity was
selected as the electrolyte for aqueous ZIBs in this work.
Surprisingly, the as-prepared 3 M Zn(ClO,), aqueous
solution also exhibits one of the highest ionic conductivi-
ties comparing with recently reported electrolytes at low
temperatures (Figure 2B).'>**** Likewise, 3 M Zn(ClO,),
aqueous solution as electrolytes provides a good balance
between cost and low temperature performance, which
enables promising energy storage in low temperature
conditions.

Furthermore, a preliminary analysis combining with
simulations was conducted to elucidate the excellent
ionic conductivity in Zn(ClO4),. Figure 2C and
Figure S5A,B exhibit the snapshots of the simulated elec-
trolyte structure. It shows the ionic clusters of Zn** coor-
dinating with ClO,~, CFsSO;~, SO,*, and H,O in
corresponding aqueous electrolytes. The root mean
square displacement (RMSD) can reflect the ion diffusion
properties of electrolytes (Figure 2D). Specifically, RMSD

values represent the ions' diffusion distances of the elec-
trolyte as compared to their starting point. After 20 ns
dynamics runs, the anion RMSD values of Zn(ClO,),,
Zn(CF;S0;),, and ZnSO, are 3.56, 0.78, and 2.94 A, and
the cation RMSD values of them are 4.13, 2.13, and
3.73 A, respectively. The higher RMSD values in
Zn(ClOy), electrolyte suggest that the ions diffusion in
Zn(ClO,), electrolyte is more favorable than that of
ZnS0, and Zn(CFsSOs), electrolyte. Overall, our MD
simulation confirms that Zn(ClO,), system has higher
diffusion coefficient, thus leading to the faster ion migra-
tion, which can effectively accelerate the electrochemical
reaction in aqueous ZIBs.

3.2 | Electrochemical performance
of aqueous ZIBs device

To evaluate the electrochemical performance of the as-
prepared electrolyte, an aqueous a-MnO,//Zn device was
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fabricated with 3 M Zn(ClO,), electrolyte, as illustrated
in Figure 3A. It has been proved that adding a small
amount of MnSQy in electrolyte could suppress the disso-
lution of MnO, and improve the cycle performance of
ZIBs (see Figure $6).>***%° We therefore used the mix-
ture solution of 3 M Zn(ClO,), + 0.1 M MnSO, (labeled
as ZCM) as electrolyte to assemble ZIBs. For comparison,
3 M Zn(CF5S03), + 0.1 M MnSO, (denoted as ZFM) and
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3 M ZnSO,4 + 0.1 M MnSO, (labeled as ZSM) electrolytes
were also applied in ZIBs. Firstly, the electrochemical sta-
bility window of electrolytes was verified by applying
LSV measurement. As shown in Figure 3B, the oxidative
onset potentials are ~2.2 Vin 3M ZSM and ~2.3Vin 3 M
ZFM, while the onset potential can be pushed to ~2.5 V
in 3 M ZCM. Following reported works, the suitable
potential window of aqueous MnQO,-Zn ZIBs is about 1.0-
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1.9 V.>*% The enlarged potential range in 3 M ZCM is
capable to perform almost all aqueous ZIBs devices.
Figure 3C displays the CV curves at 1 mV/s of
corresponding ZIBs with different electrolytes. All the
aqueous ZIBs display a single oxidation peak (~1.6 V)
and two reduction peaks (~1.1 V and ~1.3 V) in the CV
curves, corresponding to a two-step reaction during
charging-discharging process. Specifically, over the dis-
charging process, the zinc ions insert in o-MnO, at
~1.3 V, and then a proton conversion reaction occurs
around 1.1-1.3 V.>! Notably, a-MnO,//ZCM (aq.)//Zn
has the largest enclosed area, indicating a higher capac-
ity.**? Figure 3D shows the rate performances of ZIBs
with ZSM, ZFM, and ZCM electrolytes at room tempera-
ture. By calculation, the specific capacity of a-MnO,//
ZSM (aq.)//Zn, a-MnO,//ZFM (aq.)//Zn, and a-MnO,//
ZCM (aq.)//Zn are 220.7, 237.7, and 289 mAh/g at
0.3 A/g and the specific capacity retentions of them are
35%, 44%, and 57% at 6 A/g, respectively (Figure 3D).
When the current density returns to 0.3 A/g, the dis-
charge capacity of a-MnO,//ZCM (aq.)//Zn can reach
301 mAh/g. The a-MnO,//ZCM (aq.)//Zn displays the
greatest specific capacity performance and rate capability
compared with those of a-MnO,//ZSM (aq.)//Zn and
a-MnO,//ZFM (aq.)//Zn. Moreover, as shown in
Figure 3E, the prominent rate performance of a-MnO,//
ZCM (aq.)//Zn already surpasses many previously
reported ZIBs devices (see Table S1 for details).'®****~*
It is worth to note that this is achieved only due to the
use of ZCM electrolyte and without any chemical modifi-
cation of electrode material.

