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Low-Temperature Sodium—Sulfur Batteries Enabled by lonic
Liquid in Localized High Concentration Electrolytes

Dong Guo, Jiaao Wang, Zehao Cui, Zixiong Shi, Graeme Henkelman,

Husam N. Alshareef,* and Arumugam Manthiram*

Low ionic migration and compromised interfacial stability pose challenges for
low-temperature batteries. In this work, we discovered that even with the
state-of-the-art localized high-concentration electrolytes (LHCEs),
uncontrolled Na electrodeposition occurs with a huge overpotential of >1.2 V
at —20 °C, leading to cell failure within tens of hours. To address this, we
introduce a new electrolyte category that incorporates an ionic liquid as a key
solvation species. Diverging from traditional LHCEs, the IL-tailored LHCE
facilitates an anion—solvent-molecules exchange within the solvation sheath
between Na*t and organic cations at low temperatures. This behavior
reduces solvation cluster size and strengthens Nat—anion coordination,
which proves instrumental in enabling fast ionic dynamics in both the bulk
liquid and at the interface. Therefore, durable Na electrodeposition and
shuttle-free, 0.5 Ah sodium—sulfur pouch cells are achieved at —20 °C, for the
first time, surpassing the limitations of typical LHCEs. This tailoring strategy
opens a new design direction for advanced batteries operating in fast-charge

grid-level energy storage.[#®7] The RT Na—$S
batteries offer a theoretical energy density
of 1274 Wh kg™!, with sodium raw mate-
rial cost less than 10% of that of lithium.
Nevertheless, the RT Na—S remains in its
early stage and faces more paramount chal-
lenges than its Li-S counterparts. These
challenges fundamentally result from the
lack of suitable electrolytes that can stabi-
lize both the highly reactive sodium-metal
anodes and the soluble sulfur cathodes.®!

Regulating electrolyte solvation structure
is a key strategy for harnessing highly
reactive, yet energy-dense anodes as it
dictates both bulk electrolyte properties and
electrical interface.*°] Ether-based elec-
trolytes with NaPF salt have demonstrated
high-quality Na deposition even at low

and wide-temperature scenarios.

1. Introduction

Lithium—sulfur (Li-S) batteries have been intensively investi-
gated due to the low cost and high theoretical capacity (1675 mAh
g™!) of sulfur.'>] However, considering the much greater earth-
abundance of sodium (2.3 wt.%) compared to lithium (0.0017
wt.%) and its global availability, room temperature (RT) sodium—
sulfur (Na—S) batteries present a more sustainable option for
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temperatures,!?*2! but they are not suitable
in Na—S batteries. This is because the rela-
tively low solubility of NaPF in ether brings
substantial free solvents (even weakly
solvating solvents), thereby causing serious sulfur species dis-
solution and rapid capacity loss, which is a much more exacer-
bated issue in Na—S batteries than in Li-S.I?28] Localized high-
concentration electrolytes (LHCE) are promising in stabilizing
metal anodes.®3?] The cation-anion aggregates in LHCE pref-
erentially induce anion reduction to form an inorganic-rich solid
electrolyte interface (SEI), which reduces the parasite reactions
of solvents at interphase. More importantly, the LHCEs with
much less free solvents can suppress the cathode dissolution.
Nevertheless, the current LHCE formulations fall short, partic-
ularly in low-temperature and high-rate cycling scenarios. Al-
though an inert non-solvating diluent is added in LHCEs to offer
a lower viscosity, the large coordination clusters still hinder the
ion migration and de-solvation at sub-zero temperatures, leading
to surged cell impedance and capacity deterioration.!**-38] Previ-
ous strategies for low-temperature electrolytes have primarily fo-
cused on weakly solvating electrolytes (WSE) using fluorinated
solvents.[213940] This is because the anion-derived inorganic SEI
formed in WSE is favorable for interfacial kinetics at low tem-
peratures. However, these strategies have generally been success-
ful in lithium-ion batteries, but have shown limited effectiveness
in Na—S batteries due to the extremely high solubility of sodium
polysulfides and the high reactivity of sodium-metal anode. More
importantly, how the Na*-anion/solvent coordination behavior,
ionic transport, and SEI formation transform in low-temperature
LHCEs remains ambiguous. For example, even with the
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state-of-the-art LHCEs, we find that the SEI formed at —20 °C is
composed of organic-rich components instead of the usually ob-
served inorganic-dominated components at room temperature.
In this context, the conventional LHCEs should be redesigned,
especially for low-temperature conditions.

