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Ultra-high-voltage Ni-rich layered cathodes
in practical Li metal batteries enabled
by a sulfonamide-based electrolyte
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Yanhao Dong @™, Weiwei Fan', Zhe Shi
Wah-Keat Lee®, Yang Shao-Horn
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1, Mingjun Huang ®?, Yutao Li3, Yun Guang Zhu*, Rui Gao', Xianghui Xiao®,
', Yang Yu¢, Peng Li', Jeffrey Lopez®4, Daiwei Yu®?’,
6, Rui Xiong®'8, Cheng-Jun Sun®, Inhui Hwang?®,

2M and Ju Li®"6<

By increasing the charging voltage, a cell specific energy of >400 W hkgis achievable with LiNi, ;Mn,,Co,,0, in Li metal bat-
teries. However, stable cycling of high-nickel cathodes at ultra-high voltages is extremely challenging. Here we report that a
rationally designed sulfonamide-based electrolyte enables stable cycling of commercial LiNi, 3Co,,Mn,,0, with a cut-off volt-
age up to 4.7V in Li metal batteries. In contrast to commercial carbonate electrolytes, the electrolyte not only suppresses side
reactions, stress-corrosion cracking, transition-metal dissolution and impedance growth on the cathode side, but also enables
highly reversible Li metal stripping and plating leading to a compact morphology and low pulverization. Our lithium-metal bat-
tery delivers a specific capacity >230 mA hg~'and an average Coulombic efficiency >99.65% over 100 cycles. Even under harsh
testing conditions, the 4.7 V lithium-metal battery can retain >88% capacity for 90 cycles, advancing practical lithium-metal

batteries.

here is an urgent demand for high-energy-density batteries'*
for portable electronic devices, drones and electric vehicles.
While state-of-the-art lithium-ion batteries with graph-
ite anodes have a cell-level** gravimetric energy density (E,) of
~250 Whkg™, a much higher E, of >400 W hkg™" is in principle pos-
sible for lithium-metal batteries (LMBs) with high-energy-density
cathodes such as nickel-rich LiNi,Mn,Co,_,_ O, (NMC)** and lith-
ium metal anodes (LMAs). Achieving this goal requires great efforts
in battery design and optimization, with elevated charging voltage
and minimized excess components®”* (for example, LMAs and elec-
trolyte), pushing all materials and cell parameters to their limits.
On the cathode side, elevating the upper cut-off voltage' is a
straightforward way to increase the discharge capacity and energy
density’. For example, an additional ~15-35% capacity could be
gained by increasing the upper cut-off voltage of NMC cathodes
from the traditional 4.3V to 4.7V (versus Li*/Li)'’. Unfortunately,
this approach tends to induce instabilities in the bulk and at the
surface of the cathode and thus significantly degrades cycle life.
Such degradations become more serious®'' with increasing Ni con-
tent and higher cut-off voltage, especially for LiNi,4Co, ,Mn,,0,
(NMCS811) of commercial interest. On the anode side, high revers-
ibility'>" is essential to reduce the usage of excess lithium metal and
electrolyte relative to the cathode. Finally, LMBs need to operate
under practical conditions where a high-loading cathode (typical
industry level is >3.5mAhcm™), low negative to positive (N/P)

ratio"” and lean electrolyte (typical industry level for electrolyte to
capacity (E/C) ratio is ~2-5g(Ah)™") are required at the same time.
These harsh conditions make it extremely difficult to maintain a
satisfactory cycle life.

Many cathode degradation mechanisms are intensified in LMBs
operated under high cut-off voltages (Fig. 1a,b), including cathode-
electrolyte side reactions'*~'%, bulk and surface phase transforma-
tion', cracking of the NMC secondary particles'”", over-growth of
cathode-electrolyte interphases (CEIs), gas evolution' and transi-
tion metal (TM) dissolution’. Moreover, dissolved TMs eventually
waft to the anode side where they can be reduced and accumulated,
similar to the ‘shuttling effect***' in lithium-sulfur batteries, leading
to the destruction of the anode’s solid-electrolyte interphase (SEI),
consumption of active Li, and impedance growth. Also, failures*”*
often occur on the LMA as the electrolyte influences the cycling
morphology and reversibility of the LMA*. A limited cyclable Li
inventory can be easily depleted by side reactions or become kineti-
cally unreachable due to electronic/ionic isolation®. Lean elec-
trolyte itself can also be rapidly depleted or contaminated by side
reactions®, and loss of ionic percolation can happen due to wetting
of large-surface-area and large-thickness Li deposits.

