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Dedicated to the 100th anniversary of Nankai University

Abstract: Insufficient ionic conductivity and freeze of electrolyte at
low temperature (low-T) are considered the main problems for low-T
electrochemical energy storage. Here, the electrolyte with freezing
point lower than -130 °C is developed by using dimethyl sulfoxide
(DMSO) as an additive with the molar fraction of 0.3. The 2M-0.3
electrolyte (by adding DMSO with a molar fraction of 0.3 to the
aqueous solution of 2 M NaClO,) exhibits sufficient ionic conductivity
of 0.11 mS cm™ at -50 °C. The combination of spectral investigations
and molecular dynamics (MD) simulation reveals that the hydrogen
bonds are stably formed between DMSO and water molecules and
this is taking the role for the electrolyte working at an ultra-low-T.
Using DMSO as the electrolyte additive, the aqueous rechargeable
alkali-ion batteries (AABs) can work well even at -50 °C. This work
provides a simple and effective strategy to develop low-T AABs.

Introduction

Owing to the high ionic conductivity, environmental friendliness,
and low cost of the electrolyte, aqueous alkali-ion (Li*, Na*, and
K*) batteries (AABs) have aroused an increasing attention in
recent years.l! At present, it was reported that the minimum
temperature for AAB work is -20 °C.? It is difficult for AABs to
meet the demands in fields such as electric vehicles, aerospace
technology and military. A common issue is that the AABs
sacrifice most of their capacity and power when the temperature
drops. The insufficient ionic conductivity and freezing of
electrolyte are generally considered as the main reasons for this
issue.Bl Therefore, improving the low temperature (low-T)
performance is essential for the practical application of AABs.
Serving as the ionic conductor, electrolyte has great impact on the
integral performance of the battery. Thus, optimizing electrolyte to
improve the battery low-T performance has been proved to be a
feasible technical approach. Over the past years, various
approaches regarding electrolyte renovation to overcome the low-
T issue have been reported (e.g., using low freezing point
electrolyte solvent ¥l and developing electrolyte additives,® etc.)
Electrolyte additives play an increasingly important role in
improving the battery performance. Due to the characteristics of
“small dosage” and “quick effect’, additives can significantly
improve the low-T performance of battery without increasing the
production cost and changing the production process. Currently,
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research on low-T additives mainly focuses on non-aqueous
batteries,[l and less attention has been paid to aqueous batteries.
Therefore, it is necessary to develop additives to improve the low-
T behavior of aqueous electrolyte.

Dimethyl sulfoxide (DMSO) is a sulfur-containing compound
with a molecular formula of (CH3),SO. It possesses high polarity,
high boiling point, and good thermal stability. DMSO can dissolve
most types of inorganic salts, and thus be commonly used as an
electrolyte solvent.®! It's worth noticing that DMSO can mix with
water in any ratio. Water is the donor and acceptor of hydrogen
bond (HB) simultaneously, while DMSO can only be HB acceptor.
This difference gives rise to a variety of important properties of
water/DMSO binary = solutions.®! One of the fascinating
applications of water/DMSO binary solution is the low melting
point to preserve biological systems. In 1959, Lovelock reported
that the DMSO can serve as a preservative and freezing medium
for biological tissues.!? Afterward, Havemeyer (1966) studied a
series of different molar fraction water/DMSO mixtures (x), and
found that the apparent freezing temperature of water/DMSO
mixture ( omso=0.30) could be as low as ~ -140 °C, which is lower
than the melting points of both components (18.9 °C for DMSO
and 0 °C for water).* Subsequently, Rasmussen (1968)
illustrated the phase diagram of a series of DMSO-water eutectic
mixtures with different molar fractions.*? Considering the
extremely low freezing point, the water/DMSO hybrid system can
be used to develop low-T electrolyte for aqueous batteries.