In this work, by using an ionic liquid (IL) N-Propyl, N-methyl
pyrrolidinium bis(fluorosulfonyl)imide (C;mpyrFSI) as a model
additive, a new type of LHCE is presented for Na—S batter-
ies working at low temperatures. While ILs are generally used
in room/high-temperature batteries due to low volatility and
nonflammability, their solvation structures and application at
low temperatures are largely unexplored. Moreover, although
IL-salt binary systems or even localized high-concentration ILs
have been proposed for lithium batteries,[**?) we find that they
do not work with sodium anode (Figure S1, Supporting In-
formation). Actually, the strong cation—anion interactions in
the IL-salt system lead to the formation of negatively charged
[Na*(anion), ]~ clusters, which force the cation to migrate to-
ward the positively charged electrode and thus into the “wrong”
direction (t" < 0).*=*41 This in return can cause high polariza-
tion (>3 V) and failure of sodium deposition (Figure S1, Sup-
porting Information). In contrast, we found that by supplement-
ing the LHCE with a proper amount of C;mpyrFSI, the IL acts
as a special diluent in the solution, which not only increases
ionic mobility by developing smaller solvation cluster size (il-
lustrated in Figure S2, Supporting Information) but also recon-
structs microstructure by anion-solvent exchange within Na*
and organic cations. Additionally, a more compact and durable
SEI layer is formed on the sodium-metal anode, regardless of
the temperature-dependent Na deposition behavior. Therefore,
with sulfurized polyacrylonitrile (SPAN) as the cathode, Na—S
pouch cells with remarkably high Coulombic efficiencies (CEs)
(>99.8%) and sulfur utilization are achieved at —20 °C. This study
represents the first investigation of low-temperature Na—S batter-
ies and sheds light on the role of ionic liquid in low-temperature
electrolytes.

2. Results and Discussion

While LHCE is efficient in improving the alkali-metal depo-
sition quality, we found that the Na deposition is much more
sensitive to the molar ratio of salt/solvent in LHCE. For ex-
ample, in a typical LHCE of sodium bis(fluoro sulfonyl)imide
(NaFSI): Dimethoxyethane (DME): 1,1,2,2-Tetrafluoroethyl
2,2,3,3-tetrafluoropropyl ether (TTE) with a molar ratio 1:1.3:1,
the Cu | Na cell exhibits a high CE of #97.5% at 20 °C (Figure 1a),
which outperforms LHCE with a ratio of 1:1.5:1 (x96.2%, Figure
S3, Supporting Information). This difference emphasizes the im-
portance of eliminating free solvents in LHCEs to modulate the
Na anode. Nevertheless, reducing the amount of DME solvent
further to form a 1:1.1:1 LHCE caused phase separation once a
small amount of DME evaporates during cell assembly, which
causes the risk of cell failure. In contrast, when a certain amount
of C;mpyrFSI was introduced to form an IL-based LHCE_X (X
refers to the molar ratio of ionic liquid), the Cu | Na cell exhibited
a greatly improved CE without the risk of salt-out. Here, the
LHCE_0.3IL, formulated with a NaFSI:DME:TTE:C;mpyrFSI
ratio of 1:1.3:1:0.3, has a CE of x99.1% after 500 cycles at 20 °C
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(Figure 1a). More importantly, kinetic enhancement is much
more prominent at a low temperature. As plotted in Figure 1b,
the Na* deposition at —20 °C in the LHCE (1:1.3:1) exhibited
a huge overpotential of 1.2 V at a current density of 0.1 mA
cm™2, while this overpotential is greatly reduced to ~200 mV
in the LHCE_0.3IL electrolyte. To understand the mechanism
behind this distinctive difference, the temperature-dependent
ionic conductivities and viscosity were first measured.