Since the aforementioned challenges in high-voltage LMBs
are closely related to the electrolyte, the design of novel lig-
uid electrolytes, which have the desired compatibility with both
high-voltage cathodes and LMAs, offers a promising solution.
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Fig. 1| Challenges for durable high-voltage Li || NMC811 cells. a, With commercial carbonate electrolytes, severe side reactions between reactive NMC811
surfaces and electrolytes lead to serious gas evolution, TM dissolution, particle cracking and overgrown CEls. Challenges in the LMA come from the
formation of mossy/dead Li, severe side reactions and TM shuttling from the cathode side. b, Our sulfonamide-based electrolyte can suppress/delay
particle cracking and mitigate cathode-electrolyte interfacial reactions, thus enabling a highly stable cathode. Our electrolyte also favours the formation of
compact uniform Li and suppresses detrimental side reactions, thus enabling a highly reversible LMA.

High-concentration electrolytes'>*>*, localized high-concentration
electrolytes®”, ‘full-fluorine electrolytes?**, fluorinated ether-based
electrolytes® and cyclic phosphate-based electrolytes® also show
promise to enhance the cycling stability of Li|| NMC batteries, yet
the upper cut-off voltage reported to date is mostly limited to 4.5V
versus Li*/Li. Moreover, it should be emphasized that the claimed
improvements should be carefully evaluated under practical harsh
conditions™.

In the present work, we demonstrate a liquid electrolyte that
enables stable ultra-high-voltage cycling (~4.7 V) of a high-nickel
cathode (commercial NMC811) in practical LMBs (summary of
prior work in Supplementary Table 1). In order to achieve compati-
bility with both high-voltage NMC811 and lithium metal, we selected
the liquid aprotic N,N-dimethyltrifluoromethane-sulfonamide
(DMTMSA) as the electrolyte solvent’*, which belongs to the
sulfonamide family. A regular concentration (1 m, where m stands
for molality) of LiFSI with DMTMSA (referred to as 1 m LiFSI/
DMTMSA hereafter) enables highly reversible LMAs by favour-
ing compact Li metal deposition morphologies and minimizing
pulverization. It also enables stable cycling of NMC811 cathodes
under 4.7V with a high specific capacity of >230mAhg™ and
an average Coulombic efficiency (CE) of >99.65% over 100
cycles, by suppressing cathode particle intergranular stress corro-
sion cracking (SCC), partially due to decreased TM ion solubil-
ity in the sulfonamide-based electrolyte. Together with cathode
optimizations®’, this work points towards achieving durable
ultra-high-voltage Ni-rich cathodes in practical LMBs.

The 1m LiFSI/DMTMSA enables stable cycling of 4.7V
NMC811
Our 1 m LiFSI/DMTMSA electrolyte shows good Li* conductivity
(Supplementary Table 2), good oxidation stability, compatibilities
with high-voltage cathodes and the LMA and other benefits includ-
ing good resistance to residual water and good wettability with
separator (Supplementary Fig. 1 and Table 3). The cycling stability
of 4.7V NMC811 was tested with our 1 m LiFSI/DMTMSA electro-
lyte. A commercial carbonate electrolyte—1M lithium hexafluoro-
phosphate in ethylene carbonate and ethyl methyl carbonate (3:7 by
weight) with 2wt% vinylene carbonate (abbreviated as 1 M LiPF/
EC-EMC+2% VC hereafter, where M stands for molarity)—was
used as the reference electrolyte.

To exclude the effect from LMA and investigate the ‘intrinsic’
cathode performance (Supplementary Fig. 2), a ‘super-excessive con-
dition’ (thick Li metal, ~350 pm, and abundant electrolyte, ~80 pl)

was used with the reference electrolyte (blue curves in Fig. 2a),
which showed 76.1% capacity retention after 100 cycles at 0.5C
and low CEs of ~98% at the end of the cycling. In contrast, our 1m
LiFSI/DMTMSA electrolyte delivered a high discharge capacity of
231mAhg™ at 0.1 C, superior capacity retention of 88.1% after 100
cycles at 0.5C and a high average CE of >99.65% (red curves in
Fig. 2a) even under a ‘stringent condition’ (thin Li foil, ~60 pm, and
limited electrolyte, ~20 pl), for which the reference electrolyte failed
rapidly (Supplementary Fig. 2a). Despite the harsher testing con-
ditions, our electrolyte showed less voltage decay (Fig. 2b), higher
energy efficiency (Fig. 2c), higher first-cycle CE (Supplementary
Fig. 3a) and more-stable voltage profiles (Fig. 2e) compared to the
reference electrolyte (Fig. 2a-d and Supplementary Fig. 3b). An
impressive average energy efficiency of ~97% (over 100 cycles)—a
key factor for battery charging cost”’—can also be achieved in 4.7V
NMC811, readily surpassing the target energy efficiency of 90-95%
for next-generation high-voltage NMC'.

