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Aqueous sodium-ion batteries (ASIBs) are increasingly recognized for their high safety, eco-friendliness, and cost
advantages. However, the high freezing point of aqueous electrolytes significantly limits their practical appli-
cations in low-temperature environments. To address this challenge, this study introduces an innovative 0.5 M
NaCl + 2.8 M MgCl,-6H,0 electrolyte, effectively lowering the freezing point to -50 °C. The strong interaction
between Mg?* and water molecules disrupts the hydrogen bonding network in water. As a result, the optimized
electrolyte exhibits an impressive ionic conductivity of 9.36 mS cm™ even at -50 °C. Using NayCoFe(CN)g as the
cathode and activated carbon as the anode materials for ASIBs, the system achieved an excellent discharge ca-
pacity of 74.0 mAh g! at -40 °C under 1 C (1 C = 150 mA g'!). Even more impressively, the battery showed no
capacity degradation after 10,000 cycles at -40 °C and successfully lit an LED bulb at the same temperature. This
work not only broadens the applicability of ASIBs but also provides a robust foundation for the development of
high-performance, low-temperature energy storage solutions capable of meeting demanding environmental

requirements.

1. Introduction

In response to the rapid growth of global renewable energy demand,
energy storage technology is pivotal for sustainable development [1-3].
Lithium-ion batteries have attracted widespread attention due to their
excellent energy and power density [4-6]. However, compared to
lithium resources, sodium resources are abundant in the Earth’s crust
and more economical, making sodium-ion batteries an appealing option.
In large-scale energy storage applications, safety and cost are crucial
factors [7-9]. Aqueous sodium-ion batteries (ASIBs) show great promise
for development due to their high ionic conductivity, safety, low cost,
and environmental benefits, further reinforcing their status as a viable
choice [10,11]. Traditional aqueous batteries are susceptible to freezing
in low-temperature environments (—20 °C), which restricts ion trans-
port and slows reaction kinetics, thereby severely impacting the overall
performance of energy storage systems [12-14]. Furthermore, the
relatively low electrochemical window of water (~ 1.23 V) limits its
application [15,16]. Therefore, there is an urgent need to improve
battery performance in order to expand the operating temperature range
and broaden the voltage window, enabling reliable operation across a
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wider range of environmental conditions.

As a key battery component, electrolyte plays a crucial role in
advancing ASIBs performance by directly enhancing ionic conductivity
and battery cycle life. In recent years, researchers have achieved notable
progress in developing innovative anti-freeze electrolytes [17-26]. One
common method to reduce the freezing point of the electrolyte is by
introducing organic co-solvents [17-22]. Organic polar solvents with
some functional groups have strong coordination ability with water
molecules, which reduces the content of free water in the solution and
effectively reduces the freezing point of the solution. For example, Rong
et al. reported the addition ethylene glycol in the electrolyte, which
operated successfully at —40 °C with a conductivity of 2.38 mS cm™! and
a capacity retention of 88.3% after 5000 cycles at —20 °C [17]. Zhu et al.
reported that adding formamide as a co-solvent and antifreeze into the
electrolyte enables 8000 cycles without obvious capacity decay, while
achieving an ionic conductivity of 1.75 mS cm™ achieved at —50 °C
[18]. Similarly, dimethyl sulfoxide [19], glycerol [20], methanol [21],
N,N-Dimethylformamide [22] have also been reported in the field of
low-temperature aqueous batteries. However, their high viscosity and
polarity can adversely impact ionic conductivity. Additionally, the
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inherent toxicity of organic solvents undermines the non-toxic advan-
tage of ASIBs, making a shift toward pure inorganic electrolytes a more
favorable choice.

