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Dual-Interphase-Stabilizing Sulfolane-Based Electrolytes for
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1. Introduction

High-voltage Li metal battery (HV-LMB) is one of the most promising energy

storage technologies to achieve ultrahigh energy density. Nevertheless,
electrolytes reported to date are difficult to simultaneously stabilize the Li
metal anode and high-voltage cathode, especially without the assistance of
expensive and corrosive high-concentration Li salts. Herein, a
dual-interphase-stabilizing (DIS) and safe electrolyte that bypasses the
high-concentration Li salt is reported. The electrolyte consists of
high-flash-point sulfolane as solvent, molecular-orbital-engineered additives
that enable stable B-F rich cathodic interphase, and unique C-F rich organic
anodic interphase. The stable cycling of both Li metal anode and

4.75 V-LiCoO, cathode in the DIS electrolyte (> 500 cycles) is demonstrated.
HV-LMB pouch cells of a high energy density (435 Wh kg~") can sustainably
operate for more than 100 cycles. Moreover, the low cost and high thermal
stability of the DIS electrolyte offer superior cost-effectiveness and safety for

large-scale applications of HV-LMBs in the future.
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Enhancing the energy density of batteries
represents a pivotal objective of battery de-
velopment as it directly correlates with ex-
tended driving ranges for electric vehicles,
the miniaturization of consumer electron-
ics, and the reduction of costs associated
with electrical grid storage solutions.['*]
High-voltage lithium metal battery (HV-
LMB) stands as one of the most aus-
picious contenders to achieve high en-
ergy density, due to the use of lithium
metal as the anode and high-voltage ma-
terial as the cathode.*®] E.g., the max-
imum voltage of commercially available
lithium cobalt oxide (LCO) is 4.45 V, which
confers an energy density of ~666 Wh
kg™! based on the LCO electrode material
(Figure 1a; Figure S1 and Table S1, Support-
ing Information). Advancing the voltage to
4.65 V, and further to 4.7 V or 4.75 V, would elevate the energy
density to 996 Wh kg~!, 1064 Wh kg™', and 1073 Wh kg?,
respectively.

However, the development of HV-LMBs is significantly ham-
pered by the lack of suitable electrolytes that can simultane-
ously stabilize both the anode/electrolyte interface and the cath-
ode/electrolyte interface. Ether-based electrolytes offer a stable
solid electrolyte interphase (SEI) at the anode, and markedly im-
prove the Li plating/stripping efficiency. However, they suffer
from poor oxidation stability (< 4 V vs Li/ Li*), which impedes
the use of high-voltage cathode materials.*!!/ Carbonate ester-
based electrolytes, on the other hand, can form stable cathode
electrolyte interphase (CEI) and show good high-voltage stabil-
ity (> 4.5 V vs Li/ Li*), but their Coulombic efficiency (CE) to-
ward Li metal anode is very poor.['2-16 The problem has been par-
tially addressed by using high-concentration electrolytes (HCEs),
which improve the Li plating/stripping efficiency and oxidation
stability by modulating the solvation structure within the elec-
trolyte. However, there are several disadvantages of using HCEs,
including 1) increased viscosity that deteriorates Li* conductiv-
ity and battery’s rate performance,['’! 2) high cost of the sub-
stantial quantity of specialized lithium salts, such as lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI), posing significant
economic challenges for large-scale application,['®! and 3) severe
corrosion of aluminum foil, the current collector of cathode, at
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Figure 1. Advantages of high-voltage LCO cathode and design principle of this work. a) Theoretical energy density of LCO cathode as a function of
cut-off voltage. b) Energy diagram of electrolyte. Four key factors influence the electrochemical window of electrolyte, including the HOMO, LUMO, SEI
at the anode side, and that at the cathode side (CEl). c) Comparison of the HOMO and LUMO of Li salt (LiTFSI), solvent (SL), and additives (LiDFOB
and FEC) used in this work. d) The functional mechanism of FEC and LiDFOB additives.

elevated voltages (x4 V vs Li*/Li) as a result of the presence of
iminium ions in LiTFSL.[!]

Sulfolane (SL), an emerging electrolyte solvent, exhibits
considerable promise for HV-LMBs. SL is featured by its
exceptional oxidation stability exceeding 5 V (vs Li*/Li), be-
cause SL’s energy level of the highest occupied molecular
orbital (HOMO) is very low.?% Additionally, SL’s high flash
point (166 °C) will significantly enhance the safety profile
of the battery?!l considering that commercial ester- and
ether-based electrolytes are highly flammable. As a solvent
commonly utilized in the chemical industry, SL also offers
a cost advantage.[’”) However, the energy level of the lowest
unoccupied molecular orbital (LUMO) of SL is too low to be
compatible with the Li metal anode. Although the HCE ap-
proach can improve SL’s compatibility to Li metal anode, 2123241
it is not desirable in the industry due to the above-mentioned
drawbacks.

