An Anti-freezing Pure Inorganic Electrolyte for Long Cycle Life Aqueous

Sodium-ion Batteries at -40 °C

Abstract: Aqueous electrolytes have the great application potential for sodium-ion
batteries owing to eco-friendliness, high-safety, and low cost. However, the high
freezing point of common aqueous electrolytes greatly limits the normal operation of
aqueous sodium-ion batteries (ASIBs) at low temperatures. Herein, MnCl>-4H20 is
introduced into NaCl solution to form the hybrid NaCl/MnCl-4H,0 electrolyte to
expand the application scope of ASIBs. Due to the strong interaction between Mn?* and
water molecules, the hydrogen bond network in water is damaged on a large scale. Thus,
the hybrid electrolyte maintains a liquid state and has a high ionic conductivity (2.44
mS cm™) at -50 °C. When used the optimized hybrid inorganic electrolyte, the pure
inorganic compositions full battery assembled with NaCoFe(CN)e cathode and active
carbon anode delivers a high specific capacity of 54.0 mAh g* at -40 °C under 1 C (1
C =150 mA g). Excitingly, when tested at -40 °C under 10 C, the battery can achieve
an ultra-long cycle stability of 10,000 cycles with a capacity retention of ~ 99%.
Significantly, this work opens a new path to explore the ASIBs with superior

electrochemical performance at low temperatures.
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1. Introduction

Electrochemical energy storage technologies are of great importance for storage
and conversion of the renewable energy sources [1-3]. Recently, sodium-ion batteries
(SIBs) attract considerable attention owing to low cost and abundant sodium reserves,
which are considered to be a promising alternative to lithium-ion batteries (LIBs), as
well as crucial electrical power sources and energy storage systems in future [4-7].
Especially, the most key advantage of SIBs is that the content of sodium 23,000 ppm
(2.3%) in Earth's crust is over a thousand times than that of lithium (20 ppm), making
it cheap. Benefiting from the similar working principles as LIBs, it has the great
potential for mass production for SIBs using the existing technology and manufacturing
equipment developed for LIBs [4, 8-12]. As far as large-scale energy storage power
stations, safety and cost are the very key factors [13]. It is obvious that the present
energy storage systems based on the toxic and flammable organic electrolytes in SIBs
field fail to satisfy the green energy demand and raise potential security concerns [14,
15]. By comparison, aqueous electrolytes are expected to be appealing alternatives for
commercial organic electrolytes due to the high safety, low cost, eco-friendliness, and
so on [13, 14, 16-19]. Nevertheless, the aqueous electrolytes usually deliver the narrow
liquid-state temperature range [1]. Owing to the high freezing point of water, the
ordinary aqueous electrolyte becomes frozen when the temperature decreases
dramatically, which severely limits the migration of ions, resulting in significant loss of
capacity [1, 19-21]. Even for the advanced commercial batteries, capacity and rate
performance degrade rapidly at temperatures below 0 °C and completely fail below -

20 °C [22-24]. Some activities such as high venturing, polar expeditions, outdoor
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adventures, and military campaigns require a sustainable and efficient power source at
extremely low temperatures. Yet, the inherent shortcoming of aqueous electrolytes of
being frozen dramatically reduces their low-temperature adaptation, resulting in an
unavailability for human activities [25]. As a consequence, the development of novel
aqueous electrolytes that remain unfrozen is urgent for enhancing the electrochemical
performance and expanding the application requirements of ASIBs in subzero
environment.

