GDCh
=

AIl-S Batteries

Research Articles

Angewandte
internatianalditiony Chemie
www.angewandte.org

How to cite: Angew. Chem. Int. Ed. 2024, 63, €202318204
doi.org/10.1002/anie.202318204

Locally Concentrated Ionic Liquid Electrolytes for Wide-
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Abstract: Aluminum—sulfur (Al-S) batteries are promis-
ing energy storage devices due to their high theoretical
capacity, low cost, and high safety. However, the high
viscosity and inferior ion transport of conventionally
used ionic liquid electrolytes (ILEs) limit the kinetics of
Al-S batteries, especially at sub-zero temperatures.
Herein, locally concentrated ionic liquid electrolytes
(LCILE) formed via diluting the ILEs with non-
solvating 1,2-difluorobenzene (dFBn) co-solvent are
proposed for wide-temperature-range Al-S batteries.
The addition of dFBn effectively promotes the fluidity
and ionic conductivity without affecting the AICl,/
ALCl;” equilibrium, which preserves the reversible
stripping/plating of aluminum and further promotes the
overall kinetics of Al-S batteries. As a result, AI-S cells
employing the LCILE exhibit higher specific capacity,
better cyclability, and lower polarization with respect to
the neat ILE in a wide temperature range from —20 to
40°C. For instance, Al-S batteries employing the
LCILE sustain a remarkable capacity of 507 mAhg™
after 300 cycles at 20°C, while only 229 mAhg™' is
delivered with the dFBn-free electrolyte under the same
condition. This work demonstrates the favorable use of
LCILE:s for wide-temperature Al-S batteries. )

Introduction

Since their commercialization in 1991, Li-ion batteries
(LIBs) have been rapidly developed, conquering the market
of portable electronics and electric vehicles to eventually

become the most sold battery technology.!'*! However, the

potential cost increase due to limited supply of lithium,
cobalt, and nickel has stimulated the interest for comple-
mentary and even alternative secondary batteries relying on
more abundant elements.® Among them, rechargeable
aluminum sulfur (Al-S) batteries employing high-abundant,
low-cost, and high-capacity aluminum metal and sulfur as
electrode materials are promising candidates.!”®!

The current research on Al-S batteries is mainly focused
on mitigating the polysulfide shuttle and promoting the
sluggish conversion reaction of sulfur cathodes.”' The
proposed strategies of electrolyte additives,'**! sulfur host
materials," ' catalysts,"”" and functional separators have
led to successfully prolonged lifespan and reduced cell
polarization.”!! However, the inherent high viscosity and
sluggish ion transport of conventionally employed electro-
lytes have not received attention from the scientific
community. The state-of-the-art electrolytes for room-tem-
perature rechargeable nonaqueous aluminum metal bat-
teries are ionic liquid electrolytes (ILEs) consisting of 1-
ethyl-3-methylimidazolium chloride (EmimCl) and alumi-
num chloride (AICL;).”? The viscosity of [EmimCl];[ AICl]; 5
is reported to be 19.4 mPa s at 20°C, while the electrolyte
viscosity for commercial LIBs is usually lower than 10 mPa
s.’Y The high viscosity hinders the penetration of electro-
lytes into thick electrodes, leading to a low utilization of
sulfur encapsulated in porous host materials. It is expected
that this negative effect would become more pronounced at
sub-zero temperatures due to the further decreased electro-
lyte fluidity. In fact, batteries that can operate at temper-
atures deviating from room temperature, e.g., —20&40°C,
are widely required even for civil use. Electrolyte engineer-
ing to decrease the electrolyte viscosity is a potential
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approach to mitigate this issue. Moreover, a promoted
electrolyte fluidity is usually accompanied with enhanced
ion transport, which can contribute to lower cell polar-
ization.