Herein, we report a dual-interphase-stabilizing (DIS), SL-
based electrolyte for high-safety HV-LMBs. We bypass the high-
concentration strategy and instead incorporate fluoroethylene
carbonate (FEC) and lithium difluoro(oxalato)borate (LiDFOB)
as additives to the electrolyte. This DIS electrolyte enables the
formation of a unique organic fluorine (C-F) rich SEI, which
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effectively prevents the decomposition of SL at the anode, as
well as the formation of a B-F rich CEI at the cathode to allow
high-voltage operation. As a result, the LMB cell simultaneously
acquires stable cycling of Li metal anode for over 500 cycles
with a high average CE of 98.8%, and stable operation of LCO
cathode up to 4.75 V (Figure 1a). Consequently, our assembled
HV-LMB pouch cell exhibits a high energy density of 435 Wh
kg~! and stable cycling behavior for over 100 cycles with a high-
capacity retention of 83.2%, together with enhanced thermal

stability.

2. Results and Discussions

2.1. Design Principle and Components of Electrolytes

Of note, the absolute value of the energy gap between LUMO
and HOMO cannot be used to calculate the electrochemical win-
dow of electrolytes.!?’] However, the relative value of LUMO and
HOMO can predict the stability of compounds at low and high
voltage respectively in the corresponding electrolyte system.[**]
In this work, the LUMO and HOMO energy levels were calcu-
lated to screen solvents and additives (Figure 1b). To achieve an
electrolyte with high oxidation stability, the SL with extremely low

© 2024 The Author(s). Advanced Science published by Wiley-VCH GmbH

1Y) SUONIPUOD PUR SWLS L 3L} 885 *[202/2T/T0] U0 ARIGITBUIUO ABIM ‘WOH ON NH ALISHIAINN DINHOILATOd ONOY ONOH AQ 62T0THZ02 SAPR/200T OT/10p/00" M| 1w AReaq1fout|uo//:sdiy woJy papeojumoq ‘v ‘v20g ‘vr8E86TZ

folm A

8SUBD 1T SUOWILOD BAER.ID) 3|gealjdde ay) Aq pausenoh ake Sapile YO 'asn JO'Sajni 1oy Afeiq 1 duljuo 8|1 Uo


http://www.advancedsciencenews.com
http://www.advancedscience.com

ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

www.advancedscience.com

o
1C

S 1.0 LS-DIS, 1C

° 4t ___appth

05 1 100

= — 300" — 500"

> 00 e LS
: = = v . . ® LS-FEC
00 02 04 06 08 1.0 e LS-DIS

Areal capacity (mAh cm2)

a , b
S 100
09l o1c ® =
g % 80
= 8
g 06y LS £ ee
S — LSFEE o b
03 —LS-DIS -g
E 20
5
00 3§ o0
00 02 04 06 08 10 0 50

Areal capacity (mAh cm2)

i ." Soft short

100 150 200 250 300 350 400 450 500
Cycle number

T r ¥ 4 Plated Li

—

. ) SRR
B s Lt
K Lifoil-
E
i

500- ¢

Figure 2. Electrochemical performance and morphology evolution of Li metal anode in various electrolytes. a) Charge-discharge curves in the 15t cycle
at0.1C (1C=1mA cm~2). b) CE plots during 500 cycles at 1 C. The insets in (b) show overlapped voltage profiles of the Li metal anode in the LS-DIS
during cycling. c—e) SEM images of Li metal after 50 cycles. f~h) Operando optical microscopy images showing the cross section of symmetric Li|Li
cells after Li plating at 1 C for 1 h. The label in (h) shows the direction of Li* flux and Li metal deposition.

HOMO (-9.5 eV; Figure 1c; Figure S2 and Table S2, Supporting
Information) is chosen as the solvent. However, the low LUMO
(1.4 eV) of SL implies that it will be reduced easily under low
potential. FEC possessing lower LUMO (1.2 eV) will be reduced
preferentially to generate an organic-F-rich (C-F) SEI layer on the
anode surface, which is stable enough to prevent the continu-
ous decomposition of SL solvent (Figure 1d; Figure S3, Support-
ing Information). On the other hand, LIDFOB of high HOMO
(=5.2 eV) will be oxidized to form the stable B-F rich CEI. The
LiTFSI as the lithium salt also benefits to forming the stable SEI
and CEI, and its side effect about causing the Al corrosion can
be suppressed by applying the FEC and LiDFOB additives. As a
result, the DIS electrolyte can enable the sustainable operation of
HV-LMBs.

As a proof of concept, we formulated three distinct electrolytes
with different amounts of additives, being 1) 2 M LiTFSI in SL
(LS), 2) 2 M LiTFST in SL with 10 vol.% FEC (LS-FEC), and 3) 2 M
LiTFSI and 0.2 M LiDFOB in SL with 10 vol.% FEC (LS-DIS). All
electrolytes show high oxidation potential (> 5.3 V), good wetta-
bility toward commercial separators (contact angle < 80°), good
Li* conductivity at room temperature (1-3 mS cm™!), low acti-
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vation energy (13-22 k] mol~!), and good Li* transference num-
ber (~0.4; Figures S4-7 and Table S3, Supporting Information).
The identical peak positions of LS, LS-FEC, and LS-DIS in Ra-
man spectra (Figure S8, Supporting Information) indicate that
the tiny amounts of additives do not alter the solvation structure
obviously. Moreover, the disappeared plastic crystal temperature
(Ty) and melting temperature (T,,) indicate the prolonged lig-
uid range of SL after introducing Li salt and additives (Figure S9,
Supporting Information). The use of SL as a solvent also brings
a price advantage to the electrolyte (SL, 337.1 US$/kg; common
carbonate esters, 2136.78 US$/kg; Table S4, Supporting Informa-
tion).