Great efforts have been made for improving the performance of ASIBs under
below-zero temperatures, and some groundbreaking studies have been conducted to
lower the freezing point of aqueous electrolytes by adding organic solutions as co-
solvents, such as formamide [17], methanol [26], sulfolane (SL) [27], acetonitrile [28,
29], dimethyl sulfoxide [19], and ethylene glycol [30], all of them can effectively reduce
the freezing point of aqueous electrolytes. However, these organic solvents usually lead
to an increase of electrolyte viscosity and a decrease of dielectric constant, which
severely reduces ionic conductivity. Furthermore, expensive and volatile organic
additives hinder the safe and environmentally friendly development of energy storage
systems. An effective design strategy was proposed to use high concentration
electrolytes to lower their freezing point [1, 31]. For instance, Chen ef al. reported that
the 7.5 m ZnCl; electrolyte possesses an ionic conductivity of 1.79 mS cm™ at -60 °C
[1]. Zhang et al. used 17 m NaClOys electrolyte to obtain SIBs with a long lifespan at -
30 °C (98% capacity retention over 1000 cycles) [31]. However, the very high

concentration of electrolyte leads to high viscosity at low temperatures and high cost,



which are unfavorable for ion migration and large-scale applications [16]. Therefore,
the low-concentration pure inorganic aqueous electrolytes with endurance at low
temperatures are in great demand.

For the first time, MnCl,-4H>O was introduced into NaCl solution to lower the
freezing point of aqueous electrolytes for ASIBs in this work. A low-concentration anti-
freezing electrolyte containing NaCl and MnCl>-4H,0 was designed for ASIBs. The
NaCl/MnCl,-4H>0 hybrid electrolyte, benefiting from the strong interaction between
Mn?" and water molecules, the original hydrogen bond network between water
molecules is disrupted on a large scale, realizing an ultra-low freezing point, which is
much lower than that of the conventional NaCl electrolyte (Fig. 1). As expected, the
hybrid electrolyte still maintains an unfreezing state and has a high ionic conductivity
at -50 °C. The ASIBs using NaCl/MnCl,-4H>0O aqueous electrolyte can be operated at
-40 °C and keep excellent capacity retention at extremely cold temperatures. This work
is expected to broaden the design concepts of freezing-resistant electrolytes and
promote the aqueous batteries application for the large-scale energy storage with wide

operating temperatures range.
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Fig. 1. Schematic diagram and the anti-freezing mechanism for the pure inorganic
electrolyte.

2. Results and Discussion

In this work, both the electrodes and the electrolyte are made of pure inorganic
materials, as can be clearly shown in Fig. 2a. As we all know, the freezing point and
conductivity of the electrolyte are two very key factors for the low-temperature
performance of aqueous batteries [13, 17, 22, 32]. Generally, the viscosity of the
electrolyte increases with the decrease of temperature, which leads to a decrease of the
ion transport rate [22]. As the environmental temperature approaches the freezing point
of the electrolyte, the viscosity increases rapidly, which makes it difficult for the ions
to migrate efficiently [13]. The conductivity of electrolytes at low temperatures is
usually much lower than that of room temperature, which is the reason for

unsatisfactory performance or even failure of the battery at low temperatures [22-24].



Therefore, reducing the freezing point of the electrolyte and increasing its conductivity
are very effective methods to achieve high-performance battery at low temperatures.
The optimized electrolyte is composed of 0.5 m (mol-L") NaCl and a certain
concentration of MnCl'4H>O. In order to accurately determine the appropriate
MnCl>-4H>0O concentration (Cwmncl,-4H,0), @ series of solution samples with different
concentrations were placed under different temperatures for 2 hours, as demonstrated
in Fig. 2b. The prepared samples are expressed as 0.5 m NaCl + £ m MnCl>-4H>O (§ =
0, 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5). All of the samples appear completely
transparent and unfrozen at room temperature (25 °C). When the environmental
temperature reaches -30 °C, the samples with Cwncl,-4n,0 < 2.0 m exhibit an opaque and
completely frozen state. As the temperature continues to drop to -60 °C, only solution
with Cwvnct-4m,0 = 4.0 m remains transparent and unfrozen, while the other samples
appear completely frozen, indicating that the optimized mixed solution 0.5 m NaCl +
4.0 m MnCl-4H>0O has the lowest freezing point among all the samples. For clear
comparison, the optical photographs of all the samples at different temperatures (0 °C,
-10 °C, -20 °C, -40 °C, -50 °C) are shown in Fig. S1. The samples gradually freeze with
decreasing of temperature, and the lower-concentration samples freeze earlier than the
higher-concentration samples, for instance, the sample with Cwmncl,4m,0 = 0.5 m
becomes frozen state at -20 °C, whereas the sample with Cwncl, 41,0 = 2.0 m gets frozen
at -40 °C, indicating that the freezing resistance of the solution enhances with increasing
of concentration. It should be noted that the salt precipitation can be clearly observed