Adding low-viscosity cosolvents to ILEs is a feasible
route to reduce viscosity and promote ion transport.?*?’!
However, EmimCI-AICl; binary ILEs with high Lewis acid-
ity are highly reactive,”® and the finely adjusted AICI,/
ALCl;,” equilibrium, essential for reversible aluminum
stripping/plating, is rather sensitive to the -electrolyte
composition.””) This leads to the difficulty in identifying
suitable co-solvents. Recently, non-solvating and relatively
inert co-solvents, e.g., 1,2-difluorobenzene (dFBn),BO] have
been reported allowing to dilute high-viscosity concentrated
electrolytes without affecting the local solvation of Li*,?™!
Na®,* and K*® and forming the so-called locally concen-
trated electrolytes.**?” Even more recently, this strategy has
been extended to concentrated electrolytes based on chemi-
cally stable ionic liquids.®**! Herein, the use of such
emerging non-solvating co-solvents to AlCl;-EmimCl binary
ILEs to construct locally concentrated ionic liquid electro-
lytes (LCILEs) is explored to address the aforementioned
issues. In fact, to the best of our knowledge, LCILEs for
aluminum metal batteries have not been reported yet.
Whether the unique AICl, /AlLCl,” equilibrium is main-
tained in the presence of the non-solvating co-solvents and
how the various co-solvent affects the LCILE performance
is still unknown.

In particular, the most conventional, non-solvating co-
solvent, i.e., dFBn, and the state-of-the-art ILE for alumi-
num metal batteries, i.e., [EmimCl],[AICL],; (EA), are
selected as model substances to evaluate their compatibility
and to investigate the effect of LCILEs on the performance
of AI-S batteries. It is anticipated that the addition of dFBn
to EA effectively promotes the fluidity and ionic conductiv-
ity without affecting the AICl, /AL Cl,” equilibrium, thus
preserving the reversible stripping/plating of aluminum and
promoting the overall kinetics of Al-S batteries. As a result,
Al-S batteries employing LCILEs sustain a remarkable
capacity of 507 mAhg ' after 300 cycles at 20°C, while only
229 mAhg' is delivered with the dFBn-free electrolyte
under the same test conditions. Encouraged by the perform-
ance achieved at 20°C, the electrochemical behavior at
temperatures deviating from room temperature, e.g., —20,
—10, and 40°C, was also evaluated.

Results and Discussion

The LCILEs were prepared by mixing dFBn, AICl;, and
EmimCl in the x:1.3:1 molar ratio (x=0.4, 0.8, 1.2). These
mixtures are named EAdF-x in the following. All the
electrolytes are transparent without any phase separation or
precipitation (Figure S1), which indicates that dFBn and EA
are miscible in the chosen concentration range. The
obtained electrolytes were then subjected to flashpoint tests.
No flash is detected during the tests within the temperature
range of 25-250°C, proving their low flammability.
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The viscosity of the electrolytes was measured via three
parallel tests at 20°C (Table S1), and the results are
summarized in Figure 1a. As expected, the addition of dFBn
into EA leads to a lower viscosity. For instance, the viscosity
of EA and EAdF-1.2 are 18.5 and 4.9 mPa s, respectively.
However, the ionic conductivity shows a maximum for x=
0.8 (20.2 mScm™) as displayed in Figure 1b. The bell-shaped
trend of the conductivity upon addition of dFBn is caused
by the opposite effects of decreasing the number of charge
carriers and viscosity. Nonetheless, all chosen LCILEs show
higher ionic conductivity than the neat ILE, confirming that
dFBn as a co-solvent effectively improves the fluidity and
ion transport of EA electrolyte without compromising the
low flammability.