2.2. Efficiency and Morphology Evolution of Li Metal Anode

Li||Cu asymmetrical cells (capacity limitation, 1 mAh cm=2) were
tested to evaluate the Li metal plating/stripping efficiency in var-
ious electrolytes. LS shows an extremely low initial CE of 77.8%
at 0.1 C (Figure 2a, 1C = 1 mA cm™2) and cannot cycle at 1 C
(Figure 2b). In contrast, LS-FEC exhibits greatly enhanced initial
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CE of 90.7% and can stably operate for 2200 cycles with an av-
erage CE of 97.5%. The findings, in conjunction with the cyclic
voltammetry (CV) curves presented in Figure S10 (Supporting
Information), indicate that the SL is incompatible with Li metal,
and the compatibility can be partially mitigated by introducing
the FEC additive. To assess how FEC influences the efficiency of
Li plating/stripping during long-term cycling, Li||Cu cells were
tested in the LS-DIS with various ratios of FEC. The cell in LS-
DIS with 10% FEC shows high and stable CE for more than
500 cycles (Figure S14, Supporting Information). These results
exhibited the long-term stability of our electrolytes during the
charge/discharge cycles, with no apparent degradation of their
positive impact on the lithium inventory.126?’] Importantly, the cy-
cling sustainability of Li metal is substantially enhanced to over
500 cycles with an average CE of 98.8% (Figure 2b) in the LS-
DIS, indicating that the LiDFOB additives further improve the
compatibility of SL toward Li metal. The enhanced performance
of the LS-DIS electrolyte is also corroborated by the stable oper-
ation of Li||Cu and Li||Li cells across a range of current densities
from 0.1 C to 10 C (Figures S11 and S12, Supporting Informa-
tion).

The various morphological evolutions over cycling explain
the distinct CE difference in each electrolyte. In LS, the surface
of the Li metal anode shows a porous structure with moss-
like dendrites extending for tens of microns after 50 cycles
(Figure 2c; Figure S15A, Supporting Information). In LS-FEC,
the Li metal surface is much denser, showing Li chunks of
a few microns in diameter and a tiny amount of dendrites
(Figure 2d; Figure S15b, Supporting Information). The Li metal
plated in LS-DIS exhibits the densest structure and dendrite-free
characteristic (Figure 2e; Figure S15¢, Supporting Information).
The reduced specific surface area implies less decomposition
of the electrolyte upon the Li metal, thus leading to higher
plating/stripping efficiency.”®! Operando microscopy reveals
the Li||Li symmetric cell running in LS shorts after only 0.5
h of plating at a 1 C rate, accompanied by a sudden increase
in potential (Figure 2f; Figure S16a and Video S1, Supporting
Information). In LS-FEC, much fewer Li dendrites form, al-
though a soft short is observed at the end of plating (Figure 2g;
Figure S16b and Video S2, Supporting Information). In con-
trast, no short is observed when running the cell in LS-DIS
(Figure 2h; Figure S16¢ and Video S3, Supporting Information).
These results align well with the electrochemical data discussed
above.

2.3. Interphase between Electrolyte and Li Metal Anode

The composition of SEI produced in different electrolytes was
examined using F 1s X-ray photoelectron spectroscopy (XPS).
As depicted in Figure 3a, two principal peaks at ~688.2 eV and
684.6 eV are attributed to organic C-F and inorganic Li-F species,
respectively.l®] The SEI formed in LS (Figure 3a, the top panel)
possesses a slight abundance of inorganic F species over organic
F compounds, which is a typical characteristic of the decomposi-
tion of LiTFSI. In contrast, organic F compounds dominate the
SEIs formed in LS-FEC and LS-DIS (Figure 3b, the middle and
bottom panels, and Figure S17a, Supporting Information), which
can be ascribed to the decomposition of FEC.[23% The overall ra-
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tio of F species in the SEI is largely increased (Figure S17b, Sup-
porting Information). Moreover, after the addition of the LiDFOB
additive, the SEI in LS-DIS displays slightly larger amount of in-
organic Li-F compounds compared with the LS-FEC. The XPS
depth profiles of F 1s also support the discussions (Figure S18,
Supporting Information).

The SEI characteristic plays a pivotal role in the stability of elec-
trolytes. In S 2p XPS spectra of LS (Figure 3b, the top panel),
three deconvoluted peaks at ~#168.4, 166.5, and 163.9 eV can be
indexed to the S-O-F, S-O, and S-S species, respectively.?!] These
species mainly are byproducts of the decomposition of SL sol-
vent, considering the low LUMO of SL in the electrolytes (1.4 eV,
Figure 1c). In LS-FEC and LS-DIS, the amounts of S species are
greatly reduced (Figure 3b, the middle and bottom panels, and
Figure S17, Supporting Information). This result suggests that
the organic-F rich SEIs can suppress the decomposition of SL,
leading to enhanced cycling stability of Li metal. The composi-
tion of SEI and stability of electrolytes are also revealed by C 1s,
O 1s, B 1s, and N 1s spectra (Figure S19, Supporting Informa-
tion).