Increasing salt concentration is identified as an effective strategy to
improve electrolyte performance under low-temperature conditions [23,
24]. For instance, Zhang et al. reported using a 17 M NaClOy4 electrolyte
for ASIBs, achieving ionic conductivity of 4.4 mS em’! at —40 °C [23].
Zhang et al. reported a battery employing 7.5 M ZnCl; as the electrolyte
with an ionic conductivity reaching 1.79 mS em! at —60 °C [24]. These
findings demonstrate the effectiveness of high-concentration electro-
lytes in enhancing battery performance in cold environments. However,
high salt concentrations not only reduce electrolyte electrical conduc-
tivity but also raise production costs and pose challenges to
manufacturing quality, limiting their practicality [25,26]. Zhao et al.
reported a low-concentration, purely inorganic electrolyte composed of
MnCl,-4H;0/NaCl for ASIBs. This electrolyte demonstrates an ionic
conductivity of 2.44 mS cm™! at —50 °C and enables ASIBs to achieve a
cycle life of 10,000 cycles at —40 °C, with a capacity retention of 99%
[26]. Consequently, developing pure inorganic, low-concentration
electrolytes presents a promising alternative to enhance battery per-
formance at low temperatures while maintaining economic and prac-
tical feasibility.

In this study, the pure inorganic NaCl/MgCly-6H50 electrolyte is
used for the first time to lower the freezing point of aqueous electrolytes,
providing a cost-effective solution. Due to its strong interactions be-
tween Mg?" and water molecule, which can disrupt the original
hydrogen bonding network and result in a lower freezing point
compared to the single NaCl electrolyte, as illustrated in Fig. 1. At —50
°C, the optimized electrolyte exhibits excellent ionic conductivity (9.36
mS cml), even surpassing those of some organic solvents at room
temperature. A battery assembled with NagpCoFe(CN)¢ and activated
carbon as the cathode and anode, demonstrates a long cycle life and
impressive specific capacity at —40 °C, and an LED light can be suc-
cessfully powered, showcasing the potential of the electrolyte for low-
temperature applications. The use of this inert inorganic electrolyte
broadens the temperature range for electrolyte applications, providing
valuable insights for designing low-temperature aqueous batteries.

-10 °C

0.5 M NaCl \_

0.5 M NaCl + 2.8 M MgCl,-6H,0
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2. Results and discussion

The operating schematic diagram of the charging and discharging
mechanism for ASIBs is shown in Fig. 2a. Both the electrode and elec-
trolytes are composed of pure inorganic materials. It is well known that
when the ambient temperature is close to the freezing point of the
electrolyte, the viscosity of the solution increases rapidly, resulting in
the significant decrease of the ion transport rate and poor low-
temperature performance of the battery [27]. Therefore, lowering the
freezing point of the electrolyte and increasing its conductivity are
effective strategies to maintain the excellent performance at low tem-
peratures [28]. It is noted that the salt concentration of the solution for
the lowest freezing point is referred to the eutectic concentration, which
can be intuitively represented by the eutectic phase diagram of binary
aqueous systems. According to the binary phase diagram of MgCl,-6H,0
(Fig. S1), it can be seen that the solution has the lowest freezing point
when the concentration of MgCly-6H50 is 2.8 M (mol LY [29]. In
addition, 0.5 M NaCl salt is added to provide shuttle ions during cycling.
To optimize the electrolyte, 0.5 M NaCl and MgCl,-6H0 solutions with
different concentrations were mixed. The prepared samples are
expressed as 0.5 M NaCl+ X M MgCl,-6H,0 (X =0, 0.5, 1.0, 1.5, 2.0, 2.8,
3.5) and were placed at different temperatures (25 °C ~ —50 °C) for 2 h,
as depicted in Fig. 2b and Fig. S2. It can be observed that all samples are
colorless and transparent at room temperature (25 °C). It can be clearly
observed that only 0.5 M NaCl+ 2.8 M MgCl,-6H>0 electrolyte remains
liquid even at —50 °C. In addition, the 0.5 M NaCl electrolyte is
completely frozen after keeping at —10 °C for 24 h (Fig. S3). It should be
noted that, the 0.5 M NaCl + 2.8 M MgCl,-6H0 electrolyte still remains
good fluidity at —50 °C for 30 days (Fig. S4), and freezes completely
when the temperature reaches —55 °C, as shown in the Fig. S5. The
electrochemical impedance spectroscopy (EIS) tests were performed to
calculate the ionic conductivity for 0.5 M NaCl + 2.8 M MgCl,-6H20
electrolyte and 0.5 M NaCl electrolyte at different temperatures
(Fig. S6), and the results are shown in Fig. 2¢ and Fig. S7, respectively.
At room temperature, the ionic conductivity of the 0.5 M NaCl + 2.8 M
MgCl,-6H,0 electrolyte reaches 166.09 mS cm !, which is three times
higher than that of 0.5 M NaCl electrolyte. Furthermore, at a tempera-
ture of —50 °C, the ionic conductivity of the 0.5 M NaCl + 2.8 M

.': »)
v
)
® Na* © CI @ mg» &0 HO

Fig. 1. Schematic diagram of structural evolution of pure inorganic low-temperature electrolytes.
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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 MgCl,-6H,0 under 25 °C, —30 °C and —50 °C. (c) The ionic conductivity of 0.5 M NaCl + 2.8 M MgCl,-6H,0 electrolyte at different temperatures.
(d) The comparison of conductivity between this work and previous reports at different temperatures.