As mentioned, the AICl, /AL Cl;” equilibrium is crucial
for the reversible stripping/plating of aluminum and con-
version reaction of sulfur cathodes. Therefore, Raman
spectra of the electrolytes and dFBn were measured to study
the effect of dFBn on this equilibrium. The spectra of the
electrolytes are normalized to the AICI; peak at 349 cm™.
As shown in Figure 1c, the intensity of the peak originating
from dFBn at 296 cm™' grows with its increased content.[*!
Importantly, no obvious change of the position or normal-
ized intensity of the peaks assigned to AICI; (349 cm™) and
ALCL; (311 and 433 cm™) is observed for the electrolytes
with different amount of dFBn, demonstrating that the
cosolvent (dFBn) does not disturb the AICl,/AlLCl;~
equilibrium in all the electrolytes. Furthermore, 'H NMR
spectroscopy (Figure 1d) were carried out to reveal the
change of the local chemical environment.®” The peaks
located at 6.43 and 6.48 ppm for EA correspond to the
N—CH=CH-N protons of the imidazolium ring, while the
dFBn signals in the region of 6.2-6.4 ppm can be attributed
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Figure 1. Physical properties and solvation characterization of the
electrolytes at 20°C. (a) Viscosity. (b) lonic conductivity. (c) Raman
spectra. The spectra of the electrolytes were normalized to the AICI,
peak at 349 cm™. (d) "H NMR spectra. The spectra of the electrolytes
were normalized to the peak of the imidazolium proton appearing at
6.48 ppm in neat EA.
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to the protons of the benzene ring. It is observed that the
addition of dFBn to EA led to an upfield shift of all these
peaks. These changes could be attributed to the interactions
between Emim* and dFBn. In a previous work about Li*
-based LCILE, it is demonstrated that the charge transfer
from Emim* to dFBn via their n—n stacking can lead to the
shift in '"H NMR spectra.?! Therefore, the shift of the peaks
observed in Figure 1d indicates for the interaction between
Emim* and dFBn, confirming the miscibility of EA and
dFBn.

Since EAdF-0.8 exhibits the highest ionic conductivity of
the three LCILEs, it was selected as a model electrolyte to
be compared with the neat ILE electrolyte, i.e., EA, in the
following sections. The electrochemical properties of AMAs
in these two electrolytes were evaluated in Al/Al symmetric
cells at 20°C. In the first step, Al/Al cells employing EA and
EAdF-0.8 electrolytes were tested at various current
densities to assess the rate capability. As shown in Figure 2a,
the EA-based Al/Al cell exhibits a higher polarization
compared with the EAdF-0.8 cell at the current densities
from 0.1 to 1.0 mA cm % Furthermore, the difference in the
plateaus’ average voltage increases from 10mV at
0.1 mAcm?to 110 mV at 1 mA cm? (Figure 2b). The better
rate capability achieved with EAdF-0.8 demonstrates a
promoted kinetics of aluminum stripping/plating due to the
presence of dFBn.

The cyclic stability of AMAs in EA and EAdF-0.8
electrolyte was further examined with Al/Al symmetric cells
cycling at 0.054 mA cm? for 30 minutes in each step (cycled
capacity of 0.27 mAhcm™), roughly corresponding to the
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current density and areal capacity of the Al-S cells later
described. Apart from the lower cell polarization (Fig-
ure S2a), the use of EAdF-0.8 also leads to a longer lifespan.
As shown in Figure S2b, a short circuit occurred after
cycling for 760 h with EA electrolyte, while the cell employ-
ing EAdF-0.8 exhibited stable cycling for 1000 h, at least
(Figure 2c). Figure 2d shows the electrochemical impedance
spectra (EIS) of Al/Al cells employing EA and EAdF-0.8
recorded after 10 cycles. The high-frequency intercept corre-
sponds to a pure resistor mainly reflecting the bulk
resistance of the electrolyte. The depressed semicircle
observed at lower frequencies, associated to the interfacial
impedance, does not show obvious difference going from
EA to EAdF-0.8 electrolyte, but the electrolyte bulk
resistance with the latter electrolyte is much smaller. There-
fore, the lower polarization of the AIl/Al cell employing
EAdF-0.8 mainly originates from the promoted ion trans-
port in this electrolyte.