Our electrolyte also improves rate capability (Supplementary
Fig. 3c), offering high capacities of 205mAhg™ at 1C and
186 mAhg™ at 2 C. Moreover, the 4.7V LMBs with our electrolyte
exhibit excellent CEs of >99% even when cycled at 55 °C, compared
to CEs of ~92% for the reference electrolyte (Supplementary Fig. 4).
Considering the high-voltage instability of VC*, the Li|| NMC811
cell with 1 M LiPF,/EC-EMC without VC was tested, which showed
more capacity loss upon cycling at 25°C (Supplementary Fig. 5)
than the one with VC. Nevertheless, the cycling performance of
both carbonate electrolytes is far worse than that of our 1 m LiFSI/
DMTMSA electrolyte. Lastly, the superior cycling performance
of our electrolyte is again demonstrated when cycled with lower
cut-off voltages of 4.3V and 4.5V (Supplementary Fig. 6).

To gain insights into the degradation mechanisms, we conducted
galvanostatic intermittent titration technique measurements for the
cells after the 1st and 100th cycles. It is noted that the overpoten-
tials of the cathode cycled in our electrolyte were much smaller
than the one cycled in the reference electrolyte (Fig. 2f). Moreover,
we note that the open-circuit voltage profiles (dashed curves in
Supplementary Fig. 7a,b; consisted of data points after each relax-
ation step) barely change for all the samples, which suggests that the
degradation of 4.7V NMC811 under these conditions has a kinetic
origin, guiding us to carefully inspect side reactions at the cathode
surface (forming a high-impedance surface phase and CEls) as well
as inside the secondary particles. Lastly, before turning to detailed
analysis of the NMC cathode and LMA, we emphasize that Al cor-
rosion is suppressed in our electrolyte (LiFSI is known to corrode an
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Fig. 2 | Electrochemical performances of Li|| NMC811 cells using different electrolytes. a-c, Specific capacity and CE (a), average voltage (b) and
energy efficiency (c) of the investigated electrolytes at 0.5 C (0.1C for the first cycle). d,e, Corresponding voltage profiles of the cells using 1M LiPF,/
EC-EMC+2% VC (d) and 1m LiFSI/DMTMSA (e) electrolytes. The curves in rainbow colours correspond to the voltage profiles from the 5th to 100th
cycles. f, Discharge voltage profiles of galvanostatic intermittent titration technique measurements on the cells after 100 cycles. For cells with Tm LiFSI/
DMTMSA electrolyte, ‘stringent conditions' (60 pm Li foil and 20 pl electrolyte) were used. For cells with 1M LiPF,/EC-EMC+ 2% VC electrolyte,

‘super-excessive conditions’ (350 pm Li foil and 80 pl electrolyte) were used.

Al current collector, which limits its practical use) via the formation
of an AlO,F -like passivation layer (Supplementary Fig. 8) similar to
that formed in LiPF¢-based electrolyte, which does not have the Al

corrosion problem?.

The 1m LiFSI/DMTMSA suppresses cathode-electrolyte
side reactions
To evaluate the side reactions between the NMC811 cathode and
the electrolyte, we conducted accelerated degradation tests by con-
tinuously exposing the cathode to the most extreme electrochemi-
cal conditions at 4.7V versus Li*/Li. The 4.7V float-test leakage
current (Fig. 3a), which characterizes the side reaction rates, sug-
gested that more side reactions happened for the cell cycled in the
reference electrolyte than that cycled in our electrolyte (also con-
firmed by cathode surface morphologies in Supplementary Fig. 9).
Compared to the reference electrolyte with a quasi-steady-state
leakage current of ~17pA, in ~5h after an initial decay, the leak-
age current for our electrolyte monotonically decreased, reaching
a minimum value of 3.2 pA at the end of a 20 h hold. This observa-
tion indicates a diminishing reaction rate and successfully passiv-
ated cathode surface.

The suppressed side reactions are further supported by much
less CO, evolution (>~4.3V) in our electrolyte (Fig. 3c) than
in the reference one (Fig. 3d), measured by in situ differential

electrochemical mass spectrometry (DEMS), without invoking
other gas production (O,, SO, and NO,; Fig. 3c,d and Supplementary
Fig. 10) up to 4.7V versus Li*/Li. Meanwhile, simultaneously sup-
pressed TM dissolution is confirmed by inductively coupled plasma
mass spectrometry (ICP-MS) measurements in Fig. 3b: after 100
cycles, an eightfold decrease in dissolved Ni and fourfold decrease
in total TMs were achieved in our electrolyte with respect to the
reference electrolyte.

To further characterize CEls, X-ray photoelectron spectroscopy
(XPS) measurements were conducted on the surface of the cathodes
after the 100 cycles. Compared to the cathode cycled in the refer-
ence electrolyte (Fig. 3e,g), the one cycled in our electrolyte has a
weaker C 1s signal (Fig. 3f, especially the peaks that can be attrib-
uted to C—O, C=0 and poly(CO,)) and stronger F 1s signal (Fig. 3h,
especially the peak that can be attributed to F—Li). They indicate
that the CEIs derived from our electrolyte should consist of more
LiF-like inorganic components (which are known to be ‘good” CEI
components'>*>*>*’) and less organic components (Supplementary
Fig. 11). The XPS results also agree well with the time-of-flight
secondary jon mass spectrometry (TOF-SIMS) measurements
(Supplementary Fig. 12), where more LiF,™ (representing inorganic
components) and less C,HO™ (representing organic components)
fragments are detected for the cathode cycled with our electrolyte
that the one with the reference electrolyte.