Figure 1c shows that the ionic conductivity (o) of LHCE_0.3IL
is~1.5-2 times of bare LHCE throughout the -20-20 °C (Figure
S4, Supporting Information). Since the ionic liquid also con-
tributes to the ionic conductivity of the LHCE_0.3IL electrolyte,
the molar conductivity was also calculated and is summarized in
Table S1 (Supporting Information). It was found that the molar
conductivity of LHCE_0.3IL is still~1.2-1.6 times of bare LHCE
throughout the -20-20 °C temperature range. Nevertheless, the
viscosity test showed that LHCE_0.3IL has a comparable or even
slightly higher viscosity (Figure 1c). This means the viscosity
effect cannot explain the enhanced ionic conductivity and de-
position kinetics in IL-tailored LHCE. To this end, small angle
X-ray scattering (SAXS), which is sensitive to clusters and net-
works formed in liquids, was utilized to provide insights into
the mesoscopic properties. SAXS data in Figure le show that
at scattering vector (Q) values of 1.3-1.7 A~" (corresponding to
4.8-3.7 A), all the electrolytes and baseline DME/TTE solvent
exhibit a broad peak, which is typically related to short-range
intra/inter-molecular distances in liquids. However, compared
with pure solvent, LHCE exhibits additional scattering at a low
Q value of 0.6 A1, signifying the formation of long-range and
large Na* solvation clusters with the size of 10.5 A calculated
by Bragg’s law, d = 2z Q~'. This phenomenon is also corrobo-
rated by concentration-dependent SAXS analysis (Figure S5, Sup-
porting Information) and other scattering experiments in high-
concentration electrolytes.[>*] More importantly, once the IL is
dissolved into LHCE, this scattering moves to a higher Q value
(0.73 A-1), which means these large clusters in LHCE are de-
veloped into a smaller size (8.6 A) in LHCE_0.3IL. Cluster size
plays an important role in ionic mobility. According to Stokes-
Einstein relation, D = GIfrBr[; diffusion coefficient (D) is inversely
proportional to the hydrodynamic radius (R). Decreased cluster
size means a smaller hydrodynamic radius. Therefore, the IL
is more like a functional diluent that could break the large mi-
celles/clusters of LHCE into smaller individual ones, which is
the key factor to realize higher ionic migration under a similar
viscosity (1) condition in LHCE_0.3IL. Increasing the IL ratio
to 1:1:3: 1:0.5 (LHCE_0.5IL) slightly enhances the overall ionic
conductivity (Figure S4, Supporting Information) but decreases
the transference number (t,) of the cation (Figures S6, S7,
and Table S2, Supporting Information). This decrease occurs be-
cause an excess of IL causes the formation of negatively charged
[Na*(anion)?]~®~Y clusters, leading to vehicular transport by an-
ionic clusters.[**] Conversely, LHCE_0.1IL showed only limited
enhancement in ionic conductivity and delivered lower discharge
capacities compared to LHCE_0.3IL (Figure S8, Supporting In-
formation). Therefore, LHCE-0.3IL was selected as the target
electrolyte for further investigation.

As well as considering the macroscopic properties and
mesoscopic structure, the local solvation environment was

© 2024 Wiley-VCH GmbH

95UB017 SUOLULLOD 9AIIE.1D) 9{cedl|dde au Aq peusenob afe sapie VO ‘8sn JO Sa|n. 1oy Akeid18UIJUO AS]IAN UO (SUOTHPUOD-PUE-SULBIALI0D" A3 1M ATe.q] 1 [BU [UO//:SdIL) SUONIPUOD PUe SWIS | 8L 88S *[202/2T/08] Uo Ariqiauljuo As|Im ‘sseiqisexa JO AIseAIN AQ v6v601rZ02 WiPe/Z00T OT/I0p/W0d A8 1M AeIq Ul juo//Sdny WwoJj pepeojumod ‘IS ‘#Z02 ‘82089T9T


http://www.advancedsciencenews.com
http://www.afm-journal.de

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

www.afm-journal.de

(a) 104 (b)
100
. s
® 96 g
w > S
© g2 LHCE_0.31L s LHCE_0.31L
s — LHCE
88 LHCE 20 °C -15| -20°C
0 100 200 300 400 500 0.0 0.2 0.4 0.6 0.8 1.0
Cycle number Time (h)
(© o6 280 d) . ()
< o LHCE_0.3 _ LHCE_0.3IL /\20°C Lce ol
o 8 -@- LHCE {210 @ B
Rl i & wee N — Lce
o 8 = —1IL
AN o o
£ ..l . > T z LHCE_0.3IL | 20-c e
S i 2® 8 LHCE A
3 i oN 170 ;
_ s,
ool ¢ 0=g s 1
" " " " L o L 1 " N
-20 -10 0 10 20 53 52 51 50 5
Temperature (°C) 9F Chemical shift (ppm) =
() o c (9 -
oS J\3 Py
® Li "y 4% r‘ir e
© F g“‘ ‘4‘ ‘6 3' Yo @
ot 93 N1 e
o 0 DS
Y ‘ 2.5 A\ > @
> -ty
© N d" )‘,‘ 22 @ ‘ ‘ ‘
o H o 0.5 1.0 1.5 2.0
. . QA"
(h) (i) @)
20} — Na-Ope 075 10 20} — Na-Opwe 061 120 20} — Na-Ope 041 - {20
- N?'- Ok 25 1 —— Na'- O, 2.67 J —— Na'- Ogg 291 -
ot 7 *- Orye 4 — Na'™ O — Na™ Oy
= Y i E E g E =4
L | 3 J o
o 10} : 5 = o 10 -110z o 10 {.“ 4 10z
o o f\  LHCE_0.3IL,20°C o
/rl"(\'fﬂ\/ -
B\ e, a—
0 0 0 A 2 saciph : 0
2 4 6 8 10

r (Angstrom)