To understand the effect of dFBn on the morphology of
the aluminum electrodes, scanning electron microscopy
(SEM) was applied to cycled AMAs. More precisely, the
electrodes were subjected to 20 galvanostatic cycles at
0.054 mAcm ™ up to an areal capacity of 0.27 mAhcm 2 at
20°C. Then, the AMAs were extracted from the Al/Al cells
and cleaned twice for 4 mins with dimethyl carbonate
(DMCO).

As shown in Figure 3a, the SEM image of the pristine
AMA presents the typical texture of Al metal foil. After
cycling, the surface morphology of both the AMAs exhibits
obvious differences. The electrode cycled with EA shows
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Figure 2. Electrochemical performance of Al/Al symmetric cells with EA and EAdF-0.8 electrolytes at 20°C. (a) Voltage profiles and (b)

corresponding average voltage plateaus of Al/Al cells at current densities of 0.1, 0.3, 0.5, 0.75 and 1 mAcm
upon long-term cycling at 0.054 mAcm ™2 with a capacity of 0.27 mAhcm
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%, (c) Voltage profiles of Al/Al cells

. (d) Nyquist plots of two-electrode Al/Al cells after cycling for 10 cycles.
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Figure 3. Surface morphology and SEI composition of AMAs after cycling in Al/Al cells for 20 cycles. SEM images of (a) initial Al metal, cycled Al
anode in (b) EA and (c) EAdF-0.8 electrolytes. (d-i) XPS spectra of cycled AMAs in (d-f) EA and (g-i) EAdF-0.8 electrolytes.

the formation of larger particles and a more porous
morphology (Figure 3b,c) with respect to that cycled with
EAdF-0.8. Due to the uneven Al plating/stripping (Fig-
ure S3), the formed large deposits may penetrate the
separator and ultimately lead to short circuit, in agreement
with the result in Figure S2b. The same does not occur when
adding dFBn into the electrolyte, resulting in a more
uniform aluminum plating and stripping.

The solid electrolyte interphase (SEI) generated on
AMAs is critical for their electrochemical behaviour. To
understand the influence of dFBn on the SEI composition,
cycled AMAs were analysed by X-ray photoelectron spec-
troscopy (XPS). The detail spectra in the C 1s range showed
for both the AMAs cycled in EA (Figure 3d) and EAdF-0.8
(Figure 3g) a dominating peak due to C—C/C—H species at
284.8 eV. In addition, further peaks can be observed at 286.4
and 289.1 ¢V, which can be attributed to C-N/C-O and
O—C=0/C-F groups, respectively. In the Al 2p range
(Figure 3e,h), the peak doublets from metallic and oxidized
Al, the latter most likely originating from Al—Cl bonds, can
be discerned at 71.4 and 74.4 eV, respectively. The AMA

Angew. Chem. Int. Ed. 2024, 63, €202318204 (4 of 9)

cycled in EAdF-0.8 shows, however, a weaker Al metal
peak, indicating that the addition of dFBn to the electrolyte
promotes the formation of a thicker SEI layer. Two peaks
are detected in the detail spectra in the N 1s region
(Figure 3f,i) at 401.7 and 400.0 eV, which can be attributed
to Emim* and C-N species (decomposition products of
Emim™), respectively. Comparison of the spectra indicates
that the presence of dFBn promotes the contribution of
Emim™ to the SEI layer on the surface of AMAs. The Cl 2p
and F 1s spectra as shown in Figure S4. While no obvious
differences in peak position and intensity can be observed
between the AMAs cycled in EA and EAdF-0.8, it was
surprising to note that the F 1s spectrum of EA also showed
signals of Al-F and C—F species at ~685.5 and ~688.0 eV
(albeit with lower intensity). These latter might be caused
by a slight corrosion of the PTFE cell body by the neat EA
as PTFE is the only fluorine source in this cell (cf. Figure S4
for a more detailed discussion).