a b
1,000 % 0.08
] —— 1 MLiPF/EC-EMC + 2% VC | 9070
< 1 1 m LiIFSI/DMTMSA —
2 100 € 0.06 - P27 1 M LiPF/EC-EMC + 2% VG
Pt - a
5 ] e | & 1 m LiFsioMTMSA
3 1 S
g 1 171 £+ 1.8 pA 5 0.04
AP 2
§ 10 E % R
- 182pA g 002
1 ‘ ‘ ‘ ‘ ‘ ‘ ‘ 0
0 5 10 15 20 Ni Co Mn
Measurement time (h)
(4 e g
4.8
Cls F1s
0.6 4 [
L a4
"o 0.4 L0 §
© -
g —0— m/z=32(0,) r Q
& 0.2 miz=44 (CO,) - 3.6 2
S L
" 2o 2 G O & 0 - 3.2
0 PRI R M%%g
T T T T T T T T T 2.8 T T T T T T T T T T T
0 20 40 60 80 100 294 292 290 288 286 284 282 280 692 690 688 686 684 682 680
State of charge (%) Binding energy (eV) Binding energy (eV)
d f h
4.8
0.6 [
a4
"o 04 \_, L40 S
© -
E —o— miz=32 (0, Q
g 02+ miz=44(C0,) [ 36 2
b‘w) %9 000 oo BT BB RGHeR s ¢ 3.2
LR R DS DG ".(;),;\‘ \,“ ; b | D,
0 h?g)d:@ SIS 60%8&:’8 ete v ‘“%035305 q e
1 T T " T T T T T T 2.8 t T T T T T T T T T T T
0 20 40 60 80 100 294 292 290 288 286 284 282 280 692 690 688 686 684 682 680

State of charge (%)

Binding energy (eV) Binding energy (eV)

Fig. 3 | Characterizations of cathode-electrolyte side reactions and CEls at 4.7 V cut-off voltage. a, Leakage currents during 4.7 V constant-voltage
floating test of the NMC811 cathodes cycled in different electrolytes for 50 cycles. b, TM dissolution measured by ICP-MS after 100 cycles in different
electrolytes. ¢,d, In situ DEMS analysis in half cells to monitor the gas evolution during first charging in 1M LiPF,/EC-EMC + 2% VC (c) and 1m LiFSI/
DMTMSA (d) electrolytes. Voltages profiles during charging are plotted as right y axis. e-h, XPS analysis for the NMC811 cathodes cycled in 1M LiPF,/
EC-EMC+2% VC (e and f) and 1Tm LiFSI/DMTMSA (g and h) electrolytes for 100 cycles. PVDF, polyvinylidene fluoride. The black dots and red lines are
original and fitted XPS spectra, respectively. The devolution spectra in different colours correspond to the labelled chemistries near the spectra.

The 1m LiFSI/DMTMSA suppresses microstructural
degradation

Intergranular cracking between connected primary particles in a
secondary particle is a critical issue for the degradation of Ni-rich
cathodes, especially with higher cut-off voltages and prolonged
cycling**, resulting in the loss of electrical contacts between pri-
mary particles. An increased electrochemical surface area also
means more liquid electrolyte required for wetting (the liquid elec-
trolyte in industry batteries, ~2-5gA'h™', needs to wet the cath-
ode, anode and separator, often making it the scarcest component),
more side reactions and more electrolyte consumption. This phe-
nomenon is apparently severe for the NMC811 cathodes cycled in
the reference electrolyte, as the galvanostatic intermittent titration
technique after cycling identified large overpotential growth in the
form of ohmic loss (Supplementary Fig. 7) that is closely related to
electron transport at the electrode level.

To characterize such microstructural degradation, cathodes
after 100 cycles were cross-sectioned and inspected under scan-
ning electron microscopy (SEM). While extensive cracking can be
observed in the cathode cycled with the reference electrolyte (Fig.
4a,b), it is apparently suppressed or delayed with our electrolyte
(Fig. 4c,d). More examples can be found in Supplementary Fig. 13.
Note that complete elimination of the cracking is still challenging if
ever possible, but it may not be a necessary condition to achieve a
satisfactory cycling performance over a hundred cycles.) The mor-
phology of cycled NMCB811 secondary particles was next examined
by three-dimensional tomography of the full-field X-ray imaging
(FXI) at the National Synchrotron Light Source II (Brookhaven
National Laboratory). The reconstructed images clearly contrast
the cracking behaviour with the reference electrolyte (Fig. 4e, with
severe cracking along radial direction) and our electrolyte (Fig. 4f,
with intact primary particles).
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Fig. 4 | Structural characterizations of the cycled NMC811 cathodes with different electrolytes. a-d, SEM images of cross-sectioned NMC811 cathodes
cycled in TM LiPF,/EC-EMC + 2% VC (a and b) and 1m LiFSI/DMTMSA (¢ and d) electrolytes. e,f, Two-dimensional cross-sections at different depths
of the reconstructed three-dimensional tomography images of NMC particles cycled in TM LiPF,/EC-EMC + 2% VC (e) and 1m LiFSI/DMTMSA (f)
electrolytes. g, High-resolution TEM images of NMC811 particles cycled in Tm LiFSI/DMTMSA electrolyte. d, distance between lattice planes.