at -40 °C for the solution with Cwmncl,-41,0 = 4.5 m, which becomes completely frozen at



-60 °C (Fig. S1d and Fig. 2b). This is due to the fact that the concentration of the
solution is close to saturation and solubility decreases drastically with decreasing
temperature leading to salt precipitation; at the same time, the concentration of the
solution exceeds the eutectic concentration, thus the freezing point will not continue to
decrease [16, 25]. To further verify the stability freezing point for different electrolytes,
the states of 0.5 m NaCl electrolyte and the optimized 0.5 m NaCl + 4.0 m MnCl,-4H,O
electrolyte were observed at low temperatures (below -5 °C) for 24 h, respectively. For
0.5 m NaCl electrolyte, the ice crystal can be clearly found at -5 °C (Fig. S2) and
completely freeze at -10 °C (Fig. S3). Compared with 0.5 m NaCl electrolyte, the
optimized electrolyte (0.5 m NaCl + 4.0 m MnCl,-4H>0) remains a transparent state
and has good fluidity after being placed at -50 °C (Fig. S4). The above results suggest
that the freezing resistance of the 0.5 m NacCl electrolyte is greatly improved with the

addition of 4.0 m MnCl»>-4H50.
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Fig. 2. (a) The operating schematic diagram of the pure inorganic storage system in this
work. (b) The optical images of 0.5 m NaCl-based solutions with different
concentrations of MnClz-4H>0 under 25 °C, -30 °C and -60 °C. (¢) The ionic
conductivity of 0.5 m NaCl + 4.0 m MnCl,-4H0 electrolyte at different temperatures.
(d) The comparison of conductivity between this work and previous reports at different
temperatures.



The conductivity of electrolytes can be calculated from the electrochemical
impedance spectra (EIS) measurements. The EIS results of 0.5 m NaCl and 0.5 m NaCl
+ 4.0 m MnCl,-4H>0 electrolyte at different temperatures are displayed in Figs. S5a
and b, respectively. At room temperature (25 °C), the conductivity of 0.5 m NaCl + 4.0
m MnCl,-4H,0 electrolyte (Fig. 2c) is 91.41 mS cm™!, which is almost 2 times higher
than that of the 0.5 m NaCl electrolyte (46.62 mS cm™!, Fig. S6). Even at -50 °C, the
conductivity of 0.5 m NaCl + 4.0 m MnCl,-4H,O electrolyte reaches a satisfactory 2.44
mS cm™!, which is much higher than the reported results shown in Fig. 2d [1, 17, 19, 27,
33-40]. In particular, it is more than 48 times that of the LiClO4 electrolyte with SL
addition (0.05 mS cm™) [27]. Therefore, it is expected that the optimized 0.5 m NaCl +
4.0 m MnCly-4H>0 electrolyte is an ideal electrolyte material for low-temperature

aqueous batteries.

The illogical high freezing point of pure water is caused by the abundant hydrogen
bonds in water [1]. Hence, the freezing point of water can be lowered by breaking the
hydrogen bond network between water molecules. It is well known that the electrostatic
interactions between metal ions and polar water molecules are very strong, and thereby
the hydrogen bond network can be disrupted by the introduction of metal ions [1, 41,
42]. In order to theoretically reveal the effect of MnCl>-4H>O on lowering the freezing
point of 0.5 m NaCl electrolyte, density functional theory (DFT) has been carried out
to calculate the interaction energy (Einteraction) between individual particle for 0.5 m
NaCl + 4.0 m MnCl,-4H0 electrolyte. As shown in Fig. 3a, it can be clearly observed