Figure 1. a) Na plating/stripping CE on a Cu electrode with electrolytes at 0.5 mA cm?. b) Comparison of the overpotential of Na deposition at —20 °C

r (Angstrom)

r (Angstrom)

at 0.1 mA cm~2 in Na | Na symmetric cell. ¢) Temperature-dependent viscosity and ionic conductivity of the electrolytes. d) F NMR spectra of the
electrolytes at 20 °C and —20 °C. e) SAXS profiles for the solvents and electrolytes. f) Snapshots of LHCE_0.3IL from MD simulation at —20 °C and
g) the representative local solvation structure. h—j) The RDFs were derived from MD simulations for the electrolytes at 20 and —20 °C.

further investigated by nuclear magnetic resonance (NMR) spec-
troscopy. Compared with the F NMR spectrum of FSI~ in pure
C,mpyrFSI IL, an obvious upfield (negative) shifted signal is ob-
served in bare LHCE at 20 °C (Figure 1d). The more negative
chemical shift results from an increased electron density in FSI
anions (shielded effect), indicating a weekended FSI=~Na* co-
ordination in LHCE compared with pure IL, which is under-
standable since the DME molecules in LHCE partially shield the
Na*~FSI~ coordination. Once the ionic liquid is added to LHCE,
the F spectrum is more downfield-shifted (51 ppm) compared

Adv. Funct. Mater. 2024, 34, 2409494

2409494 (3 of 10)

with that of bare LHCE (50.8 ppm). This means the IL plays a
role in enhancing Na*FSI~ coordination in LHCE_0.3IL. This
conclusion is validated by the 2Na NMR spectrum in Figure
S9 (Supporting Information). The stronger Na*-~FSI~ ionic pair-
ing in LHCE_0.3IL intensifies electron density around Na®,
thus causing a more negative 2Na chemical shift. More impor-
tantly, low-temperature NMR shows that 1°F signals are nega-
tively shifted when the electrolytes are down to —20 °C, indicating
weaker FSI™Na* pairs occur at a decreased temperature. Even
so, the IL offered the traditional LHCE a relatively stable Na-~FSI~
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coordination at a low temperature, as revealed by a more positive
9F shift of FSI~ anion at —20 °C (Figure le). Moreover, in con-
trast to the negative 2*Na shift at 20 °C, the *Na chemical shift of
LHCE-0.3IL is more positive than that of LHCE at —20 °C (Figure
S10, Supporting Information). Note that a higher Na* chemical
shift means less electron shield effect that arises from either a
weaker ion solvation or a decreased ionic pairing. So, considering
the stronger Na™FSI~ ion pairing in LHCE_03IL (revealed by °F
NMR), the higher #Na chemical shift in LHCE_0.3IL must arise
from a much weaker Na*~DME solvation at —20 °C, telling the
fact that DME solvents tend to separate from Na*. This fact is also
confirmed by 'H NMR in Figures S10 and S11 (Supporting Infor-
mation). These weakened cation-solvent pairs and strengthened
cation-anion ionic pairs are crucial to SEI structures at a low tem-
perature as will be discussed later. By contrast, the lower chemical
shift 1F for traditional LHCE (Figure 1e) at —20 °C indicates the
more temperature-sensitive Na-ion solvation and relatively weak
Na*FSI~ pairs.