h,i, Two-dimensional XANES mapping of NMC811 particles cycled in TM LiPF,/EC-EMC + 2% VC (h) and 1m LiFSI/DMTMSA (i) electrolytes for 100
cycles and then charged to 4.7V versus Li*/Li. The colour bars correspond to the white line peak position in eV. j, Statistical analysis of the whiteline
distributions in particles in h and i. A smaller full width at half maximum (FWHM) in j represents less-scattered Ni oxidation states. Scale bars, 10 um

(a-d), 5um (e,fh,i) and 10 nm (g).

The surface phase transition from a layered to resistive rock-salt
NiO-like structure is known to degrade NMC cathode perfor-
mance. Under high-resolution transmission electron microscopy
(TEM), we found the transformed rack-salt layer is thin (~3-4nm)
and uniform (shown by panels 1-5 of Fig. 4g, taken from five local
regions) over the surface of the cathode cycled in our electrolyte,
while the one cycled with the reference electrolyte has a very thick
rock-salt layer of >20nm (Supplementary Fig. 14). This finding
agrees well with the improved electrochemical performance by our

electrolyte, especially the suppressed impedance growth in Fig. 2g.
Since oxygen loss and cation densification are obviously involved in
the layered-to-rock-salt surface phase transition, it is also consistent
with the suppressed side reactions presented in Fig. 3.

The redox chemistry in bulk would be significantly affected by the
loss of electrical contacts and phase transitions at cracking-exposed
fresh surfaces. Using the X-ray absorption near-edge structure
(XANES) mode of FXI, we mapped Ni oxidation states in the cycled
cathodes at the fully charged state (that is, 4.7V versus Li*/Li). We
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found that Ni has higher and more narrowly distributed oxida-
tion states in the sample cycled in our electrolyte (Fig. 4h) than in
the reference electrolyte (Fig. 4i). Here, the whiteline analysis was
conducted on the signals collected from the particles that are not
overlapping with each other (Supplementary Fig. 15). Therefore,
the microstructural degradation, surface phase transition and bulk
electrochemistry are apparently correlated, and all three issues have
been successfully addressed by our electrolyte.

Previously, intergranular cracking was mostly attributed to
mechanical stress created by anisotropic lattice expansion/shrinkage
and heterogeneous charge/discharge kinetics during electrochemi-
cal cycling. However, in our work, cathodes with the same com-
position, microstructure, electrochemistry and testing conditions
(except for the amount of electrolyte and LMA) showed large dif-
ferences, and intergranular cracking can be suppressed with electro-
lytes even under deep-charge cycling at 4.7V (electrolyte-modified
cracking behaviour was also noted in the literature®, albeit at lower
cut-off voltages). In the literature, infused cathode coating*>** was
also reported to relieve intergranular cracking in Ni-rich cathodes,
which was explained by blocking the penetration of the electro-
lytes. This argument does not apply to our case, since we used the
same NMC811 cathode. Therefore, our observation—a ‘good’ elec-
trolyte can mitigate or slow down microstructure degradation of a
deep-cycled Ni-rich cathode—demonstrates that the intergranular
cracking should be more than a purely stress-driven event and the
chemical interaction between the charged cathode grain boundary/
surface region and electrolyte is also key. This is by definition a SCC
process (Fig. 5a).

The proposed SCC mechanism is consistent with the observa-
tion that single-crystalline NMC (and LiCoO,) with a similar size
as the secondary particles of polycrystalline NMC does not crack
as easily’>*, indicating that uniform eigenstrain (that is, stress-free
strain induced by lithiation/delithiation chemical expansion) does
not crack the brittle ceramic particles despite its relatively large
magnitude. It is the large linear-strain mismatch at grain bound-
aries’’—given the +4% change in anisotropic ratio (c/c,)/(a/a,)
during charge/discharge (Fig. 5b); here a, and ¢, denote the lattice
parameters in fully discharged state, and a and ¢ denote the lattice
parameters during charge/discharge—that leads to either large elas-
tic stress (~6 GPa with ~140 GPa Young’s modulus*) or slippage

(inelastic grain boundary sliding). Note the 6GPa elastic stress
does not even account for the concentration factor at the poten-
tial mode-II, mode-III or mixed-mode crack tip at grain bound-
ary. The suppressed/delayed mode-I cracking in a ‘good’ electrolyte
indicates that inelastic grain boundary slippage could relax stress
build-up and cleavage. On the other hand, a ‘bad’ electrolyte can
worsen the situation, where continuous side reactions corrode the
cyclically slipping grain boundaries. Oxygen loss and TM dissolu-
tion into the electrolyte offer thermodynamic and kinetic advantage
to the initiation and propagation of SCC and degrade the cathodes.
The hypothetical SCC mechanism and its mitigation provide new
insights into the intertwined electro-chemo-mechanics of oxide
cathodes under extreme electrochemical conditions and synergize
with recent progress in optimizing bulk electrode composition and
crystallography™*.