that the Einteraction of Mn?"-H,0 (-65.93 kJ mol™!) is far lower than those other energies,



suggesting that water molecules prefer to interact with Mn?* rather than other water
molecules. The hydrogen bonding in the water molecules have been broken drastically.
Molecular dynamics (MD) simulations have been performed to obtain the overall
interaction energies among particles in the electrolyte, together with the evolution of
hydrogen bond network for different electrolytes. As displayed in Fig. S7, the overall
Einteraction among all the water molecules is -146.62 x 10° kJ mol™* for 0.5 m NaCl + 4.0
m MnCl;-4H0 electrolyte, which is much higher than that of 0.5 m NaCl electrolyte
system (-206.97 x 10° kJ mol ™), revealing the weak bonding between water molecules
in the mixture electrolyte [43]. The MD simulation snapshots in Fig. 3b show that after
the addition of 4.0 m MnCl>-4H>O into 0.5 m NaCl electrolyte, the hydrogen bonds
between water molecules are markedly reduced compared with 0.5 m NaCl electrolyte,
and a large number of Mn?"~O-H bonds are formed, well consistent with the DFT
results shown in Fig. 3a. The reduction of the number of free water molecules in the
mixed electrolyte can remarkably enhance the freezing tolerance for the mixed
electrolyte [43]. Statistical analysis shows that, in Fig. 3c, the average number of
hydrogen bonds between water molecules is 1.065 in the optimized 0.5 m NaCl + 4.0
m MnCl>-4H,0 electrolyte, far lower than 1.618 in 0.5 m NaCl electrolyte, indicating
a significant reduction of the number of hydrogen bonds, which can be attributed to the
strong interaction between Mn** and water molecules as confirmed by DFT results in
Fig. 3a. Thus, the optimized pure inorganic electrolyte 0.5 m NaCl + 4.0 m

MnCl>-4H,0 is expected to be a promising candidate for the ASIBs.
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Fig. 3. (8) The interaction energy from DFT calculation for individual H.O molecule
and other particle in 0.5 m NaCl + 4.0 m MnCl,-4H0 electrolyte. (b) MD simulation
snapshots for 0.5 m NaCl (upper) and 0.5 m NaCl + 4.0 m MnClz-4H>O (lower)
electrolyte, respectively. (c) The average number of hydrogen bonds between water
molecules for different electrolytes.

The anti-freezing mechanism of MnCl>-4H>0O solution can be further elaborated
by Raman spectra. Fig. 4a shows the Raman spectra of pure water and 0.5 m NaCl + &
m MnCl2-4H20 (€ = 0, 2.0, 4.0) electrolytes. For pure water, the broad Raman peak
locating within 3000-3700 cm! relates to the O-H stretching vibration, which is usually
divided into three components. The main peaks at around 3230 cm™, 3450 cm™, and
3620 cm! correspond to the strong hydrogen bond water (SHW), the weak hydrogen

bond water (WHW), and non-hydrogen bond water (NHW), respectively [1, 16, 25].