MgCly-6H20 electrolyte reach an impressive 9.36 mS em’, which is
considerably higher than the reported results [18,19,25,26,28,30-35],
as plotted in Fig. 2d.

The electrochemical stability window (ESW) is an important
parameter for ASIBs, and the narrow ESW (~ 1.23 V) of conventional
aqueous electrolytes is a result of the limitation of the water splitting
voltage [36]. As shown in Fig. S8, linear sweep voltammetry tests were
performed on 0.5 M NaCl, 2.8 M MgCl,-6H>0, and 0.5 M NaCl + 2.8 M
MgCly-6H0 electrolytes, and the ESW is 2.2 V, 1.96 V, and 2.05 V,
respectively, much higher than those of water and the conventional
aqueous electrolytes (< 2 V) [37,38]. In order to verify the effect of the
MgCly-6Ho0O on the freezing point of the NaCl electrolyte, the
glass-liquid transition temperatures of different electrolytes were stud-
ied by differential scanning calorimetry (DSC), as shown in the Fig. S9.
Typically, distinct endothermic peaks are observed during the melting of
ice. The DSC curves were obtained by cooling the electrolytes to —150
°C and subsequently heating them to 25 °C at a rate of 5 °C-min’. The
results indicate that the initial glass transition temperature of the opti-
mized electrolyte is —118 °C, with the glass transition temperature

range (Tg) spanning from —118 °C to —126 °C.

The freezing point of HyO is closely related to the number of
hydrogen bonds. By introducing metal ions, strong interactions between
water molecules and the metal ions can be formed, effectively breaking
the original hydrogen bond network in water, and resulting in the
decrease of the freezing point of the solution [18,39-41]. To theoreti-
cally verify the effect of 2.8 M MgCl,-6H0 on the freezing point of 0.5 M
NaCl electrolyte, molecular dynamics (MD) simulations are used to
examine the evolution of hydrogen bonding networks for both the 0.5 M
NaCl and 0.5 M NaCl + 2.8 M MgCl,-6H30 electrolytes, as well as the
coordination number between cations and oxygen atoms in 0.5 M NaCl
+ 2.8 M MgCl,-6H20 electrolyte. It can be seen from Figs. 3a and 3b, the
number of hydrogen bonds between water molecules in 0.5 M NaCl +
2.8 M MgCly-6H50 electrolyte (~ 1.20) is significantly less than that of
the 0.5 M NaCl electrolyte (~ 1.618), meanwhile a large number of
Mg%"...0—H bonds are formed in 0.5 M NaCl + 2.8 M MgCl,-6H,0
electrolyte, results in the significantly decrease of freezing point [26].
This is attributed to the strong interaction between Mg?" and water
molecules, which destroys the hydrogen bond network between water
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Fig. 3. (a) MD simulation snapshots for 0.5 M NaCl (left) and 0.5 M NaCl + 2.8 M MgCl,-6H,0 (right) electrolytes, respectively. (b) The average number of hydrogen
bonds between water molecules for different electrolytes. (¢) The radial distribution function of 0.5 M NaCl + 2.8 M MgCl,-6H,0 electrolyte. (d) The interaction
energy from DFT calculation for individual H,O molecule and other particles in 0.5 M NaCl + 2.8 M MgCl,-6H3O electrolyte.