Cryogenic transmission electron microscopy (Cryo-TEM)
provides further insights into the microstructure of the SEI
formed in various electrolytes. The SEI typically appears as a
layer with slightly lower contrast on the lithium metal surface.3!l
Based on the structure observed in Figure 3c,d and Figure S20
(Supporting Information), the thickness of SEI is determined
to be ~36, 15, and 6 nm in the LS, LS-FEC, and LS-DIS, re-
spectively. A thinner SEI is generally associated with increased
stability, as also corroborated by EIS results shown in Figure S21
(Supporting Information), where LS exhibited a much higher
interphase resistance in comparison to LS-FEC and LS-DIS.
Moreover, the SEI in LS (Figure 3c) contains small crystal
grains (~4 nm, inorganic compounds) randomly dispersed in
an amorphous matrix (organic species). In contrast, no sim-
ilar crystalline domain is found in the LS-FEC and LS-DIS,
indicating the dominance of organic components within their
SEI.

In summary of the microscopic and spectroscopic studies,
mossy Li dendrites with thick SEI are formed in LS during
cycling (Figure 3e). The unstable SEI contains a small propor-
tion of F species, which is dominated by inorganic compounds.
In comparison, the addition of FEC in LS-FEC and LS-DIS
generates organic-F rich SEI, and promotes the formation of
much denser Li chunks with a thin SEI layer (Figure 3f,g).
The organic F-rich SEI is steady enough to inhibit the contin-
uous decomposition of SL. Notably, this is different from the
conclusions in most reported works, where inorganic LiF-rich
SEI formed in HCEs are often preferred for achieving high
Li plating/stripping efficiency.[®*?] This means that our work
recommends a new interphase chemistry, that the additive-
assisted organic-rich SEI can also enhance the compatibility
of low-LUMO solvent with Li metal. To further validate this
hypothesis, an electrolyte based on succinonitrile (SN) with a
similarly low LUMO (—1.1 eV)!*] was also investigated. Our
results (Figure S22, Supporting Information) demonstrate that
the use of FEC additive remains essential. Besides, the LiDFOB
additive can further optimize the morphology of Li metal and
SEI (Figure 3g), rendering the cycling of Li anode outstanding in
LS-DIS.
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2.4. High-Voltage Compatibility of Electrolyte

The electrochemical behavior of commercial LCO cathode (load-
ing: 2.4 mAh cm~2) was first evaluated at 4.65 V in various SL-
based electrolytes. In LS, the LCO experiences a rapid failure dur-
ing the first charge at 4.3 V as a result of the corrosion of the
Al foil by LiTFSI (Figure S24, Supporting Information).4l Af
ter introducing the FEC additive, the corrosion is suppressed in
LS-FEC. However, the poor average CE of 93.80% during 100 cy-
cles in LS-FEC indicates the lack of stable CEI, which leads to
increased voltage polarization, and thereby severe capacity de-
cay with retention of only 40.38% after 100 cycles (Figure 4a;
Figure S25, Supporting Information). In contrast, when operat-
ing in LS-DIS, the LCO cathode delivers high reversible specific
capacity (228 mAh g=!) and CE (96.38%) in the initial cycle at
0.1 C (1 C =220 mA g~!, Figure 4b). More importantly, the LCO
cathode displays remarkably stable cycling capabilities at 1 C. Af-
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ter 500 cycles, the capacity retention and average CE are 80.8%
and 99.93%, respectively (Figure 4a). The performance is supe-
rior to all reported works that use doping,**="! coating,***% and
electrolytel*'~*) modification to optimize high-voltage LCO cath-
ode (Figure 4f; Table S5, Supporting Information). The LCO in
LS-DIS also exhibits desirable fast-charging performance, with a
specific capacity of 98 mAh g! even at 5 C (Figure S26, Support-
ing Information). These results mean that suppressing the cor-
rosion of Al foil and stabilizing CEI are two key points regarding
electrolyte design for high-voltage cathode.

Importantly, LS-DIS allows for smooth running of LCO at very
high voltages up to 4.75 V. LCO in LS-DIS shows high reversible
capacity at 0.1 C in the initial cycle (4.65 V: 228 mAh g'; 4.7
V: 240 mAh g7'; 4.75 V: 243 mAh g~!; Figure S27, Supporting
Information). The capacity gain from 4.7 to 4.75 V is subtle,
suggesting that there are diminishing returns in pushing the
upper cut-off voltage beyond 4.7 V for the LCO cathode. The

© 2024 The Author(s). Advanced Science published by Wiley-VCH GmbH
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Accordingly, the ABCABC, ABABCACABCBC, and ABABAB stacking orders can be assigned to the O3, H1-3 (hybridized O1-O3), and O1 structures
respectively. f) Comparison of cycling stability of high-voltage LCO (> 4.6 V) with doping, coating, and electrolyte modification strategies (Table S5,
Supporting Information). The cycle number in (f) represents the value when the battery’s capacity fades to 80%.