To further quantify how the IL mediates LHCE in terms of en-
hanced Na-anion interaction, molecular dynamic (MD) simula-
tions at 20 and —20 °C were performed. The snapshoots and ra-
dial distribution functions (RDFs) (Figure 1f—j) present the typ-
ical solvation of LHCE featuring Na*~FSI~ ion pair-dominated
inner shell and TTE outer shell. LHCE_0.3IL exhibits a simi-
lar solvation behavior, but the time-averaged coordination num-
ber (CN) shows a discrepancy. The CN of LHCE is calculated to
be 2.7 O, and 0.63 Opy; per Nat in LHCE at 20 °C (Figure
S12, Supporting Information), denoted as Na* (Okg;), 7 (Opme)o.63-
This solvation formula transformed to Na* (FSI), o;(Opyg)os1 for
LHCE_0.3IL (Figure 1j), i.e., the C;mpyrFSI facilitates more FSI
anions entering Na* inner sheath while fewer DME coordinate
with Na* cations. This spatial reconstruction is favorable since
during Na deposition, the species’ proximity to the Na*t inner
sheath is more likely to be dragged into the interphase and there-
after be preferentially reduced. In this case, the LHCE_0.3IL is
more likely to enable an anion-derived SEI. The typical snapshoot
of LHCE_0.3IL (Figure 1g) also shows a shorter distance (1.7 A)
between Oy, and Na* than the bond length between Opy: and
Nat (2.5 A). At a lower temperature of —20 °C more solvents en-
ter the Na* solvation sheath, as revealed by the transformed for-
mula Na*(Ogg;),5(Oppe)oss and Na*(Ogg;);7(Opue)oa Tespec-
tively, for LHCE and LHCE-0.3IL (Figure 1h,i; Figure S13, Sup-
porting Information) Nevertheless, the LHCE_0.3IL still pos-
sess more Na*~FSI~ ion pairs (2.7) than LHCE in the primary
shell at —20 °C (2.5), and the CN of undesired Na*~DME pair
in LHCE_0.3IL at —20 °C is even as low as the bare LHCE at
20 °C. Therefore, instead of constructing super concentrated elec-
trolytes by increasing solid salt content that causes low ionic
conductivity and compromised solvation at low temperatures,
we found that a proper amount of liquid IL could upgrade the
meso-/micro-structures.

Considering the decreased CN of Na™FSI~ pairs in bare
LHCE at lower temperatures, the increased Na*FSI~ pairs in
LHCE_0.3IL (compared to LHCE) at —20 °C could only arise
from the coupling of FSI~ from C;mpyrFSI, while the decreased
Na*~DME population may result from the competitive solva-
tion of C;mpyr with DME, which attracts the solvents from in-
organic cations to the organic cations. This intermolecular ar-
rangement was further deciphered by the nuclear Overhauser
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effect (NOE), which is a powerful tool to detect spatial cou-
pling strength.*’] Nuclei that are in proximity within the NMR
time scale give rise to off-diagonal (cross) peaks in 2D contour
plots. As shown in 2D nuclear Overhauser effect spectroscopy
(NOESY) in Figure 2a, LHCE_0.3IL at —20 °C exhibits clear
'H-'H off-diagonal peaks (indicated by dash lines), which arise
from the coupling of the methylene/methyl protons in C;mPyr
cations with the protons in DME solvents. Notably, these NOEs
at —20 °C are much stronger than those at 20 °C (Figure 2b),
reflecting an enhanced Pyr*~DME solvation with a closer aver-
age distance of —20 °C. Meanwhile, the 2D 'H-"F heteronu-
clear Overhauser effect spectroscopy (HOESY) detected a much
weaker cross-peak intensity between FSI anion (51 ppm) and
methyl protons (0.9 ppm) of Pyr* cation at —20 °C than those
at 20 °C, indicating the FSI~ anion tends to depart from organic
cations at a lower temperature (Figure 2c,d). Hence, from the
perspective of organic cations, adding liquid C;mpyrFSI in bare
LHCE tends to remove DME solvents from the Na* inner shell,
while supplementing FSI~ anions to Na*t clusters at lower tem-
peratures. This solvent-anion exchange agrees with the MD re-
sults and results in a faster ionic diffusion as detected by pulsed
field gradient 2D diffusion-ordered spectroscopy (DOSY). The 2D
DOSY (Figure 2e,f) at —20 °C shows that self-diffusion coeffi-
cients (D) of both DME (7.94 x 10712 m? s7!) and FSI anions
(6.8 X 10712 m? s71) in LHCE_0.3IL are slightly larger than that
in bare LHCE. The mean squared distance derived from MD sim-
ulation also demonstrates that LHCE_0.3IL has higher Na* dif-
fusivity than bare LHCE (Figure S14, Supporting Information).
Thus, our results demonstrate that, unlike the non-solvating dilu-
ent, C;mpyrFSI IL acts as a special diluent to play a critical role, in
enhancing Na*-FSI~ionic pairs and decreasing Na*~DME ionic-
dipole pairs via anion-solvent exchange. This is of significance to
the interfacial kinetics as revealed below.