molecules. By analyzing the radial distribution functions of Mg and
Na't with oxygen atoms in 0.5 M NaCl + 2.8 M MgCly-6H,0 electrolyte
(Fig. 3c), it is determined that Mg?" is coordinated with an average of
4.61 water molecules, whereas Na* has a coordination number of 2.89
with water molecules, suggesting that Mg?* plays an important role in
lowering the freezing point of solutions. Furthermore, the interaction
energies between individual water molecules and other particles in 0.5
M NaCl + 2.8 M MgCly-6H0 electrolyte are calculated by density
functional theory (DFT) calculation, as illustrated in Fig. 3d. It can be
observed that the interaction energies of H,0—H,0, Na*-H,0, CI-H,0,
and Mg?"-H,0 are —13.93, —51.55, —30.17, and —100.46 kJ-mol,
respectively. The interaction energy of Mg?*-H,0 is significantly lower
than those of the other interactions, indicating that water molecules
exhibit a greater tendency to interact with Mg?t compared to Na* or
other ions, which is good consistent with the results obtained from MD
calculations, as in Fig. 3(c).

The antifreeze mechanism of 0.5 M NaCl + 2.8 M MgCly-6H0
electrolyte can be explained using Raman spectroscopy. Fig. 4a gives the
Raman spectra of 0.5 M NaCl + X M MgCl,-6H;0 (X = 0, 1.5, 2.8)
electrolytes. For all samples, the peaks in the range of 2800 ~ 3800 cm'!
are attributed to O—H stretching vibration of water molecules [25]. For
liquid water molecules, the hydrogen bonds in water molecules are
constantly formed and broken. While water molecules are connected to

each other by hydrogen bonds, forming an ordered lattice structure in
ice [42]. In order to verify the effect of Mg?" on the freezing point of the
solution, Figs. 4b-d show the experimental and calculated Raman re-
sults. The observed broad peaks within 2800 ~ 3800 em’! can be cate-
gorized into three distinct components, (i) the peak around 3230 cm’
corresponds to strongly hydrogen bonded water (SHW), where a water
molecule is typically surrounded by four hydrogen bonds. (ii) The peak
near 3620 cm™ represents non-hydrogen bonded water (NHW), no
hydrogen bonds exist around water molecules. (iii) The peak around
3450 cm’! reflects weak hydrogen bonded water (WHW), where the
number of hydrogen bonds surrounding a water molecule is interme-
diate between those of SHW and NHW [24,43]. Therefore, the hydrogen
bonding network between water molecules can be destroyed by
reducing the contents of SHW, thus effectively lowering the freezing
point of the solution. For different electrolytes, the proportion of water
with different hydrogen bonding states can be compared by the inte-
grated area of the fitted peak, as shown in Fig. 4e. The SHW contents are
43.0%, 33.2%, and 25.8% for 0.5 m NaCl electrolyte, 0.5 M NaCl + 1.5
M MgCly-6H20 electrolyte, and 0.5 M NaCl + 2.8 M MgCl,-6H30 elec-
trolyte, respectively. It can be clearly observed that with the increase of
MgClp-6H20 concentration, the SHW content gradually decreases,
resulting in a lower freezing point for the solution. This finding aligns
closely with the results predicted by both MD and DFT calculations.
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Fig. 4. (a) Raman results for various electrolytes. The experimental results and fitted Raman peaks: (b) 0.5 M NacCl electrolyte, (c) 0.5 M NaCl + 1.5 M MgCl,-6H>0
electrolyte, (d) 0.5 M NaCl + 2.8 M MgCl,-6H,0 electrolyte. (e) Composition proportion of hydrogen bonded water in different electrolytes. (f) FTIR spectra of

different electrolytes.

Encouragingly, the content of WHW in the 0.5 M NaCl + 2.8 M
MgCl,-6H50 solution reach 73.0%, which is much higher than those of
the other solutions.

As depicted in Fig. 4f, the peak of the Fourier transform infrared
(FTIR) spectra within 2800 ~ 3600 cm'l, corresponding to the vibration
of O—H bond [44]. With increasing of MgCly-6H20 concentration, the
absorption peak in the range of 2800 ~ 3600 cm™ is observed to
broaden and take a blue shift. This indicates a significant enhancement
in the proportion of coordinated water and the reduction of the content
of free water [31,45], leading to the destruction of the hydrogen
bonding network and reducing the freezing point of the electrolyte, in
good agreement with the results of Raman tests, as in Fig. 4a.