To explore the impact of dFBn on sulfur cathodes, Al-S
batteries were assembled in three-electrode, T-shaped cells
employing Al foils as counter and reference electrodes, and

© 2024 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

351801 SUOLUWIOD TR0 3 (qedt|ddte ) Ag pauLeA0B 812 SO YO 88N J0 S9N 10} ARIGIT BUIIUO AB|IM O (SUORIPUOD-PLE-SWLLBYLICY" 3| 1 At jBul Uo//Sd1Y) SUORIPUOD P SWB 13U 885 *[1202/2T/20] U0 ARIqIT 8UIIUO ABIIM 4 IMNSU| US| Aq 10Z8TEZ0Z @ 1Le/Z00T OT/10p/W00 A 1M ARe.q 1 ou|UO//STRY W01} PAPEO|UMOQ ‘0T ‘202 ‘ELLETZST



GDCh
~~

graphene@S as the positive (cathode) electrode. Thermo-
gravimetric analysis (TGA) reveals that the sulfur content of
the synthesized graphene@S powders used for the electrodes
are 34 and 54 wt % as shown in Figure S5. The correspond-
ing sulfur loading of the cathodes is 0.5 and 1mgcm™2
respectively. SEM images in combination with energy
dispersive X-ray (EDX) spectroscopy mapping of the
graphene@S materials reveal in both cases a uniform
distribution of sulfur in graphene@S (Figure S6).

Regarding the electrochemical performance, Figure 4a
presents the evolution of the discharge specific capacity of
Al-S cells employing graphene@S-34 % cathodes in EA and
EAdF-0.8 electrolytes (the corresponding Coulombic effi-
ciency are displayed in Figure S7) upon long-term cycling
tests at 100mA g ' and 20°C. The AI-S cells display an
initial discharge specific capacity of 1511 and 1563 mAhg™',
respectively, with EA and EAdF-0.8. After 300 cycles, the
discharge specific capacity of the EAdF-0.8-based cell is
507 mAhg™', while it drops to 229 mAhg™ for the cell
employing EA. Additionally, the EAJdF-0.8-based cell
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displays higher, although not close to 100%, Coulombic
efficiency values. Hence, the cyclic stability of the Al-S cell
using EAdF-0.8 electrolyte is greatly improved. Simultane-
ously, the dis-/charge polarization of Al-S cells is reduced
via the addition of dFBn as shown in Figure 4b.

Al-S cells employing graphene@S-54 % cathodes were
also assembled to further compare the performance of
EAdF-0.8 and EA upon cycling at 50 mA g™~ (Figure 4c).
Once more, the cyclability of the cells employing EAdF-0.8
is clearly better than those with EA. Specifically, an
exemplary EAdF-0.8-based cell yields higher discharge
specific capacity, i.e., 544 mAhg™" after 40 cycles, than the
EA-based cell (only 248 mAhg™) under the same test
conditions. Similar to the results in Figure 4b, the Al-S cell
using EAdF-0.8 shows a smaller redox polarization (Fig-
ure 4d). Cyclic voltammetry (CV) curves also confirm the
polarization reduction in EAdF-0.8 electrolyte (Figure 4e).
The enhanced cyclability and reduced polarization of the
Al-S cells employing EAdF-0.8 prove the excellent compat-
ibility of such an electrolyte with the S cathodes.