similar initial CE of LCO at various voltages (4.65 V: 94.01%;
4.7 V: 94.94%; 4.75 V: 94.45%) reveals the robust oxidation
stability of LS-DIS. Moreover, the capacity retention of LCO at
4.7 V and 4.75 V after 500 cycles at 1 C are 50.12% and 49.65%
respectively (Figure 4c). Although the values are much lower
than that at 4.65 V (80.8%), they still significantly surpass all
reported results for high-voltage LCO systems (Figure 4f; Table
S5, Supporting Information). Notably, the capacity decay at 4.7
and 4.75 V originates from the structural deterioration of LCO
rather than the LS-DIS electrolyte; based on differential plots
derived from charge-discharge curves (Figure 4d), an extra peak
is found ~4.7 V, attributed to the irreversible structural transition
of LCO from H1-3 to O1 (Figure 4e).1*”) In addition, the stability
of LS-DIS in Li-LCO cells was also tested at high temperature
(50 °C), in view of the possibly increased interphase reactions
and transition metal dissolution.!** After 100 cycles, the capacity
retention and average CE of 4.65 V-LCO are 91.53% and 99.92%,
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respectively (Figure S35, Supporting Information). Such a high
CE showcases the stability of our electrolyte at elevated temper-
ature. The effectiveness of the LS-DIS is also proved using a
commercial NCM811 cathode, which shows desirable stability
with capacity retention of 81.09% and average CE of 99.92% after
500 cycles at 1 C at 4.7 V (Figure S28, Supporting Information).

2.5. Interphase and Bulk Structure of Cycled LCO Cathode

The LS-DIS generates highly stable CEI. The LiDFOB additive in
LS-DIS with high HOMO (—5.2 eV, Figure 1c), will be oxidized at
high potential preferentially. Accordingly, the generated F- and B-
containing species can improve the stability of CEI (Figure 5a,b;
Figure S29, Supporting Information).[*>#¢] As a result, the CEI
in LS-DIS is thinner than that in LS-FEC (LS-FEC, 4.8 nm; LS-
DIS, 2.5 nm, Figure 5c,d), which leads to the decreased interface

© 2024 The Author(s). Advanced Science published by Wiley-VCH GmbH
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Figure 5. Failure analyses of high-voltage LCO cathode in various electrolytes. a,b) F 1s and B 1s XPS patterns of LCO cathode after 100 cycles. c,d)
TEM images and corresponding fast Fourier transform patterns showing the interphase and bulk structure of cycled LCO. e,f) Schematics delivering the

failure mechanism of high-voltage LCO.

impedance (LS-FEC, 69 Q; LS-DIS, 38 Q; Figure S30, Supporting
Information).

The CEI in LS-FEC exhibits reduced stability, leading to the
structure distortion of the LCO after being continuously attacked
by electrolytes. The cycled LCO in LS-DIS maintains its layered
structure, whereas was partially transferred to the spinel struc-
ture in LS-FEC (Figure 5c,d). From XRD results, the (003) diffrac-
tion peak of the cycled LCO in LS-FEC shifts toward a lower angle,
signifying an increase in the interlayer space along the c-axis, and
thus large volume expansion (Figure S31, Supporting Informa-
tion). The stable CEI formed in LS-DIS also eliminates the ero-
sion of Al foil and reduces leakage current at high voltage (Figure
S32, Supporting Information).

Overall, the unstable CEI formed in LS-FEC at high volt-
age causes electrolyte depletion and crack formation in LCO
(Figure S31, Supporting Information), and the exposed sur-
face of LCO, in turn, leads to thick CEI and battery failure
(Figure 5e). On the contrary, the LIDFOB in LS-DIS can facilitate
the generation of B- and F-rich CEI, which curtails electrolyte
decomposition and crack propagation, thereby ensuring excep-
tional cycling performance of the LCO cathode at high voltages
(Figure 5f).

2.6. HV-LMB Pouch Cell and Safety Evaluation

As a proof of concept of the practical potential of LS-DIS, we pre-
pared HV-LMB pouch cells with a high-loading cathode (LCO, 4.2
mAh cm~?), an ultrathin Li metal anode (50 um), and lean elec-
trolyte (3 g Ah™!), in which the capacity ratio of negative to posi-
tive electrode (N/P ratio) is ~2.3 (Figure 6a; Table S6, Supporting
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Information). The cell possesses high energy density (435 Wh
kg™') and can sustainably charge/discharge for over 100 cycles
with a high-capacity retention of 83.21% and an average CE of
99.95% at 0.1 C (Figure 6b). This performance is starkly con-
trasted with the rapid failure observed in similar pouch cells us-
ing a commercial ester-based electrolyte (EE, 1 M LiPF in DMC:
EC = 2:1 wt.%), which failed after just 20 cycles. The failure of
pouch cells in the EE is attributed to the structure distortion of
LCO and increased interphase impedance (Figure S33, Support-
ing Information).

Thermogravimetric analysis (TGA) reveals superior thermal
stability of LS-DIS. Due to the low flash point (17 °C) and high
volatility of DMC, the EE exhibits significant weight loss once the
temperature started to rise to 40 °C (Figure 6¢; Figure S34a, Sup-
porting Information). In stark contrast, SL has a much higher
flash point (166 °C). Therefore, LS-DIS demonstrated enhanced
thermal resistance: weight loss is not observed until the temper-
ature is raised to 170 °C.

Combustion tests further highlight the advantage of using SL-
based electrolyte against the commercial ester-based electrolyte
by applying glass fiber separators infiltrated with the LS-DIS
or EE. The EE-imbibed separator ignites almost immediately
(=0.2 s), fueled by the low flash point of DMC leading to a vig-
orous flame and extinguishes only after the electrolyte is fully
consumed (Figure 6d; Video S4, Supporting Information). Con-
versely, LS-DIS resists ignition for 4 s due to its higher thermal
stability and flash point (166 °C) (Figure 6e; Video S5, Supporting
Information). After that, it also shows notably weaker flame and
a much shorter self-extinguishing time (SET) of 23 s per gram
(s g!) compared to 45 s g~! for the EE (Figure S34b, Supporting
Information).