Improved Li metal reversibility

Beyond the cathode, the cycling stability of LMBs also heavily relies
on the compatibility between the electrolyte and LMA. Figure 6a
shows the CEs evaluated by Li stripping/plating on Cu current col-
lectors, where our 1 m LiFSI/DMTMSA electrolyte has an average
CE of ~99% over 345 cycles, much higher than that of the reference
electrolyte. The superior compatibility of our electrolyte was fur-
ther demonstrated by the stable cycling of Li|| Li symmetric cells in
Fig. 6b, which shows much less polarization than the cells using the
reference electrolyte. Moreover, our electrolyte enables remarkably
stable cycling in an ‘anode-free’ cell consisting of a bare Cu current
collector and high-loading NMC811 cathode with limited electro-
lyte (Supplementary Fig. 16). These results demonstrate excellent
compatibility between our electrolyte and the LMA.

The Li metal morphology is critical to LMA reversibility. After
long-term cycling, the thickness of LMA increases due to Li metal
morphological instability, which contains SEIs, trapped gases” and
liquid-infilled porosity. A less-compact, less-active layer, formed by
dead Li, SEIs and high porosity, together with depleted Li inven-
tory and liquid electrolyte (also contaminated), leads to imped-
ance growth and premature cell failure on the anode side. It is also
a safety risk in the event of accidents. This is the case for the LMA
cycled in the reference electrolyte (Supplementary Fig. 17), where
active Li was completely consumed writh o hecals cxrallon TATA
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collected from Li || NMC811 cells with the investigated electrolytes after 100 cycles at 0.5 C. g,h, SEl information obtained by the quantified atomic ratios of
different elements by XPS conducted on the LMA after 100 cycles in 1M LiPF,/EC-EMC + 2% VC (g) and Tm LiFSI/DMTMSA (h) electrolytes. Scale bars,
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from an initial thickness of 60 pm to ~250um (Fig. 6¢). By con-  our electrolyte. The Li particles remain larger, uniform and compact
trast, the thickness increase was an order of magnitude less, and the  (Fig. 6f), while whisker-like Li deposits with high porosity can be
less-compact layer was only ~26 pm thick (Fig. 6e), after cycling in  observed in the case of the reference electrolyte (Fig. 6d).
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Moreover, different SEI compositions formed in the different elec-
trolytes were also identified by XPS on the cycled LMA (Fig. 6g,h).
It is apparent that the SEI derived from the sulfonamide-based elec-
trolyte was mainly composed of inorganic components including
LiF and lower-valence sulfur (S-/S*") species, which are preferable
SEI components'?, while that derived from the carbonate reference
electrolyte was abundant with organic components (Supplementary
Fig. 18). Compared to the C—C and C—O/C=0 groups in carbon-
ates, the sulfonamide group (CF,SO,N-) facilitates the donation of
F and S to the highly reductive Li to form more favourable SEIs.

Full-cell performance under practical conditions
To maximize the full-cell E, for LMBs, high-loading cathode,
lean electrolyte and a low amount of LMA should be used simul-
taneously’, which is a great challenge. When using the reference
electrolyte, 4.7V LMBs with a high-loading NMC811 cathode
(~4.25mAhcm™), thin Li foil (60 pm; N/P ratio ~2.82) and lim-
ited electrolyte (E/C ratio ~5g(Ah)™) can survive only 25 cycles
(Fig. 7a), where uncontrolled side reactions rapidly deplete the Li
and/or electrolyte and cause catastrophic capacity decay (Fig. 7¢).
Remarkably, even under much harsher conditions (cathode loading
of ~4.86 mA hcm™, N/P ratio of ~0.39, E/C ratio of ~2.62g(Ah)™),
our 1m LiFSI/DMTMSA electrolyte enables 4.7V LMBs with
greatly improved cycling stability, achieving 88% capacity retention
after 90 cycles at a 0.5C/0.15C discharge/charge rate (Fig. 7a,b and
Supplementary Fig. 19).