11



For SHW, four hydrogen bonds are usually formed around one water molecule. With
respect to NHW, no hydrogen bond exists around water molecules. As to WHW, the
number of hydrogen bonds around one water molecule lies between that of SHW and
NHW [16]. In terms of liquid water, the water molecules are in natural vibration, and
the hydrogen bonds between water molecules are in a state of constant formation and
fracture [13]. The essence of water crystallization is the transformation of randomly
dispersed water molecules into an ordered ice state under the influence of hydrogen
bonds [32]. Thus, the freezing point of solutions can be significantly lowered by
breaking the hydrogen bond network of water (reducing the content of SHW) [16]. As
depicted in Fig. 4a, the existence of a notable shoulder peak at ~ 3230 cm™ means a
marked amount of SHW in pure water. Compared with that of pure water, the shoulder
peak at ~ 3230 cm™! for 0.5 m NaCl solution keeps almost unchanged, indicating the
negligible influence of NaCl solution on SHW content. With increasing of MnClz-4H>O
concentration, the intensity of shoulder peak at ~ 3230 cm™ significantly weakens and
the peak value gradually moves to higher wavenumber, indicating a decrease of SHW
content [13]. In order to quantify the proportion of the water with the different
hydrogen-bound states, the ratios are calculated on the basis of the areas of the fitted
peaks in Figs. 4b-d and Fig. S8 [1, 16]. The results in Fig. 4e show that, the SHW
content 1s 48.1%, 46.9%, 36.4%, and 26.7%, and the content of WHW is 44.9%, 45.7%,
62.6%, and 69.7% for pure water, 0.5 m NaCl, 0.5 m NaCl + 2.0 m MnCl»-4H»0, and
0.5 m NaCl + 4.0 m MnCl>-4H>O electrolyte, respectively. The SHW rapidly reduces

while WHW significantly increases with the increase of MnCl;-4H>O concentration,
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indicating the progressive destruction of hydrogen bond network structure. It should be
noted that the content of SHW shows the lowest value under Cwvmncl4m0 = 4.0 m,
meaning the most decline in the freezing point, in good consistent with the results
shown in Fig. 2b and MD simulations in Fig. 3.

The Fourier transform infrared (FTIR) spectra in Fig. 4f show the main peak at
2800-3600 cm!, corresponding to the vibration of O-H, shifts to higher wavenumber
with increasing of MnCl,-4H>O concentration, revealing the weakening of hydrogen
bonds between water molecules [44, 45]. This can be ascribed to the disruption of the
hydrogen bond network structure caused by the addition of Mn?*, in good agreement
with the results of Raman tests and MD simulations.

The differential scanning calorimetry (DSC) measurements were measured for 0.5
m NaCl + £ m MnCl»-4H>O (£ =0, 1.0, 2.5, 4.0) electrolytes to elaborate the effect of
MnCl>-4H>0 on the freezing point of NaCl solution, as shown in Fig. 4g and Fig. S9.
Normally, a sharp endothermic peak arises during the ice-melting process, and a distinct
step appears during the glass transition process [1, 43]. During the heat-absorbing
process (from -80 °C to 25 °C), a distinct sharp endothermic peak can be observed in
the case of the Cwvnct,-4m,0 < 4.0 m (Fig. S9), while, the endothermic peak disappears
under Cwmncl,-4n,0 = 4.0 m. DSC curve from 25 °C to -150 °C is displayed in Fig. 4g.
According to the references [46-48], the onset and the width of the glass transition (7)
of the hybrid electrolyte with Cwnct,4n,0 = 4.0 m are -106 °C and -106 ~ -116 °C,
respectively. As a result, the 4.0 m MnCl,-4HO is expected to be an ideal material to

lower the freezing point and improve the freezing resistance of the 0.5 m NaCl
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electrolyte. Figure 4h presents linear sweep voltammetry curves (LSV) for different
solutions. It can be seen that electrochemical stability window (ESW) of the optimized
0.5 m NaCl + 4.0 m MnCl>-4H;O, 0.5 m NaCl and pure 4.0 m MnCl,-4H>O solution is
~2.28, 2.4 and 2.02 V, much higher than the theoretical decomposition voltage of water
(~ 1.23 V) [17, 49, 50], as well as higher than that of the conventional aqueous
electrolytes (< 2V) [50]. Hence, the optimized electrolyte has great advantages for

electrochemical working in practical applications.
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Fig. 4. (a) Raman spectra of pure water and NaCl-based electrolytes. (b)-(d) The
correspondingly fitted O-H stretching vibrations based on Fig. 4(a) for pure water, 0.5
m NaCl electrolyte, 0.5 m NaCl + 4.0 m MnClz-4H:0 electrolyte, respectively. (e) The
ratios of water with different hydrogen-bound states for various electrolytes (f) FTIR
results for various electrolytes. (g) DSC curve of 0.5 m NaCl + 4.0 m MnCl»-4H,0
electrolyte. (h) LSV curves for different solutions.