- 1600
a © 14004 100mA g*,20°C graphene@S-34% b 1.5100mA g7, 20 °C
2 S loading: 0.5 mg cm S
£ 900 - +
} G 124
g \ E] g
-3 ; th
T | % 09 —-— 50
S 600 N g 150t
= % .......... 300t
% g 0.6
1Z)
2300 S }
e \ S >
= 0.3
'
@
-3 ‘
« 0 T T T T T 0.0 T T T T T T
0 50 100 150 200 250 300 0 300 600 900 1200 1500 1800 2100
Cycle Number Specific Capacity / mAh g
Co :ggg 6, 50mAg*, 20°C graphene@S-54% d 1.5/50mA g',20°C
£ 9007 S loading: 1.0 mg cm™ 2
E "
2 e T 12
3 ; s =
& <
Qo q B -] —_—— th
g oo . \ \ g 00 40
Py ’ >
2 ) = !
_&: "000¢ .§ 064
® 300 9000000, g 4
a e00ee0eeendy z
£ 0.3
‘o
o
-3
”n 0 T T T T T T T 0.0 T T T T T T
0 10 20 30 40 50 60 70 80 0 300 600 900 1200 1500 1800 2100
Cycle Number Specific Capacity / mAh g
0.6 16 16
e 0.05mV s fTeazc g " Teadr0s,20°c
EA o g%t o %t
e 044 EAdF-0.8 o omd N o ond
] 124 ® ¥ 124 ° rd
< e 3 ° 0, o 0? ]
£ 5th @2 o0 . 5th
S 02 £ n i o, 4 £ A th
5 S @ 7 ° °°$t s N °® b3 = 7m
£ th L)
S & e R S s
N o s
8 0o N S ol LI I
€ ° 2 9
2 4 & & o’ 4] o X2
3 -0.2 od ‘39: : 23
) ) W
00 02 04 06 08 10 12 14 16 0 5 10 15 20 25 30 0 5 10 15 20 25 30

Potential / vs. AIAP*

Z'| Ohm Z'/ Ohm

Figure 4. Electrochemical performance of Al-S cells with EA and EAdF-0.8 electrolytes at 20°C. (a) Evolution of discharge specific capacity upon
long-term dis-/charge cycling at the current density of 100 mAg™', and the corresponding (b) dis-/charge profiles at different cycles. (c) Evolution
of discharge specific capacity upon long-term did-/charge cycling at the current density of 50 mAg™, and the corresponding (d) dis-/charge
profiles. (e) CV curves at a scan rate of 0.05 mVs™". (f, g) Nyquist plots of cycled three-electrode Al-S cells at different cycle in EA (f) and EAdF-0.8

(g) electrolyte.
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To reveal the mechanism of such improvements, EIS of
Al-S cells was performed in a first step. As exhibited in
Figure 4f,g, the Nyquist plot of the sulfur cathodes of three-
electrode Al-S cells in EAdF-0.8 shows lower bulk resistance
and interfacial impedance, indicating a higher ionic con-
ductivity (in accordance with Figure 1a) and promoted
interfacial reaction in the dFBn-containing electrolyte. The
impedance of the Al-S cell employing EAdF-0.8 initially
increases to stabilize after 7 cycles. On the other hand, the
impedance of the EA-based cell is much higher and does
not reach stability. This indicates that a stable cathode/
electrolyte interphase (CEI) is gradually forming during the
first few cycles in EAdF-0.8, which is not the case for the
EA-based cell.

In a further step, SEM and XPS measurements were
carried out with cathodes in the fully charged state to
explore the surface morphology and CEI compositions after
cycling. The comparison of the SEM images of graphene@S
cathodes pristine (Figure 5a) and after cycling in EA and
EAdF-0.8 (Figure 5b,c respectively) does not show obvious
changes. However, EDX detects signals of C, Al, CL N, S, O
and F on the surface of the cycled cathodes (Figure S8),
indicating the presence of the CEI.

a e
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Figure 5d-i shows the XPS spectra of graphene@S
cathodes recovered after cycling in EA and EAdF-0.8
electrolyte. First of all, comparison of the spectra in the Al
2p and Cl 2p regions (Figure 5d,e,g,h) showed a much
smaller concentration of Al-Cl species after cycling with
EAdF-0.8. Furthermore, according to the N 1s spectra
(Figure S9b,e), the electrode cycled in EAdF-0.8 exhibited
also less Ngyp, and more C—N species. The S 2p spectra of
the sulfur cathode cycled in EA (Figure 5f) showed three
peak doublets which can be assigned to monosulfide S~ (S
2p3/2 peak at 160.9 eV), disulfide S,*/terminal S atoms in
polysulfides (162.0 eV), and internal S atoms of polysulfides/
elemental S species (163.5¢eV), respectively.*! With the
presence of dFBn in the electrolyte (EAdF-0.8) (Figure 5i),
a weaker disulfide/terminal polysulfide signal was observed
while the monosulfide peak doublet vanished completely.
Since the electrodes were at the fully charged state, the
lower intensity of the signals of reduced S species points to a
promoted reconversion of S in EAdF-0.8. The overall higher
intensity of the S 2p spectra of the cathode cycled in EA
with respect to the one in EAdF-0.8 demonstrates a higher S
content in the former electrode. Correlating this with the
electrochemical results, one can infer that this is caused by a