Herein, we construct the aqueous electrolyte with low freezing
point by adding DMSO to aqueous solution of 2 M NaClO,4. The
DMSO molar fraction is 0.3 (y omso=0.3), and the freezing point of
the electrolyte is lower than -130 <C. lonic conductivity of the
electrolyte is 0.11 mS cm™ even at ultra-low temperature of -50 <C.
Measurement of spectral investigation and molecular dynamics
(MD) reveal the underlying mechanism for the low freezing point
of the electrolyte. We found that the stable HBs form between
DMSO and water molecules, where DMSO acts as the HB
acceptor while water serves as the donor. More importantly, AABs
assembled by the DMSO-added electrolyte can work well even at
-50 °C. Furthermore, the capacity at -50 °C maintains ~60 % of
that at 25 °C. This design makes it possible for AABs to operate
properly at low-T conditions. The superior low-T performance of
the electrolyte will eventually promote the application of AABs in
fields such as electric vehicles, aerospace technology and military.

Results and Discussion

It is known that the freezing points of pure DMSO and water are
18.9 °C and 0 °C, respectively. DMSO and water can be mixed to
achieve low freezing point. In order to ensure the feasibility of
such mixed electrolyte solvent at low-T, the freezing point is
explored by differential scanning calorimetry (DSC). Figure la
displays DSC results of the electrolyte solvent (salt-free) with
pmso=0.3 (by adding DMSO with a mole fraction of 0.3 to the
aqueous solution). The lowest freezing point is -130 °C, which is
beneficial for batteries to operate at ultra-low T. For the system
with DMSO molar ratio of 0.3, we tried to determine the solvates
(salt-contained) freezing point by DSC. However, the DSC data
shows no exothermic peak, indicating that the solvates (salt-
contained) have freezing point below -150 °C. DSC cooled with
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liquid nitrogen can not work at temperatures lower than -150 °C.
Thus, the freezing point of the solvates cannot be determined. In
order to visualize the freezing point of the electrolyte, we decided
to start from the freezing point of the pure solvents(salt-free), and
then used the “colligative properties of the solution” to determine
the freezing point of the solvates (salt-contained), which is lower
than that of pure solvents (-130 °C). At the same time, the freezing
points of pure DMSO, pure water, x pmso=0.1 and  pmso=0.5 are
also determined (Figure S1), whose freezing points are 18.9 °C,
0 °C, -31 °C and -69.3 °C, respectively. Thus, the % pmso=0.3
electrolyte solvent (salt-free) can achieve the lowest freezing
point, which is more suitable for low-T applications. In order to
observe the freezing point of pure DMSO solution, pure water and
% bmso=0.3 electrolyte solvent (salt-free) more intuitively,
morphology changes of these electrolyte solvents with the
temperature change are observed using a polarizing microscope
according to the isotropy and anisotropy of the liquid before and
after freezing. As shown in Figure 1b, the pure DMSO starts to
freeze at 18 °C, and pure water starts to freeze at ~0 °C. After
mixing, the x pmso=0.3 electrolyte solvent (salt-free) does not
freeze until at ultra-low temperature of -130 °C. This result is
consistent with the DSC data.
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Figure 1. Characteristics of the electrolytes, (a) DSC for y omso=0.3 electrolyte
solvent; (b) Optical photos at different temperatures from polarized light
microscopes; (¢) Temperature-dependent ionic conductivity investigation.

The temperature-dependent ionic conductivity was also studied
(Figure 1c). The ionic conductivity of 2M-0 (2 M NaClO4 no
DMSO) electrolyte is 2.9 mS cm? at 25 °C. However, the ionic
conductivity can't be obtained when temperature is below -40 °C.
On the contrary, the 2M-0.3 (by adding DMSO with a molar
fraction of 0.3 to the agueous solution, 2 M NaClO,) electrolyte
exhibits the highest ionic conductivity of 0.11 mS cm* at -50 °C
because the addition of DMSO reduces the freezing point of the
electrolyte.