© 2024 The Author(s). Advanced Science published by Wiley-VCH GmbH
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Figure 6. Pouch cell performance and safety evaluation. a) Schematic illustration of the Li||LCO pouch cell with a low N/P of 2.3. b) Energy densities of
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soaked with electrolytes. f) Over-charge curves of LCO at 0.1 C. The insets exhibit the infrared thermal images at the final points of charging.

The LS-DIS ’s commendable stability significantly enhances
the safety profile of high-voltage LCO-based pouch cells. In-
frared thermal imagery (Figure 6f) shows that the LS-DIS
equipped pouch cell can be charged to 5 V and maintained
a stable temperature of 28 °C. In contrast, cells using the
EE struggle beyond 4.7 V exhibit a prolonged voltage plateau
indicative of continuous electrolyte decomposition. The la-
bility of EE at high voltage also causes obvious temperature
rise to ~37 °C and highlights potential safety risks upon
overcharging.

3. Conclusions

In this study, we developed a novel DIS electrolyte that addresses
the stability challenge of both cathodic and anodic interfaces
of HV-LMBs. The DIS electrolyte utilized high-flash-point SL
solvent to enhance the thermal stability, and two molecular-
orbital-engineered additives, FEC and LiDFOB, to stabilize the
battery. We found that an organic C-F rich SEI formed at the
anode could effectively suppress the decomposition of SL and
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prevent dendrite formation, while decomposed LiDFOB formed
a B-F rich CEI and stabilize the cathode at high voltages. Using
the DIS electrolyte, the Li metal anode and 4.75 V-LCO cathode
were cycled stability for more than 500 times. We demonstrated
a high-energy-density (435 Wh kg™') HV-LMB pouch cell, and
showed its stable cycling over 100 cycles. Furthermore, the
high flash point of SL significantly benefits the safety of the
HV-LMBs. Although the results in this work are only based
on half cells and LMBs, they are sufficient to demonstrate the
high stability of newly developed SL electrolyte toward Li metal
anode and high-voltage cathode simultaneously. More system-
atic evaluation of this electrolyte system regarding the FEC
consumption and high-temperature tolerance in other full-cell
system (e.g., with graphite anode) will be conducted in our future
works.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.

© 2024 The Author(s). Advanced Science published by Wiley-VCH GmbH

1Y) SUONIPUOD pue SWB L U1 89S *[7202/2T/T0] Uo Aiqi8uljuo AB1IM 'INOH ON NH A LISYIAINN DINHO3LATOd ONOM ONOH A 62T0TH202 SAPR/Z00T 0T/I0P/W00" 43| 1M AR 1[ou1Uo//:SdnY Wo1y papeoiumoq ‘v *¥20 ‘vr8es6Te

fapmA

35UBD |7 SUOWIWOD dAIIaID 3 |eal jdde au Aq pauenob ae saoiie O '8sn JO Sa|n. oy AkelqauluQ AS|IA UO (SUOIIPUOD-PLE


http://www.advancedsciencenews.com
http://www.advancedscience.com

ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

Acknowledgements

J.Z. and C.Z. contributed equally to this work. The authors acknowledge
the financial support from Innovation and Technology Fund-Guangdong
Hong Kong Technology Cooperation Funding Scheme (GHP/047/20GD),
NSFC/RGC Collaborative Research Scheme (CRS_PolyU504/22), RGC Re-
search Impact Fund (R5019-22), NSFC’s Young Scientist Fund (52203318)
and the Hong Kong Polytechnic University (1-W22M).

Conflict of Interest

The authors declare no conflict of interest.

Data Availability Statement

The data that support the findings of this study are available in the sup-
porting information of this article.

Keywords

high-voltage electrolytes, interphase, lithium metal batteries (LMBs),
safety, sulfolane

Received: August 27, 2024
Revised: September 13, 2024
Published online: October 1, 2024

[1] ). W. Choi, D. Aurbach, Nat. Rev. Mater. 2016, 1, 16013.

[2] X.B. Cheng, R. Zhang, C. Z. Zhao, Q. Zhang, Chem. Rev. 2017, 117,
10403.

[3] ). G.Zhang, W. Xu, J. Xiao, X. Cao, J. Liu, Chem. Rev. 2020, 120, 13312.

[4] ). Liu, Z. Bao, Y. Cui, E. J. Dufek, J. B. Goodenough, P. Khalifah, Q. Li,
B. Y. Liaw, P. Liu, A. Manthiram, Y. S. Meng, V. R. Subramanian, M. F.
Toney, V. V. Viswanathan, M. S. Whittingham, J. Xiao, W. Xu, J. Yang,
X.-Q. Yang, J.-G. Zhang, Nat. Energy 2019, 4, 180.

[5] X. Fan, C. Wang, Chem. Soc. Rev. 2021, 50, 10486.

[6] T.Li, X-Q. Zhang, P. Shi, Q. Zhang, Joule 2019, 3, 2647.

[7] M.C.Vu, P. Mirmira, R. . Gomes, P. Ma, E. S. Doyle, H. S. Srinivasan,
C. V. Amanchukwu, Matter 2023, 6, 4357.