(e Cycled

WhoNEAdF-O.i

Al 2p

o

Intensity / a. u.

74 202

Binding Energy / eV

Binding Energy / eV

disulfide .
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(o]
=
N
]
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Al-Cl
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Figure 5. Surface morphology and CEl composition of sulfur cathodes after cycling for 50 cycles. SEM images of (a) initial S cathode, cycled S
cathode in (b) EA and (c) EAdF-0.8 electrolytes. (d-i) XPS spectra of cycled S cathode in (d—f) EA and (g—i) EAdF-0.8 electrolytes.
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lower sulfur utilization in EA due to its higher viscosity.
Finally, similar to the findings for the AMAs (Figure S4c),
fluorine was not only detected for the cathode tested in
EAdF-0.8, but also for the EA one (Figure S9c). This is
most probably again caused by the slight corrosion of the
PTFE cell.

The above results demonstrate that EAdF-0.8 effectively
promotes the electrochemical performance of Al-S cells at
20°C due to its enhanced fluidity, ion transport, and
compatibility toward AMAs and sulfur cathodes. In a
further step, we proceeded to explore its use for Al-S
batteries in a wider temperature range.

The physical properties of the electrolytes at a wide
temperature range are firstly compared. Figure 6a shows the
differential scanning calorimetry (DSC) spectra of EA and
EAdF-0.8 electrolytes. In the cooling trace, a crystallization
peak (Tc) is observed on both electrolytes, but Tc of EAdF-
0.8 is shifted to lower temperatures, being very close to that
of dFBn (Figure S10). In the heating trace, a cold-recrystal-
lization feature, Tc’, is detected only for EAdF-0.8. Addi-
tionally, compared with EA, EAdF-0.8 presents a lower
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melting peak (Tm). These results demonstrate that the
addition of dFBn into EA leads to a much wider liquidus
range. The ionic conductivities of EA and EAdF-0.8 electro-
lyte were measured in a temperature range from —30 to
50°C (Figure 6b). As displayed, dFBn effectively enhances
the ionic mobility over the tested temperature range. EA
shows a sharp decline when the temperature is below
—10°C, corresponding to its freezing point (Figure 6a). Due
to the extended liquidus range with the presence of dFBn,
such a sharp decrease of ionic conductivity is not observed
for EAdF-0.8. Specifically, at —20°C, EAdF-0.8 has a
significantly higher ionic conductivity (6.64 mScm™) than
EA (0.42 mScm™). Figure 6¢ displays the Raman spectra of
both the electrolytes collected at —20, —10, and 40°C. In
general, the peaks of AICl,” and ALCl,” do not show
obvious change in this temperature range, which indicates
the preserved AICl, /ALCl;” equilibrium. The Raman
spectra of the electrolytes in a wider temperature range, i.e.,
from —80 to 60°C, are shown in Figure S11. Despite the
occurrence of crystallization, the AlCl, /ALCl;” equilibrium
does not appear to be significantly affected.
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Figure 6. Physical properties of EA and EAdF-0.8 in a wide temperature range, and the electrochemical performance of Al-S cells with EA and

EAdF-0.8 at varying temperatures between —20 and 40°C. (a) DSC thermogram with a sweep rate of 5°Cmin