In order to verify the feasibility of 0.5 M NaCl + 2.8 M MgCl,-6H,0
as electrolyte for low-temperature ASIBs, cells are constructed with
NasCoFe(CN)g and activated carbon, and 0.5 M NaCl + 2.8 M
MgCly-6Ho0, are used as cathode, anode materials and electrolyte,
respectively. The structural characterization of the electrode materials is
plotted in Figs. S10-S12. As shown in Fig. S13, the cyclic voltammetry
(CV) curves of NapyCoFe(CN)g shows excellent stability and has good
compatibility with the electrolyte [46]. The charge-discharge curve test
of activated carbon is shown in the Fig S14. Figs. 5a and S15 show the
performance of ASIBs during charging and discharging under different
temperatures at a current density of 1 C, and the specific capacities are
106.1, 101.3, 92.5, 89.6, 84.5, and 74.0 mAh g'1 at 25, 0, —10, —20,
—30, and —40 °C, respectively. Compared with the specific capacity at
25 °C, the capacity retention of ASIBs is 74.7% at —40 °C. The initial

specific capacity of the battery was restored when the temperature rose
from —40 °C to 25 °C, indicating that ASIBs exhibit excellent anti-frost
properties and good reversibility. Meanwhile at 25 °C, the cycling per-
formance shows a specific capacity of 81.0 mAh g at 10 C, and the
capacity retention rate is an astonishing 96.5% after 40,000 cycles, as
shown in Fig. S16.

As depicted in Fig. 5b, the specific capacity of the battery at —40 °C
can reach up to 74.0 mAh g'! in the first cycle at 1 C. Even after 600
cycles, the battery can still provide a specific capacity of 73.4 mAh g at
1 C, with a capacity retention of 99.2%. The rate performance of the
battery is tested at —40 °C to intuitively observe the rapid charging and
discharging capabilities of the battery, as shown in Fig. 5¢ and S17.
When the current densitiesare 1 C,2C,3C, 4 C,5C, 6 C, and 10 C, the
battery delivers average discharge-specific capacities of 73.9, 67.2, 62.4,
58.6,55.1,52.1, 42.1 mAh g'l, respectively. When the current density is
reduced from 10 C back to 1 C, the specific capacity can recover to the
initial level, demonstrating that even under —40 °C, extremely excellent
rate capabilities are exhibited by ASIBs. Moreover, ASIBs using 0.5 M
NaCl + 2.8 M MgCly-6H20 as electrolyte deliver superior long-term
cycling stability under low-temperature conditions. After 10,000 cy-
cles at a current density of 10 C under —40 °C, the capacity retention rate
can still reach about ~ 100%, and the coulombic efficiency reaches
99.5%, as shown in Fig. 5d. These results outperform previously re-
ported data in Fig. 5e [10,21,24,25,31,44,45,47-55]. To demonstrate
practical low-temperature performance, three red LEDs, each with a
power rating of 0.02 W and an excitation voltage of 1.8 V, were



G. liu et al.

Energy Storage Materials 76 (2025) 104149

(a) 200 (b) — 180 120 _
© > S
E 160 - i 150 $0333333333333333332333333333333333333333333333333333aaaazaaat 100 5
= . £ 120 L80 &
2120425°C 4o 25°C > g
& PRy 10 €20 1C 4 o 'S 90+ L60 5
2 g0 SR 40 °C o 193333332233333333333333333333333333393333023300°3332333333] o
8 b 8 601 La0 S
S o ch 1C1-40°C E
€ 40 £ o Charge 5
S ¢ 301 . Discharge (20 3
;’.’_ 0 @ Charge o Discharge 1C & 0l= Coulombic efficiency 0 o

0 8 16 24 32 40 48 56 0 100 200 300 400 500 600

(c) Cycle number (d) Cycle number
<120 100 120 _
o o X
é é 80 33333333333333333333333333333333333333333333333333333333333333333333aa 100 E
£ 904 £ c
= 1c 1c = 80 o
2 PEm2RC sc R 2 604 8
g s0{ T umRdficcec ° 60 5
% 10¢C % 40 3333333333333 - o
13} D o o ]
© 30 K » Charge 10 C/-40 °C g
& £ 201, pischarge 20 3
“’!’.’_ @ Charge o Discharge -40 °C (;’-’. 0 » Coulombic efficiency 0 8

0 8 16 24 32 40 48 56 64 0 2000 4000 6000 8000 10000

Cycle number

(f)