The operating temperature range is a critical parame-
ter for energy storage devices, especially for the device
working in low temperatures environments. We also fur-
ther evaluated the low temperature performance of the
ZCM electrolytes. Figure S7 displays CV curves of ZCM
electrolytes under various temperatures at 1 mV/s. The
intensity of peak current decreases as the temperature
decrease, indicating the reducing capacity. Meanwhile,
the proton conversion reaction peak disappeared when
the temperature drops below zero, which is further con-
firmed by the charge/discharge curves (Figure S8).
Figure 3F shows the discharge capacities in the ZCM
electrolyte under various temperatures at 0.15 A/g. The
aqueous ZIBs display around 295 mAh/g at 25°C. The
aqueous ZIBs still has approximate 170 mAh/g at —20°C,
which is almost 58% capacity retention compared to that
at 25°C. More significantly, from 25 to ultra-low —50°C,
the ZIBs can still keep a high-capacity retention of 29%.
It is worth to note that this good performance is achieved
without adding any other anti-freezing agent. To further
highlight the anti-freezing capability of the aqueous ZIBs
with ZCM electrolytes, the rate capabilities at —20 and

—50°C were also measured by increasing the current den-
sity from 0.15 to 6 A/g gradually (Figure 3G). At the low
temperature —20°C, the aqueous ZIBs delivered a dis-
charging capacity of ~175mAh/g at 0.15A/g and
~69 mAh/g at 6 A/g, which is almost 40% capacity reten-
tion. At the ultra-low —50°C, the aqueous ZIBs delivers a
discharging capacity of ~69 mAh/g at 0.15A/g and
~44 mAh/g at 6 A/g, which is almost 64% capacity reten-
tion. When the current density returned to 0.15 A/g, the
capacity slightly increases. The results indicate that the
great capacity and rate performance of this aqueous ZIBs
working at low temperatures, and it also strongly prove
the impressive anti-freezing property of low concentra-
tion ZCM electrolytes.

Electrochemical impedance spectroscopy measure-
ment was employed to further explore the electrochemi-
cal behavior of the ZIBs with varying working
temperatures, and the Nyquist plots are shown in
Figure 4A. In the Nyquist plot, the equivalent serial inter-
nal resistance (R,) is the intercept with the real part in
the high frequency region and charge-transfer resistance
(R.) is the diameter of semicircle. The inset in Figure 4A
is the equivalent circuit model, and the relative parame-
ters are summarized in Table S2. With decreasing the
ambient temperature from 25 to —40°C, the R; and R,
show an increasing tendency. It is highlighted that the
electrolyte has a strong effect on the electrochemical per-
formance. With the decrease of working temperature, the
ion mobility of aqueous ZCM electrolyte decreases, which
leads to the decrease of ionic conductivity. The reduced
ionic conductivity caused the increase of R,. The kinetics
of active materials for Zn*"ions de/intercalation decrease
significantly with reducing temperature, which will result
in an increased R.. The cycling stability of the ZIBs
device was evaluated by the charge/discharge process at a
high current density of 6 A/g. As shown in Figure 4B,
over 1000 cycles, the specific capacity retentions of ZIBs
are almost 100% at 25°C. Significantly, the cycling dura-
bility was achieved under —20 and ultra-low —50°C,
which continuously operated over 1000 cycles without
noticeable capacity decay. The results of cycling stability
uncover that the aqueous ZIBs device is able to charge/
discharge stably under a room temperature and even
ultra-low temperature. Ragone plots can evaluate the
ZIBs device's output in terms of energy and power den-
sity. Remarkably, our ZIBs device delivers an outstanding
energy density of 238.4 Wh/kg and a power density of
7.9 kW/kg under —20°C (Figure 4C), which is signifi-
cantly superior to previous reported ZIBs devices working
under low temperatures condition.*'*%~>® Note that these
values were obtained based on the loading mass of MnO,
cathode. To verify its practical application, the assembled
aqueous ZIBs device was used to light an electric desktop
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clock after being charged to 1.9 V at 25°C and —50°C, indi-
cating our new assembled ZIBs with ZCM electrolytes has
a considerable potential in practical renewable energy stor-
age working within a wide temperature range (Figure 4D,
Video S1, and Video S2).

4 | CONCLUSIONS

In this work, a cost-effective, anti-freezing, and high ionic
conductivity Zn(ClO,), electrolyte is discovered and
applied in low-temperature aqueous ZIBs. The 3 M

Zn(ClO,4), aqueous solution without adding any organic
additives exhibit a high ionic conductivity of 4.23 mS/cm
at even ultra-low —50°C. Spectroscopic characterization
and MD simulations revealed that the H-bond among
free water was destructed and the new H-bonded interac-
tion between ClO,  and water molecules generated, and
the Zn(ClO,), possesses faster ionic migration and it has
more new H-bonds compared to other Zn-based salts,
thereby leading to a superior anti-freezing property. As a
result, the assembled aqueous ZIBs device using 3 M
Zn(ClO,), electrolyte displays a dramatically improved
specific capacity, excellent rate capability, and superior
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cycling stability under a wide temperature range, from
—50 to 25°C. The aqueous ZIBs also exhibit an outstand-
ing energy density of 238.4 Wh/kg with a power density
of 7.9 kW/kg under —20°C. In this work, we not only
propose a first reporting cost-effective, high-safety, anti-
freezing, and eco-friendly Zn(ClO,4), aqueous electrolyte
exerting great electrochemical performance in ZIBs
devices, but also shows the deep understanding of effects
on freeze points by anions, which exhibits the potential
commercial applications for energy storage under low
temperatures.
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