To evaluate the practical applications of the optimized electrolyte, ASIBs were
constructed with NaxCoFe(CN)g, active carbon (AC), and the optimized 0.5 m NaCl +
4.0 m MnCl2-4H2O electrolyte as cathode, anode, and electrolyte, respectively. The
morphological and structural characterizations for the electrode materials are shown in
Figs. S10-S12. The electrochemical performance of NaCoFe(CN)s electrode was
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measured by cyclic voltammetry (CV) in the optimized 0.5 m NaCl + 4.0 m
MnCl-4H,0 electrolyte. As displayed in Fig. S13, the CV curves of Na;CoFe(CN)g
electrode show reversible redox peaks, and all CV curves almost completely overlap in
3 cycles, demonstrating excellent stability and good compatibility with the electrolyte
[51]. The ASIBs were charged and discharged at a current density of 1 C (1 C = 150
mA g') under different temperatures and the specific capacities are 101.8, 82.7, 78.9,
72.4, 65.5, and 55.9 mAh g! at 25, 0, -10, -20, -30, and -40 °C, respectively (Figs. 5a
and S14a). Compared with the specific capacity at 25 °C, the capacity retention of the
ASIBs is 54.9% at -40 °C. When the temperature rises from -40 °C to 25 °C, the specific
capacity of ASIBs can nearly restore to the initial level, indicating that the freeze-
resistant performance of ASIBs is highly reversible. Fig. 5b shows the cycling tests of
ASIBs measured at -40 °C after 10 activation cycles. The specific capacity of ASIBs at
-40 °C is up to 54.0 mAh g ! at 1 C, and even after 1000 cycles, the battery maintains a
specific capacity of 51.0 mAh g'! at 1 C, with 94.4% of the capacity retention to the
initial cycle. The negligible capacity attenuation during long-term operation in harsh
cold environments indicates that ASIBs own excellent electrochemical properties and
can meet the application requirements of energy storage power stations in the extreme
cold regions. Furthermore, as confirmed by Fig. 2d, the optimized electrolyte delivers
high ionic conductivity at ultra-low temperatures, thus, the freezing-resistant ASIBs
possess a good rate performance at low temperatures. When the current density is
increased from 1 C to 10 C at -40 °C, the specific capacity still reaches 28.0 mAh g,

48% of the specific capacity at 1 C, as shown in Fig. 5c¢ and Fig. S14b. Importantly,
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when the current density converts back to 1 C from 10 C, the specific capacity also
correspondingly restores to the initial specific capacity of 1 C, revealing that ASIBs
deliver excellent rate capability under ultra-low temperatures. In addition, the freeze-
resistant ASIBs exhibit excellent long-term cycling stability, with capacity retention of
~100% after 4000 cycles at 5 C under -40 °C (Fig. S15), and ~ 99% after 10,000 cycles
at a higher current density of 10 C (Fig. 5d), which is outperforming the previously
reported results (Fig. Se) [27, 29, 33, 35, 36, 39, 41, 43, 52-58].

In order to assess the extremely low-temperature application of the energy storage
system, two series connected ASIBs can light three LED bulbs connected in parallel
(rated power of 0.02 W, excitation voltage of 1.8 V) at -50 °C (Fig. 5f and Video S1),
which is much lower than most of the human activity temperature ranges. Even stored
at -50 °C for a month, two series ASIBs can still power the three parallel LED bulbs
(rated power of 0.02 W, excitation voltage of 1.8 V) when the circuit is turned on (Fig.
S16), demonstrating the excellent stability of the system in ultra-low temperatures. As
expected, this freezing-resistant ASIBs energy storage system presents the excellent
ultra-low-temperature performance and practical application prospect.