The voltage profiles of Na | Na symmetric cells with both elec-
trolytes suggest a consistent Na deposition/stripping through-
out the test (Figure 3a). However, a notably high overpotential of
0.15 V, with a sharp increase toward the end of the polarization
step, was observed in the LHCE system at 1 mA cm™! (Figure S15,
Supporting Information). The low overpotential of LHCE_0.3IL
partially results from the higher ionic transport, which has also
been observed in a previous report.*] Meanwhile, the contri-
bution of interfacial kinetics to cycling performance will be dis-
cussed below. Moreover, although the state-of-the-art LHCE ex-
hibits a decent average CE of 98.1%, the LHCE_0.3IL further
upgrades the Cu | Na cell with a significantly higher average
CE of 99.3% and a lower overpotential (Figure 3b), which ranks
among the highest for Na-metal batteries. Particularly, when cy-
cled at —20 °C, a stable polarization curve was observed over 450 h
of cycling in LHCE_0.3IL (Figure 3c), which is unattainable in
bare LHCE at —20 °C (Figure S16, Supporting Information). This
failure of bare LHCE is also consistent with EIS divergence at
—20 °C, where the cell impedance reached as high as 3500 Q af-
ter 50 cycles in a Na | Na cell, whereas the impedance was halved
upon the C;mPyrFSI was applied (Figure 3f).

Energy barriers of Na* transport at the interphase were quan-
tified, with the assumption that each transport step is a thermally
activated process. The temperature-dependent EIS of the Na | Na
symmetric cell consists of two overlapping semicircles (Figure
S17, Supporting Information), which represent the impedance
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Figure 2. Nanostructured arrangement of electrolytes analyzed by 2D NMR.

TH-TH HOESY NMR spectra of LHCE_0.3IL at a) 20 °C and b) —20 °C. c,

d) "H-"°F HOESY spectra of LHCE_0.3IL at 20 and —20 °C. e) 2D DOSY of 'H NMR for LHCE and LHCE_0.3IL at —20 °C. f) 2D DOSY spectra of '°F

NMR for the electrolytes at —20 °C.

of Na transport through the SEI film (Rgg;) and Na* de-solvation
process (R.). Thus, the activation energy for Nat de-solvation
(E,, o) and its diffusion through SEI (E, ;) can be obtained ac-
cording to the Arrhenius equation (Figure S17, Supporting In-
formation). As shown in Figure 3d, the E, ¢, in the LHCE-0.3IL
electrolyte is calculated to be 45.2 k] mol~!, much lower than
the 59.2 k] mol™! for the traditional LHCE electrolyte. Mean-
while, the Na*-desolvation energy barrier is further decreased
to 49.4 k] mol~! (60 k] mol~! for LHCE electrolyte, Figure 3e).
The lower desolvation barrier can be rationalized because of the
loose Na*~DME coordination in LHCE_0.3IL at —20 °C (as re-
vealed by NMR and MD simulation), which facilitates the most
rate-determining step (desolvation process) during Na* deposi-
tion. Additionally, the lower E, g, is related to interfacial struc-
ture which is further disclosed below.