This work

Cycle number

pte ©

Shot on July 2175 2024 %1 ¥

Fig. 5. The electrochemical performance of Na,CoFe(CN)g//AC battery using 0.5 M NaCl + 2.8 M MgCl,-6H,0 electrolyte. (a) In the temperature range of 25 °C to
—40 °C, the specific capacity of the battery varies at 1 C. (b) Cyclic performances of the battery at 1 C under —40 °C. (c¢) The electrochemical performance of the
battery when tested under —40 °C with different current density. (d) Cycling performance at a high current density of 10 C under —40 °C. (e) Comparison of the cyclic
stability of the battery in this work with that of low-temperature battery reported in the literature. (f) The optical image of the working battery at —40 °C.

successfully powered by two ASIBs connected in series at —40 °C,
proving its feasibility in low temperature environment (Fig. 5f and Video
S1).

Considering the coexistence of Na* and Mg?* in the electrolyte, it is
necessary to verify the actual identity of the carrier ions during the
cycling. Firstly, 0.5 M NaCl + 2.8 M MgCl,-6H20 is used as the elec-
trolyte (where Ag/AgCl and AC serves as reference and counter elec-
trode, respectively) in the potential range of 0 ~ 1.2V, and the NayCoFe
(CN)g electrode is subjected to multiple charge and discharge tests.
Thereafter, the electrode is exposed to an ex-situ XPS test in a state of
charging to 1.2 V and discharging to 0 V. At ~ 1070.8 eV, as shown in
Fig. S18, a weak Na 1 s peak is detected when measured on the NayCoFe
(CN)g electrode under 1.2 V, which is due to the continuous extraction of
Na* from the cathode in the charged state. A strong peak of Na 1 s can be
observed at ~ 1071.9 eV at 0 V, which is because Na' is constantly
embedded in the cathode during the discharge process. In contrast, two
strong peaks of Mgt at ~ 51.4 eV and ~ 54.9 eV can be detected both
during charging and discharging, respectively. The peak magnitude is
almost unchanged, indicating that Mg?" can be ignored during the
charging and discharging of the NapCoFe(CN)g electrode. Therefore,
Mg?* only reduces the SHW content by coordinating with water mole-
cules, while Na* is the ion that plays the role of charge carrier. In order to
further investigate the effect of Mg2* on the battery. The cycling tests
are performed on the batteries with the use of 0.5 M NaCl, 2.8 M
MgCly-6H,0 and 0.5 M NaCl + 2.8 M MgCly-6H50 electrolytes, as

illustrated in Figs. S19a-c. The obtained specific capacities for the two
electrolyte composition cells obtained are 111.6, 66.7 and 104.4 mAh
g !, respectively. The capacity of ASIBs decayed about 6.4% after the
addition of 2.8 M MgCly-6H50 to the electrolyte, which is acceptable.
Furthermore, the electrolyte of 0.5 M NaCl + 2.8 M MgCly-6H,0
demonstrated enhanced cycling stability compared to NaCl alone,
aligning with the results from CV tests, as in Fig. S13.

3. Conclusion

In summary, the purely inorganic NaCl/MgCly-6H20 electrolyte is
utilized firstly to lower the freezing point of aqueous electrolytes. At
—50 °C, the 0.5 M NacCl + 2.8 M MgCl,-6H50 electrolyte demonstrates a
significantly higher ionic conductivity (9.36 mS cm™). On the basis of
theoretical calculations and characterization tests, the interaction be-
tween Mg?" and water molecules has been systematically analyzed,
revealing that the formation of Mg?*---O—H bond disrupts the original
hydrogen bond network, thereby lowering the freezing point. Electro-
chemical tests and ex-XPS results confirmed that Na™ functions as the
carrier ion, while Mngr remains electrochemically inert during cycling.
With the optimized electrolyte, the purely inorganic NapCoFe(CN)e//AC
battery exhibits a capacity retention of 96.5% after 40,000 cycles at 10 C
under 25 °C and shows almost no capacity decay after 10,000 cycles at
10 C under —40 °C. Of particular note, the battery successfully powered
an LED bulb at —40 °C, demonstrating considerable potential for



G. liu et al.

practical applications. This straightforward and effective design strategy
opens a new pathway for the development of ASIBs with exceptional
electrochemical performance at low temperatures.
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