The spectral investigation results summarized in Figure 2 show
the stretching vibration alteration for S=O, CH; and O-H of the
electrolyte solvents with different DMSO molar fraction. Figure 2a-
¢ present the local Raman spectrum of the electrolyte solvents
with different DMSO molar fraction, and the full Raman spectrum
is displayed in Figure S2. From Figure 2a, it can be found that the
electrolyte solvents with different molar fraction of DMSO display
unique stretching mode of sulfoxide (S=0) group within 1000-
1100 cm™. As the concentration of DMSO increases, the spectral
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bands are shifted to the higher wavenumber region (blue shift).
Such blue shift trend could be explained by the interaction
between the O-H bond in the water molecule and the S=O double
bond in DMSO, i.e. $=0-"H-0.1314 Moreover, the Raman band
of S=0 double bond in water/DMSO solution is firstly widened and
then narrowed with the increase of DMSO concentration. The
wide spectrum band is composed of two parts, including the low
frequency part that interacts with O-H bond of water, and the high
frequency part that does not interact with O-H bond of water.['5:16]
The stretching vibration of methyl (CHs) is shown in Figure 2b.
The symmetric and asymmetric stretching vibrations of CH; are
distributed at 3008 cm™ and 2921 cm, respectively. As the
concentration of DMSO increases, strong HBs between S=0 and
O-H are formed and the charges are redistributed. As a result, the
Raman peak of the CH3; has shifted to a lower wavenumber. On
the contrary, the O-H stretching vibration peak moves to a higher
wavenumber as the DMSO concentration increases (Figure 2c).
This result indicates that the hydrogen-bonding interactions
among water molecules which are strongly incorporated in the
water HB network have been weakened in the DMSO-Water
mixtures.!*® Figure 2d-e show the local FT-IR spectrum of DMSO-
Water mixtures with different DMSO molar fraction, and full FT-IR
spectrum is displayed in Figure S3. Changes of the corresponding
peaks in FT-IR spectra are in consistent with that from the Raman
spectra. As the DMSO molar fraction increases, the S=0
stretches move to higher wavenumbers, implying that the
hydrogen-bonding network in which DMSO and water molecules
are participated in becomes stronger (Figure 2d).* The enlarged
CHjs peaks (FT-IR) are illustrated in Figure 2e. The symmetric and
antisymmetric CHs stretching modes in the region of 2910 cm™-
3000 cm™ have shifted to the red side when DMSO is added.
These results can be recognized from the Raman spectra. Figure
2f displays the experimental spectra in the OH stretching region.
With the increase of DMSO concentration, the overall bands show
apparent blue-shift, which is in agreement with the result in the
Raman spectra (Figure 2c). The possible explanation for the
above results is the HB formation between DMSO and water
molecules. In order to verify that the HB formation would induce
vibration shift, NMR detection is also applied. Figure S4 shows
the *H NMR chemical shifts of all electrolyte solvent samples. A
significant shift has been observed for the water peak with the
addition of DMSO, further demonstrating the HB formation
between DMSO and water. Theoretically, the inter-molecular HBs
formation between DMSO and water would damage the HB
network within water molecules and prevent the HB grids from
construction in ice crystals.*31€1 Thus, the electrolyte with DMSO
addition may possess a decreased freezing point.
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Figure 2. Raman spectroscopy of different DMSO molar fractions of
water/DMSO solutions (a) S=O band; (b) CHs stretching modes of DMSO; (c)
OH stretching bands of water. FT-IR of water and DMSO at different mole
fractions (d) S=0 band; (e) CHzs stretching modes of DMSO; (f) OH stretching
band of water.