Since interfacial kinetics is relatively not the limiting factor
at room or high temperatures, LHCE generally enables a com-
pact metal deposition. However, if the temperature is reduced to
—20 °C, the interfacial resistance for LHCE electrolyte is above 2
times that of LHCE-0.3IL as shown in Figure S17 (Supporting In-
formation). This means favorable interfacial kinetics enabled by
LHCE_0.3IL plays an important role in decreasing the overpoten-
tial, which is critical to regulating the Na deposition behavior.[*!
The correlation between the critical nuclei radius and the nu-
cleation overpotential can be evaluated by the equation:%! r =
2yV,./(F|n,|), where r and y are the radius of the nucleus and the
surface energy of Na/electrolyte interface, respectively. V, refers
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to the molar volume of Na, F is the Faraday’s constant, and 7, is
the nucleation overpotential. Therefore, the much lower interfa-
cial resistance obtained with IL-assisted LHCE facilitates denser
and larger Na deposition at —20 °C, as observed in Figure 3i,j,
which points out the importance of interfacial kinetics control to-
ward stabilized Na-metal anodes. By contrast, small and loosely
connected Na electrodeposits were observed with a focused ion
beam scanning electron microscopy (FIB-SEM, Figure 3g,h).
Interfacial kinetics is highly associated with SEI. The compo-
sition and structure were resolved by X-ray photoelectron mi-
croscopy (XPS) depth profiling and time-of-flight secondary ion
mass spectrometry (ToF-SIMS). As shown in Figure 4a, the C/C-
O XPS contour mapping reveals that the SEI in LHCE (—20 °C)
contains substantial organic components, while they are almost
invisible in the LHCE_0.3IL based SEI at both 20 °C and —20 °C.
On the contrary, The NaF signals representing the inorganic
species are much more prominent in the contour mapping
(Figure 4b). After 10 min of sputtering, the electrodeposits in
LHCE-0.3IL show an F/C atomic ratio over 100 times higher
and a much stronger Na, S/S2p ratio (Figure 4c,d), validating the
dominance of an inorganic interphase. This inorganic interphase
results in robust mechanical properties, as revealed by atomic
force microscopy in Figure S18 (Supporting Information). The
3D rendering space in ToF-SIMS further visualized the signifi-
cantly suppressed solvent decomposition in IL-assisted LHCE re-
gardless of the decreased temperature, as disclosed by the much
weaker C,HO™ 3D rendering space over the whole investigated
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Figure 3. a) Voltage profiles of the Na | Na symmetric cells with electrolytes at 20 °C. b) Average CE measurements of Na-Cu cells at 0.5 mA cm™2.
c) Voltage profiles of the Na | Na symmetric cells with LHCE_0.3IL at —20 °C and 0.2 mA X 4 h. Activation energies of d) charge transfer and e) Na-ion
transport through interphase. f) Nyquist plots of the Na | Na cells at —20 °C with LHCE and LHCE_0.3IL electrolytes after 50 cycles. FIB-SEM and SEM
images of Na deposits at —20 °C in g,h) LHCE and i,j) LHCE_0.3IL. The scale bar is 5 um.

depth (Figure 4h,i). By contrast, Figure 4g illustrates that LHCE
results in organic and thick interphase at —20 °C, rather than the
previously observed inorganic SEI formed at room temperature.
The diminished Na~ spatial occupation and high C,HO~ signal
at the top 10 nm are observed in LHCE-based SEI at —20 °C
(Figure 4e,f). This indicates substantial corrosion of active Na°
on the surface instead of its involvement in SEI formation. Con-
versely, [L-assisted LHCE leads to a more uniform interface with
notable anion salt decomposition products including SN~ even
at —20 °C (Figure 4i). These findings clearly show that the tra-
ditional LHCE formed a compromised interface at low tempera-
tures, but the IL helps reconstruct the interface with compact and
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inorganic structures at —20 °C and consequently offers a lower
Ea,SEI'

The upgraded ionic dynamics at both the bulk solution and
Na interface contributed to a superior performance of the Na—
S cell. Note that sulfurized polyacrylonitrile (SPAN) is used as
a cathode here capitalizing on the covalent bonding of sulfur
with the polymeric backbone, which can better suppress sulfur
dissolution. Nevertheless, the cathode in traditional electrolytes
(such as 2 m LiTFSI in DME) still experiences rapid capacity
decay (Figure S19, Supporting Information). The Na-SPAN cell
in LHCE shows a respectable specific capacity, but the rate per-
formance and long-term stability are far from satisfactory. As
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Figure 4. Characterization of the Na anode interphase after 50 cycles. Contour plots of the XPS: a) C1s and b) F1s spectra of the cycled Na-metal anodes
at 20 °C and —20 °C with the two electrolytes. c) Atomic intensity ratio of F/C peak and d) S 2p spectra of the SEI after 10 min of sputtering. e, f) Depth
profiles of C,;HO™ and Na~ signals collected from the cycled Na anodes. g-i) 3D rendering of ToF-SIMS secondary-ion fragments sputtered from the
cycled Na anodes. C,HO™ species result from solvents decomposition; the NaF,~ and SN~ fragments are from FSI~ anion decomposition.