[8] H.Zhang, Z. Zeng, S. Cheng, ). Xie, eScience 2024, 4, 100265.

[9] Y. Zhao, T. Zhou, T. Ashirov, M. E. Kazzi, C. Cancellieri, L. P. H.
Jeurgens, J. W. Choi, A. Coskun, Nat. Commun. 2022, 13, 2575.

[10] S. Jiao, X. Ren, R. Cao, M. H. Engelhard, Y. Liu, D. Hu, D. Mei, J.
Zheng, W. Zhao, Q. Li, N. Liu, B. D. Adams, C. Ma, |. Liu, J.-G. Zhang,
W. Xu, Nat. Energy 2018, 3, 739.

[17] L. Dong, Y. Liu, K. Wen, D. Chen, D. Rao, J. Liu, B. Yuan, Y. Dong, Z.
Wu, Y. Liang, M. Yang, ]. Ma, C. Yang, C. Xia, B. Xia, J. Han, G. Wang,
Z. Guo, W. He, Adv. Sci. 2022, 9, 2104699.

[12] N.Piao, S. Liu, B. Zhang, X. Ji, X. Fan, L. Wang, P.-F. Wang, T. Jin, S.-C.
Liou, H. Yang, J. Jiang, K. Xu, M. A. Schroeder, X. He, C. Wang, ACS
Energy Lett. 2021, 6, 1839.

[13] Z. Piao, P. Xiao, R. Luo, J. Ma, R. Gao, C. Li, ). Tan, K. Yu, G. Zhou, H.
M. Cheng, Adv. Mater. 2022, 34, 2108400.

[14] S. Liu, X. Ji, N. Piao, J. Chen, N. Eidson, J. Xu, P. Wang, L. Chen, |J.
Zhang, T. Deng, S. Hou, T. Jin, H. Wan, ). Li, J. Tu, C. Wang, Angew.
Chem., Int. Ed. 2021, 60, 3661.

[15] Z.)iang, Z. Zeng, X. Liang, L. Yang, W. Hu, C. Zhang, Z. Han, |. Feng,
J. Xie, Adv. Funct. Mater. 2020, 31, 2005991.

[16] H.Zhang, Z. Zeng, Q. Wu, X. Wang, M. Qin, S. Lei, S. Cheng, . Xie,
J. Energy Chem. 2024, 90, 380.

Adv. Sci. 2024, 11, 2410129 2410129 (9 of 9)

(17]
(18]
(19]
20]
(21]
(22]
(23]
(24]
(25]
(26]
(27)
(28]
(29]
(3]
(31]
(32]

(33]
(34]

33]

(36]

(37]

(38]

(39]

(40]

(41]

(42]

(43]
(44]
[45]

[46]

www.advancedscience.com

X. Cao, H. Jia, W. Xu, J.-G. Zhang, J. Electrochem. Soc. 2021, 168,
010522.

L. Suo, Y. S. Hu, H. Li, M. Armand, L. Chen, Nat. Commun. 2013, 4,
1481.

Q. Wang, Z. Yao, C. Zhao, T. Verhallen, D. P. Tabor, M. Liu, F. Ooms, F.
Kang, A. Aspuru-Guzik, Y. S. Hu, M. Wagemaker, B. Li, Nat. Commun.
2020, 77, 4188.

S. Ko, Y. Yamada, A. Yamada, Joule 2021, 5, 998.

X. Ren, S. Chen, H. Lee, D. Mei, M. H. Engelhard, S. D. Burton, W.
Zhao, ). Zheng, Q. Li, M. S. Ding, M. Schroeder, . Alvarado, K. Xu, Y.
S. Meng, J. Liu, J.-G. Zhang, W. Xu, Chem 2018, 4, 1877.

C. Li, R. Kingsbury, A. S. Thind, A. Shyamsunder, T. T. Fister, R. F. Klie,
K. A. Persson, L. F. Nazar, Nat. Commun. 2023, 14, 3067.

Y. Maeyoshi, D. Ding, M. Kubota, H. Ueda, K. Abe, K. Kanamura, H.
Abe, ACS Appl. Mater. Interfaces 2019, 11, 25833.

J. Fu, X. Ji, . Chen, L. Chen, X. Fan, D. Mu, C. Wang, Angew. Chem.,
Int. Ed. 2020, 59, 22194.

P. Peljo, H. H. Girault, Energy Environ. Sci. 2018, 11, 2306.

R. Jung, M. Metzger, D. Haering, S. Solchenbach, C. Marino, N.
Tsiouvaras, C. Stinner, H. A. Gasteiger, J. Electrochem. Soc. 2016, 163,
A1705.

A. Tornheim, D. C. O’Hanlon, J. Electrochem. Soc. 2020, 167, 110520.
M. D. Tikekar, S. Choudhury, Z. Tu, L. A. Archer, Nat. Energy 2016, 1,
16114,

Y. Zhang, D. Krishnamurthy, V. Viswanathan, J. Electrochem. Soc.
2020, 167, 070554.

W. Wang, . Zhang, Q. Yang, S. Wang, W. Wang, B. Li, ACS Appl. Mater.
Interfaces 2020, 12, 22901.

Y. Li, Y. Li, A. Pei, K. Yan, Y. Sun, C.-L. Wu, L.-M. Joubert, R. Chin, A. L.
Koh, Y. Yu, J. Perrino, B. Butz, S. Chu, Y. Cui, Science 2017, 358, 506.
G. M. Hobold, J. Lopez, R. Guo, N. Minafra, A. Banerjee, Y. Shirley
Meng, Y. Shao-Horn, B. M. Gallant, Nat. Energy 2021, 6, 951.