~'. (b) lonic conductivity between

—30-50°C. (c) Raman spectra at —20, —10, 20 and 40°C. The spectra were normalized to the AICI, peak at 349 cm™". (d) The discharge specific
capacity upon long-term cycling at 100 mAg ™' and 40°C, and corresponding (e) dis-/charge profiles. (f) The discharge specific capacity upon long-
term cycling at 50 mAg~' and —10°C, and corresponding (g) dis-/charge profiles.
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Figure 6d displays the discharge specific capacities of
Al-S cell employing graphene@S-54 % cathode upon long-
term cycling at 100 mA g and 40°C. The EAdF-0.8 based
AI-S cell exhibits an initial specific capacity of 1495 mAhg™
and maintained 578 mAhg™' at the 100" cycle. In contrast,
the specific capacity of the EA based Al-S cell decreases
from 1494 to 290 mAhg™' after 100 cycles. Meanwhile, the
Al-S cell using EAdF-0.8 displays a lower polarization
(Figure 6e).

Figure 6f shows the evolution of discharge specific
capacities upon long-term cycling of Al-S cells employing
graphene@S-34 % cathode at 50mAg' and —10°C. The
cells based on EA and EAdF-0.8 deliver initial specific
capacities of 294 and 782 mAhg™!, respectively. The lower
initial discharge specific capacities are caused by the lower
ionic conductivity and higher viscosity, which decreases the
overall kinetics of the cells upon dis-/charge. Nonetheless,
the EAdF-0.8 cell displays a much lower decrease. In order
to promote the reaction kinetics, other strategies are
required to further improve the performance at such low
temperatures. Recently, our group reported a low-polar-
ization and long-lifespan Al-S batteries in which the kinetics
was improved by a separator modified with a layer of 3D
nitrogen-doped carbonaceous networks anchored with co-
balt, namely, Co@Cy,,,+@GF/D.*! Herein, this modified
separator is combined with the AI/EAdF-0.8/S cells for the
electrochemical tests at low temperatures. With this modi-
fied separator, the polarization is effectively reduced (Fig-
ure 6g) and the capacity at the 100™ cycle is improved to
464 mAhg ' even at —10°C.

Finally, Al/Al symmetric cells employing either EA or
EAdF-0.8 were tested at —20°C (Figure S12). The use of
EAJF-0.8 enables Al/Al cells with a good rate capability up
to 0.2mAcm? and long-term cycling for 800h, which
demonstrates the possible use of this electrolyte for low
temperature aluminum metal batteries. The evolution of
discharge specific capacities upon long-term cycling of AI-S
cells with graphene@S-34% cathode at 20mAg~' and
—20°C is displayed in Figure S13. For the cell employing the
neat EA, the specific discharge capacity is only 84 mAhg™
at the 100" cycle. When EAdF-0.8 is combined with a
Co@Cyy.irf@GF/D separator, lower polarization and an
even better cyclability are achieved (Figure S13). The
capacity after cycling 100 cycles was 283 mAhg ™ in these
experimental conditions, being among the best performance
reported in literature (Table S2). These results demonstrate
the promoted kinetics of the Al-S batteries at low temper-
atures resulting from the use of dFBn as electrolyte co-
solvent.

Conclusion

In summary, the addition of dFBn to EA effectively
promotes the fluidity and ionic conductivity without affect-
ing the AICl,/AL,Cl;” equilibrium, thus preserving the
reversible stripping/plating of aluminum and further promot-
ing the overall kinetics of Al-S batteries. As a result, Al-S
cells employing the EAdF-0.8 exhibit higher specific
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capacity, better cyclability, and lower polarization with
respect to those based on the neat EA in a wide temperature
range from —20 to 40°C. Moreover, the combination of the
EAdF-0.8 with a modified separator can further promote
the specific capacity at low temperatures. Overall, these
results demonstrate the benefits resulting from the rational
design of EAdF-0.8 consisting of EA and dFBn for wide-
temperature range Al-S batteries.
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