Owing to the coexistence of Mn** and Na® in the optimized electrolyte, it is
necessary to verify the real identity of the carrier ions during the cycling process. The
NaxCoFe(CN)s electrode was first charged and discharged several times in the potential
range of 0 ~1 V using 0.5 m NaCl + 4.0 m MnCl>-4H,O as electrolyte (Ag/AgCl and
AC were used as the reference electrode and the counter electrode, respectively). Then,

the ex-situ XPS tests were performed for Na,CoFe(CN)s electrode when charged to 1
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V and discharged to 0 V, respectively. As shown in Fig. S17, when measured at 1 V, a
weak peak of Na 1s at ~ 1071.5 eV is detected, which is attributed to the continuous
release of Na' from the positive electrode during charging. When the XPS test was
performed at 0 V, a strong peak of Na Is can be observed at ~ 1070.8 eV, which is
because of the constant embedding of Na' into the positive electrode during the
discharging. However, the strong peaks of Mn 2p locating at ~ 641.0 eV and 653.1 eV
can be detected regardless of the potential of 1 V or 0V, indicating that part of Mn?*
embeds into the NaCoFe(CN)g electrode during the charging and discharging. To
preliminarily investigate the effect of Mn?" in Na,CoFe(CN)s electrode on the capacity
of freezing-resistant ASIBs, charge-discharge cycling tests were performed for the
NaxCoFe(CN)s electrode using 0.5 m NaCl, 4.0 m MnCl»-4H>0, and 0.5 m NaCl + 4.0
m MnCl,-4H,0 electrolytes, respectively. The obtained specific capacities (in Fig. S18)
in the three electrolytes are 105 mAh g!, 38 mAh g, and 100 mAh g, respectively,
indicating the slight influence of Mn?" on the capacity of freeze-resistant ASIBs (~ 5%
reduction), which is acceptable. Especially, as depicted in Figs. S18a-c, the 10th, 20th,
and 30th charge/discharge curves of Na;CoFe(CN)s electrode in the optimized 0.5 m
NaCl + 4.0 m MnCl,-4H>O electrolyte are almost entirely overlapped, verifying that
the NaCoFe(CN)g electrode has good stability in the optimized electrolyte, good

agreement with the CV results shown in Fig. S13c.
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Fig. 5. The electrochemical performance of Na2CoFe(CN)e//AC full battery using 0.5
m NaCl + 4.0 m MnCl.-4H>0 electrolyte. (a) The specific capacity of full battery at 1
C in the temperature range of 25 °C to -40 °C. (b) Cyclic performances of the full
battery at 1 C under -40 °C. (c) Rate performance at a low temperature of -40 °C. (d)
Long cycle life test at a rate of 10 C under -40 °C. (e) Comparison of cycling stability
of battery in this work and previous reports at low temperatures. (f) The optical image
of the working battery at -50 °C.

3. Conclusion

In summary, the novel pure inorganic NaCl/MnCl,-4H>O hybrid electrolyte is
developed for ultra-low temperature ASIBs. On the basis of the optical images and DSC
results, the optimized pure inorganic electrolyte has an ultra-low freezing point ( < -
50 °C). The anti-freezing mechanism originates from the significantly destroyed
hydrogen bond network between water molecules caused by the addition of Mn?*. At -

50 °C, the optimized pure inorganic electrolyte 0.5 m NaCl + 4.0 m MnCl,-4H>O owns
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a wider ESW (~ 2.28 V) and the desired ionic conductivity (2.44 mS cm™). With these
merits, the assembled full batteries based on NaxCoFe(CN)s//AC deliver excellent
ultralow temperature performance at -40 °C, such as 54.9% capacity retention
compared to that of room temperature and ~ 99% capacity retention after 10,000 cycles
at 10 C. To our huge relief, even after being stayed at -50 °C for a month, the assembled
freeze-resistant ASIBs can light up the LED bulbs, demonstrating the extraordinary
stability in extreme environments. Encouraged by this, our work will significantly
widen the application scenarios and open a new route for the development of low-

temperature rechargeable aqueous batteries.
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