depicted in Figure 5a, capacities below 0.5C rate are comparable
for both electrolytes, yet the LHCE cell jumps quickly to 400
mAhg™ at a 3C rate. In contrast, the LHCE_0.3IL cell deliv-
ers capacities of 640, 601, and 573 mAh g™ at, respectively, 1,
2, and 3C rates (Figure 5b), and can fully restore the initial ca-
pacity at 0.5C rate without decay over the next 100 cycles. Long-
term cycling over 250 cycles at a 1C rate demonstrates 95% ca-
pacity retention (Figure S20, Supporting Information). Particu-
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larly notable is the exceptional performance achieved at low tem-
peratures (Figure 5¢,d). The Na—S cells were continuously cy-
cled at 0.2C rate at 10, 0, —10, and —20°C. At —20 °C, a high
capacity of 450 mAh g! is retained after 200 cycles with an av-
erage CE of ~100% in LHCE_0.3IL. The capacity at —20 °C is
~73.3% of that at 10 °C, whereas, this ratio sharply decreases to
41.2% for the bare LHCE system (257 mAh g!), which can be
linked to the huge polarization of sodium deposition at a lower
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Figure 5. Electrochemical performances of Na—SPAN cells. a) Rate performances and the accompanying long-term cycling performance at 20 °C.
b) The corresponding discharge—charge curves at different C rates with LHCE_0.3IL electrolyte. c) Long-term cycling performance at 0.2C rate at low
temperatures down to —20 °C, and d) the corresponding voltage profiles with LHCE_0.3IL electrolyte. (e) Photograph of the fabricated Na-~SPAN pouch
cell. f) Pouch cell performance at —20 °C and 0.1C rate with the LHCE_0.3IL electrolyte.

temperature. To the best of our knowledge, this represents the
first report of low-temperature Na—S batteries, and the perfor-
mance is competitive to other types of low-temperature battery
technologies (Table S3, Supporting Information). Moreover, even
when tested at —30 °C, the Na-S cell still delivered a capacity
of ~280 mAh g-1 at a 0.1C rate. The cell with LHCE_0.3IL elec-
trolyte can recover the initial capacities at 20 °C after an ultralow-
temperature operation at —30 °C (Figure S21, Supporting Infor-
mation) and exhibit decent rate performance at different temper-
atures (Figure S22, Supporting Information), further suggesting
that the inorganic-rich interphases are durable enough to support
low-temperature cycling.

Pouch cells offer more practical scenarios for validating the
low-temperature performance. High-loading SPAN cathodes
(7.4 mg cm~2, double side) paired with Na metal anodes (200 um,
N/P ratio: ~5) and lean electrolyte (6 uL mg!) were employed to
assemble a 0.5 Ah pouch cell (Figure 5e). At —20 °C and a 0.1C
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rate, the initial discharge capacity reaches ~450 mAh, with a re-
tained capacity of 420 mAh after 50 cycles, corresponding to a
retention rate of 93%. After 140 cycles, the pouch cell still main-
tains a decent capacity of 372 mAh (82% capacity retention). The
sodium metal anode also shows a robust interphase after cycling
in the pouch cell (Figure S23, Supporting Information). More-
over, the energy density was calculated to be ~108 Wh kg™! at
—20 °C. Even after 100 cycles, an energy density of 95 Wh kg™!
can be retained. This energy density and cyclability are compet-
itive compared to the reported state-of-the-art low-temperature
battery technologies, such as Na-ion batteries,[*?] lithium-metal
batteries,!*”) and potassium batteries.>3] In this regard, the devel-
oped LHCE_0.3IL electrolyte provides a promising strategy for
mitigating the sluggish kinetics at low temperatures, which is
highly demanding for Na-S batteries working at extreme condi-
tions. While the developed electrolyte demonstrates high safety
(Figure S24, Supporting Information) and significantly improved
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kinetics, the long-term stability of the low-temperature Na an-
ode requires further enhancement. A promising approach for
future research could involve a combination of electrolyte engi-
neering and artificial interphase protection methods, such as al-
loy engineering (e.g., Na—Sn), polymeric coatings, and Na host
engineering.

3. Conclusion

Traditional LHCE is revealed to be ineffective for low-
temperature sodium-—sulfur batteries. In this work, we identified
that ionic liquid could be a critical solvating species in LHCE to
stabilize Na-S batteries at low temperatures. A proper amount
of C;mpyrFSI ionic liquid can transform both the meso- and
micro-structure of the LHCE. Computational simulation, SAXS,
and 2D NMR revealed that in the IL-mediated LHCE, smaller-
size clusters are developed, and more FSI~ anions, yet less
DME solvents, occupy the Na* inner solvation structure due to
the solvent-anion exchange between the organic and inorganic
cation solvation structures; this finding has not been reported
before. The ionic liquid-mediated LHCE electrolyte offers faster
Na-ion mobility and a stable Na-metal anode interface at —20 °C,
which is critical for the low-temperature operation of sodium—
sulfur batteries under practical conditions. The LHCE_0.3IL
further pushes the limit of traditional LHCE, and this new elec-
trolyte tailoring strategy opens a new direction for other extreme
batteries with high-voltage, fast-charging, or wide-temperature
scenarios.
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