S. K. Gupta, A. K. Gupta, Russ. J. Phys. Chem. A 2022, 96, 598.

G. Xu, X. Shangguan, S. Dong, X. Zhou, G. Cui, Angew. Chem., Int.
Ed. 2020, 59, 3400.

L. Wang, J. Ma, C. Wang, X. Yu, R. Liu, F. Jiang, X. Sun, A. Du, X. Zhou,
G. Cui, Adv. Sci. 2019, 6, 1900355.

Y. Huang, Y. Zhu, H. Fu, M. Ou, C. Hu, S. Yu, Z. Hu, C. T. Chen, G.
Jiang, H. Gu, H. Lin, W. Luo, Y. Huang, Angew. Chem., Int. Ed. 2021,
60, 4682.

J.-N. Zhang, Q. Li, C. Ouyang, X. Yu, M. Ge, X. Huang, E. Hu, C. Ma,
S. Li, R. Xiao, W. Yang, Y. Chu, Y. Liu, H. Yu, X.-Q. Yang, X. Huang, L.
Chen, H. Li, Nat. Energy 2019, 4, 594.

H.Huang, Z. Li, S. Gu, J. Bian, Y. Li, ). Chen, K. Liao, Q. Gan, Y. Wang,
S. Wu, Z. Wang, W. Luo, R. Hao, Z. Wang, G. Wang, Z. Lu, Adv. Energy
Mater. 2021, 17, 2101864.

Y. Wang, Q. Zhang, Z. C. Xue, L. Yang, J. Wang, F. Meng, Q. Li, H. Pan,
J. N. Zhang, Z. Jiang, W. Yang, X. Yu, L. Gu, H. Li, Adv. Energy Mater.
2020, 70, 2001413.

J. Qian, L. Liu, J. Yang, S. Li, X. Wang, H. L. Zhuang, Y. Lu, Nat. Com-
mun. 2018, 9, 4918.

Y. Yan, S. Weng, A. Fu, H. Zhang, J. Chen, Q. Zheng, B. Zhang, S.
Zhou, H. Yan, C.-W. Wang, Y. Tang, H. Luo, B.-W. Mao, J. Zheng, X.
Wang, Y. Qiao, Y. Yang, S.-G. Sun, ACS Energy Lett. 2022, 7, 2677.

X. Yang, M. Lin, G. Zheng, J. Wu, X. Wang, F. Ren, W. Zhang, Y. Liao,
W. Zhao, Z. Zhang, N. Xu, W. Yang, Y. Yang, Adv. Funct. Mater. 2020,
30, 2004664.

Z. Hu, F. Xian, Z. Guo, C. Lu, X. Du, X. Cheng, S. Zhang, S. Dong, G.
Cui, L. Chen, Chem. Mater. 2020, 32, 3405.

B. Aktekin, M. J. Lacey, T. Nordh, R. Younesi, C. Tengstedt, W.
Zipprich, D. Brandell, K. Edstrom, J. Phys. Chem. C 2018, 122, 11234.
J. Cha, J.-G. Han, J. Hwang, ). Cho, N.-S. Choi, J. Power Sources 2017,
357,97.

M. Mao, X. Ji, Q. Wang, Z. Lin, M. Li, T. Liu, C. Wang, Y. S. Hu, H. Li,
X. Huang, L. Chen, L. Suo, Nat. Commun. 2023, 14, 1082.

© 2024 The Author(s). Advanced Science published by Wiley-VCH GmbH

1Y) SUONIPUOD pue SWB L U1 89S *[7202/2T/T0] Uo Aiqi8uljuo AB1IM 'INOH ON NH A LISYIAINN DINHO3LATOd ONOM ONOH A 62T0TH202 SAPR/Z00T 0T/I0P/W00" 43| 1M AR 1[ou1Uo//:SdnY Wo1y papeoiumoq ‘v *¥20 ‘vr8es6Te

fapmA

35UBD |7 SUOWIWOD dAIIaID 3 |eal jdde au Aq pauenob ae saoiie O '8sn JO Sa|n. oy AkelqauluQ AS|IA UO (SUOIIPUOD-PLE


http://www.advancedsciencenews.com
http://www.advancedscience.com

	Dual-Interphase-Stabilizing Sulfolane-Based Electrolytes for High-Voltage and High-Safety Lithium Metal Batteries
	1. Introduction
	2. Results and Discussions
	2.1. Design Principle and Components of Electrolytes
	2.2. Efficiency and Morphology Evolution of Li Metal Anode
	2.3. Interphase between Electrolyte and Li Metal Anode
	2.4. High-Voltage Compatibility of Electrolyte
	2.5. Interphase and Bulk Structure of Cycled LCO Cathode
	2.6. HV-LMB Pouch Cell and Safety Evaluation

	3. Conclusions
	Supporting Information
	Acknowledgements
	Conflict of Interest
	Data Availability Statement

	Keywords