Higher-rate cycling data are available in Supplementary Fig. 20,
where ~0.3C charging offers good cycling performance with

a cathode loading of ~3.5mAhcm™, N/P ratio of ~1, E/C ratio
of ~3.0g(Ah)™! and ~0.5C charging. To validate the achievable
energy density, single-layer pouch cells were assembled and tested
with different electrolytes with a cathode loading of ~18.4 mgcm™,
E/C ratio of ~2.3g(Ah)! and N/P ratio of ~2.9 between 3.0V
and 4.7V (Supplementary Fig. 21). The pouch cell with our
electrolyte can stably deliver a specific energy of 353 Whkg™!
(Supplementary Table 4), while the one with the reference elec-
trolyte rapidly degrades within 20 cycles. Adapting the parameters
of demonstrated multilayer pouch cells’, we estimate a cell-level
specific energy of 417 Whkg™ (Supplementary Table 5), which is
encouraging for future development and large-scale production,
and which reduces the cost (the present material costs are listed in
Supplementary Table 6) of our sulfonamide electrolyte for practi-
cal high-voltage Li || NMC811 batteries.

Discussion

In the above, we presented the greatly improved electrochemical
performance offered by our 1 m LiFSI in DMTMSA electrolyte and
proved that it successfully modified cathode-electrolyte and anode-
electrolyte interactions with suppressed side reactions. These find-
ings lead to the interesting question of what the electrolyte does at
the atomic level. On the anode side, weakly solvating electrolyte has
been proposed’*’ to weaken Li*-solvent interactions while pro-
moting Li*-anion interactions. This creates more anion-derived
SEIs, which are believed to benefit graphite*” and LMA®'. Our sol-
vent DMTMSA has a weak solvation ability for salts* because of
its low polarity”, which together with the benefits of LiFSI makes



our 1 m LiFSI/DMTMSA electrolyte highly compatible with LMA.
Meanwhile, our electrolyte has lower solubility of salts in general
(compared to a carbonate electrolyte with higher polarity), including
Ni(TFSI),, Co(TFSI), and Mn(TFSI),, which have a TFSI group that
is similar to that of the DMTMSA solvent (Supplementary Fig. 22).
Such lowered solubilities are also expected for Ni**/Co**/Mn** salts
with other anion groups.

This lowered solubility could also explain the suppressed Al cor-
rosion in the present study, because if the side reaction products
between Al and LiFSI cannot be dissolved and diffuse away, they
can become supersaturated and form an all-covering passivation
layer (for example, the AIO,F -like surface layer detected by XPS
in Supplementary Fig. 8). And we note two additional advantages
for our electrolyte compared to the carbonate ones. On one hand,
EC is easy to dehydrogenate on highly delithiated NMC surfaces to
form protic species, which could further react with LiPF, to gener-
ate corrosive HF*. By contrast, DMTMSA can avoid this issue due
to its aprotic nature and good oxidation stability. On the other hand,
LiFSI is more resistant to hydrolysis than LiPF is (Supplementary
Fig. 1d). All these effects should contribute to suppressed side reac-
tions and better passivation.

Moreover, considering the SCC mechanism, the chemical cor-
rosion attack is intensified by slippage and residual stress at grain
boundaries, especially at the intergranular crack tip (Fig. 5a). It
would in turn trigger faster crack propagation and catastrophic fail-
ure. However, such an issue can be largely relieved in our electrolyte,
because it is less reactive (good oxidation stability) and corrosive
(less HF), and the supersaturated side reaction products could
not diffuse away in the nano-channel near the crack tip (Fig. 5a).
It would modify the thermodynamics and kinetics of the cath-
ode-electrolyte side reactions in a highly non-linear fashion, thus
protecting the NMC811 secondary-particle architecture from inter-
granular SCC, driven by the cyclic grain-level anisotropic strains
from lithiation/delithiation even at an extreme voltage of 4.7V
(0.94 Li removal per LiITMO,).

Conclusions

To conclude, we demonstrated a sulfonamide-based electrolyte
(I m LiFSI in DMTMSA) for LMBs paired with ultra-high-voltage
NMCS811 cathodes that displays superior cycling stability under
harsh conditions. On the cathode side, our electrolyte can success-
fully enable the stable cycling of 4.7V NMC811, delivering a spe-
cific capacity of >230mAhg™' and an average CE of >99.65% over
100 cycles. Our electrolyte effectively stabilizes the NMC811 cath-
ode surface, thus suppressing the rates of side reactions, gas evo-
lution and TM dissolution. Detailed surface characterizations also
suggest the formation of more LiF-like inorganic components inside
the CEIs derived from our electrolyte compared to a commercial
carbonate reference electrolyte. Moreover, the delayed intergranu-
lar SCC of NMC811 preserves electronic contacts between primary
particles and prevents the need for more liquid electrolyte for wet-
ting mode-I crack-generated fresh surfaces. On the LMA side, our
electrolyte shows excellent compatibility with a desirable deposi-
tion morphology and minimized Li metal pulverization. Benefiting
both electrodes of the full cell, the I m LiFSI/DMTMSA electrolyte
enabled good cycling stability of ultra-high-voltage LMBs under
industrially practical, harsh conditions. The findings of this study
highlight the pivotal role of electrode-electrolyte interactions and
recapitulate the tried-and-true ‘electrolyte’ approach for the future
development of high-energy-density LMBs.