Furthermore, Molecular Dynamics (MD) simulation is
performed to understand the electrolyte solvent with different
molar fractions of DMSO. After the 10 ns MD simulation, we
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analyzed the HB formation of the different DMSO-Water mixtures.
Simulation details are summarized in Table S1. Figure 3a shows
the averaged number of HBs between DMSO and water
molecules divided by DMSO quantity for each system. It is clear
that, except y pmso=0.1 and 0.2, the averaged HB number of other
systems would become stable after 4.5 ns. Since the systems with
DMSO fraction of 0.1 and 0.2 haven't reached equilibrium of HB
formation states after sufficient simulation time (10 ns), indicating
that they may not possess the stable HB bond formation states.
We would exclude these two systems in the latter discussion.
Energetically, HB between DMSO and water is more stable than
that within water molecules. The strongest interactions have been
found between the DMSO oxygen atom and the water-hydrogen
atom.'® Early neutron scattering experiments and simulation
studies have identified the co-existence of 1DMSO-2Water and
2DMSO-1Water molecular aggregates formed by strong HB, of
which the first aggregate formation have impact on
thermodynamics, dielectric constant, viscosity and dielectric
relaxation times,”? while the latter may be manifested in
physicochemical qualities sensitive to short-time dynamics.?Y As
1DMSO-2Water aggregate plays the dominant role, we
summarized the amount of DMSO molecules in 1DMSO-2Water
HB formation and 2DMSO-1Water. The ratio value, which takes
the amount of DMSO molecules in the 1DMSO-2Water formation
as divisor and the 2DMSO-1Water formation as dividend, are
plotted against the gradient changed DMSO fraction. The result is
presented in Figure 3b. It can be illustrated that, system with ¥
omso =0.3 have the most of their DMSO-Water HB in the form of
1DMSO-2Water. With the large portion of 1IDMSO-2Water HB
formation, more water molecules would be trapped in the DMSO-
Water aggregates instead of Water-Water aggregates. This
prevents water molecules from forming the ordered hydrogen-
bond-network which is the geometrical basis for crystallization.
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Figure 3. (a) Averaged HBs number for each system for 10ns simulation time;
(b) Ratio value, which takes the amount of DMSO molecules in the 1DMSO-
2Water formation as divisor and the 2DMSO-1Water formation as dividend, are
plotted against the gradient changed system fraction; (c) Conformation analysis
of the system with y pmso =0.3 from MD simulations; (d) Local structure of the
system with x pwso =0.3 from MD simulations.

System with ¢ omso =0.3 has been identified to reach rather
stable state for DMSO-Water HB formation and have most of its
DMSO molecules in 1IDMSO-2Water aggregates according to the
simulation studies. We also performed conformation analysis for
this particular system, and results are displayed in Figure 3c.
Local structure of system with % pmso =0.3 given by MD is shown
in Figure 3d. The final frame from 10ns MD simulation for the
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system with y pmso =0.3 is extracted, of which one specific field
vision is shown as the upper left diagram in Figure 3c. In this
vision scope, water molecules which have participated in the
1DMSO-2Water bond formation occupy ~46% of all water, while
those contributing to 2DMSO-1Water have consumed only ~12%.
Besides the two identified HB formation between DMSO and
water molecules, as shown in the upper and middle right in Figure
3c, there exists a network-like fashion that inter-connect the two
HB form (shown in bottom right in Figure 3c). The previous
guantum chemical studies have illustrated that the 1DMSO-
2Water HB formation involved in the network/cluster do not have
mininum energy configurations.*®! Many configurations lie in the
same interaction energy range. In this way, the mixture would not
generate crystal-like ordered structure at low temperature and
thus helps to decrease the freezing point.

In general, the mechanism interprets the reason to produce the
lowest freezing point. The system with y puso =0.3 may lies in the
inhibition of crystal-like ordered structure. It reaches a rather
stable state in which DMSO and water molecules could form
strong HB and has a rather large proportion of DMSO occupies in
the 1DMSO-2Water HB formation. The stable state and large
portion of 1DMSO-2Water HB prevent relatively large portion of
water molecules from forming ordered network for crystallization
and help to form more 1DMSO-2Water HB involved
network/cluster with diverse configurations. This prohibits the
generation of crystal-like ordered structure.
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Figure 4. Electrochemical performance of the rechargeable NTP||2M-0.3||AC
battery; (a) Charge-discharge curve tested at 25 °C and -50 °C; (b) Rate
performance at the ultra-low temperature of -50 °C; (c) The cycle performance
of NTP||2M-0.3||AC battery and NTP||2M-0||AC battery tested at -50 °C.

Using the above 2M-0 and 2M-0.3 as electrolyte we fabricated
the full cell based on NaTi>x(PO.);s@C (NTP) as anode material
and activated carbon (AC) as cathode material. The morphologies
of NTP are investigated via scanning electron microscope (SEM)
and transmission electron microscopy (TEM). Figure S5 clearly
shows the hierarchical micro-flower morphology of NTP and the
micro-flowers have an average diameter ca. 5 pym. Figure S6a
demonstrates the cyclic voltammetry (CV) measurement of NTP
with 2M-0.3 electrolyte at a scan rate 0.5 mV s™. This NTP
exhibits a pair of redox peaks in good symmetry at -0.7 V and -
0.8 V vs. Ag/AgCl (1 M KCI, 0.2224 V vs. NHE) demonstrates the
compatibility with the 2M-0.3 electrolyte. Figure S6b displays the
NTP charge/discharge voltage platform at a rate of 0.5 C. The
results indicate that the NTP has good correspondence with the
position of the redox peak in the CV curves. The NTP||2M-0.3||AC
battery exhibits 68 mAh g at a rate of 0.5 C (1 C=133 mA g '?) at
-50 °C (Figure 4a), corresponding to a 61 % capacity retention of
that at 25 °C. It can be easily detected from Figure 4b and 4c that
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NTP||2M-0.3||AC battery displays excellent rate and cycle
performance at -50 °C. However, it is worth noting that NTP||2M-
0]JAC battery cannot properly work at -50 °C. Figure S7 shows the
charge/discharge curves of NTP||2 M-0||AC full cell at 25 °C and
-50 °C. The experimental results obtained from the NTP||2M-
O||AC full cell indicate that it does not work properly at -50 °C.
Figure S8 displays NTP||2M-0.3||AC and NTP||2M-0||AC battery
which show excellent cycle performance at 25 °C. At the same
time, NTP||2M-0.3||]AC and NTP||2M-0||AC battery still show
excellent cycle and rate performance at high temperature of 45 °C
(Figure S9). It is revealed that the improvement in low-T will not
adversely influence the batteries at high temperature and rate
capability. Furthermore, the DMSO included in low-T additive is
also applied to aqueous lithium ion batteries (ALIBs) and aqueous
potassium ion batteries (APIBs). We fabricated ALIBs with 0.5 M
Li,SO4 and 0.5 M Li,S04-0.3 (adding DMSO with a mole fraction
of 0.3 to the aqueous solution of 0.5 M Li,SQO,) as the electrolyte,
LiTio(PO4)s@C (LTP, prepared by a solvothermal method) and AC
as the anode material and cathode material, respectively.
Characterizations of LTP are given in Figure S10. CVs and
charge-discharge curves of the LTP in Figure S11 demonstrate
the compatibility with the 0.5 M Li;SO4-0.3 electrolyte. The
LTP||0.5 M-Li»S0,4-0.3||AC battery displays 65 mAh g* at a rate
of 0.5 C (1C=130 mA g'1) at -50 °C (Figure S12 a), corresponding
to a 62 % capacity retention of 25 °C. The LTP||0.5 M-Li,SO.||AC
battery cannot work well at -50 °C (Figure S13). Similarly, we also
assembled APIBs based on 1 M KCI and 1 M KCI-0.3 ( adding
DMSO with a mole fraction of 0.3 to the aqueous solution of 1 M
KCI) as the electrolyte, organic polyimide (PI) and AC as the
anode material and cathode material, respectively. CV and
charge-discharge curve of the PI in Figure S14 present the
excellent compatibility with the 1 M KCI-0.3 electrolyte. The PI||1
M-KCI-0.3||AC battery displays 58 mAh g ata of 0.5 C (1 C=183
mA g'1) at -50 °C (Figure S12 b), corresponding to a 62% capacity
retention of 25 °C. However, the PIl||1 M KCI ||AC battery cannot
work well at -50 °C (Figure S15). The performances of all the
above mentioned fabricated batteries demonstrate that the novel
electrolyte additive can realize a rechargeable AABs function and
work well at ultra-low temperature of -50 °C. The battery
performance examination at low-T and high temperature,
mentioned in this paper is executed in the low-T chamber and
blast drying oven, which are shown in Figure S16, 17. To verify
the universality of the novel additive, we added DMSO with a
molar fraction of 0.3 to some common aqueous electrolyte, which
containing lithium, sodium, potassium, and zinc salts
independently, and placed the electrolyte at -50 °C for 2 hours. As
a result, electrolytes with the novel additive did not freeze.
Meanwhile, electrolytes without additive were all froze (Figure
S18). It can be proved that the additive is universal. In short, the
DMSO additive provides the possibility for the development of
other aqueous battery at ultra-low temperature.

Last but not least, the interfacial/interphasial properties of
electrode/electrolyte largely affect the battery performance. In the
organic electrolyte system, the solid-electrolyte interphase (SEI)
has an effect on the low-T performance of the battery.?? For our
agueous electrolyte system, we tried to observe the presence of
SEI on the electrode surface. According to the research on the
interface layer (electrode/electrolyte) of aqueous battery by
Wang's group,”® we use electrochemical impedance
spectroscopy(EIS), SEM, TEM, X-ray photoelectron spectroscopy
(XPS) to study whether there are interfacial/interphasial layers in
our battery system (the NTP||2M-0.3||AC system is selected for
the study of the interface layer of electrode/electrolyte). Figure
S19a, b and c are the impedance diagram of the full cell at 45 °C,
25 °C and -50 °C, respectively. For the batteries at 1%, 2", 5t
and100" cycle, no additional semicircle is observed in the low
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frequency region. It indicates that no newly interface layer at
electrode surface is formed during cycles. For the batteries at
100" cycle, the NTP anode surface information is analyzed by
SEM, TEM and XPS. It was found by SEM that there is no
significant change in the surface of the NTP anode after 100
cycles(Figure S20a). XPS is conducted on the NTP anode that
recovered at the 100" cycle. The binding energies for the 1s
valence electrons of O and C are shown in Figure S20c.
Compared with the pristine electrode sheet, the new O1s signal
can be attributed to the electrolyte salt NaClO.. No change of C1s
signal confirms that our battery system did not produce an
electrode/electrolyte interface layer. It further suggests that the
layer observed in the TEM image is carbon layer and not an
interface layer(Figure S20b). In summary, a new interface layer is
not formed on the electrode surface during the cycles.Therefore,
the improvement of the low-T performance of AABs is only
attributed to the addition of DMSO.

Conclusion

In conclusion, an electrolyte with ultra-low freezing point is
designed by using DMSO as an additive with molar fraction of 0.3
for aqueous rechargeable batteries. The reason why the
electrolyte shows that an ultra-low freezing point is demonstrated
by spectral characterization and MD simulation. In the
water/DMSO mixed electrolyte, HB network is formed via the
combination of an oxygen atom in the S=O band and a hydrogen
atom in the O-H band. Consequently, the inter-molecular HB
between DMSO and water prevents the formation of tetrahedral
structures of ice when the temperature drops to zero. The system
with x pmso =0.3 have most of the DMSO-Water HB in the form of
1DMSO-2Water, which explains why the lowest freezing point is
realized when the DMSO molar fraction is 0.3. Benefiting from the
additive, 2M-0.3 electrolyte exhibits a freezing point lower than -
130 °C, high ionic conductivity (0.11 mS cm™) at ultra-low T of -
50 °C. Based on such an electrolyte solvent, rechargeable
NTP||2M-0.3||AC batteries, LTP||0.5M-Li»S0O4-0.3||AC batteries,
and PI||1M-KCI-0.3||AC batteries can work well at -50 °C and
retain ~60% capacity of that at 25 °C. Our study not only provides
a new method for the development of low-T aqueous electrolyte,
but also illustrates a new practical electrolyte system for aqueous
batteries in future application.
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