Methods

Materials. NMC811 cathodes were provided by Argonne National Laboratory
with an areal loading of active materials of ~7.5mgcm=. NMC811 powder
(with LiB,0, coating; Supplementary Fig. 23), conductive carbon (Super C65)
and 60-pm-thick Li on Cu foil were purchased from Targray, MTI and China

Energy Lithium, respectively. Commercial electrolytes—1 M LiPF; in 3:7 (by
weight) EC/EMC+2wt% VC and 1M LiPF, in 3:7 (by weight) EC/EMC—were
purchased from Soulbrain and BASE, respectively. LiFSI salt was supplied by
KISCO. Ni(TFSI),, Co(TFSI), and Mn(TFSI), were purchased from Sigma Aldrich.
DMTMSA was synthesized following our previously reported procedure*’. Possible
residual water was removed from the salt and as-received solvent by heat treatment
under vacuum and molecular sieves before use, respectively. Molality (m, moles

of salt in kilograms of solvent (molkg™")) and molarity (M, moles of salt in litres

of solution (moll™")) are used to denote the salt concentration in electrolytes. No
other ingredient was employed in our sulfonamide-based electrolyte as additive.

Characterizations. Cycled Li and NMC811 electrodes were obtained by
disassembling CR2032 coin cells in the glove box with O, and H,O level <1 ppm,
and then washing them with pure dimethyl ether (DME) and dimethyl carbonate
(DMC), respectively. The morphology and microstructure were obtained from
high-resolution SEM (Zeiss Merlin) and TEM (JOEL 2010F). Thin-section
TEM specimens were fabricated directly from the cycled NMCB811 electrode by
a standard lift-out procedure® by focused ion beam (NVision 40 CrossBeam,
ZEISS). The surface chemistry of cycled electrodes was analysed by XPS (Physical
Electronics Versaprobe II) and TOF-SIMS (ION-TOF). Ex situ three-dimensional
tomography and transmission X-ray microscopy XANES on the cycled NMC811
electrodes sealed in Kapton film were conducted on FXI beamline at National
Synchrotron Light Source II of Brookhaven National Laboratory. The bulk XANES
of these samples were measured in transmission mode using 20-BM-B beamline
of Advanced Photon Source at Argonne National Laboratory. Whiteline peak
position tracking method’! (Supplementary Note) was used in transmission X-ray
microscopy XANES data analysis where the whiteline peak positions represent the
Ni oxidation states.

In situ DEMS was used for detecting the gas evolution during cell charging
at 0.03 C using different electrolytes. Details on the instrument set-up can be
found elsewhere®. For the TM dissolution measurement, coin cells with NMC811
as the cathode and Li metal foil as the anode in different electrolytes were first
assembled. Then following an established method'*, ICP-MS (Agilent 7900) was
used to determine the metal concentration. Cross-sections of cycled cathodes
were cut by an ion-milling machine (IM-40000, Hitachi) and inspected by SEM.
The solubility of Ni(TFSI),, Co(TFSI), and Mn(TFSI), in both electrolytes was
measured in grams per 100g. The purity of DMTMSA was analysed with 'H and
“F NMR. A 3,000 ppm water was added into the 1M LiPF,/EC-EMC+2wt% VC
and 1 m LiFSI/DMTMSA electrolytes and aged for several days. The water contents
in the electrolyte before and after ageing were measured by Karl Fisher titration
(Metler-Toledo). The viscosity was measured using a SVM3001 viscometer
(Anton Paar).

A conductivity cell with two platinum-black electrodes was used to measure the
Li ion conductivity. Standard solution (0.01 M KCI aqueous solution, 1.41 mScm™")
was used to calibrate the cell constant. The conductivity cell was immersed into
electrolyte and the Li ion conductivity was measured by the impedance method
with a frequency ranging from 10° to 10' Hz (Gamry Reference 600+). The
transference number of Li* (¢,) was evaluated by the method proposed by Bruce
and Vincent™. For evaluating the wettability of different electrolytes, the electrolyte
was first dropped onto Celgard 2325 separator and then the contact angle was
measured by a contact angle meter (SL200B, KINO Scientific Instrument).

Electrochemical measurements. CR2032 coin cells were prepared using NMC811
as the cathode, Celgard 2325 (polypropylene-polyethylene-polypropylene) as
the separator and a Li metal anode in the glove box. For cathodes with high areal
loading, NMC811, Super C65 and polyvinylidene fluoride binder in a weight ratio
of 94:3:3 were first mixed with N-methyl-2-pyrrolidone to form a uniform slurry,
which was coated onto Al foil using a doctor blade. The thickness was ~96 pm
for the high-loading NMC811 cathode and ~52 pm for the low-loading NMC811
cathode, both including 15-pm-thick Al foil. The porosity was ~33% for the
high-loading NMC811 cathode and ~36% for the low-loading NMC811 cathode.
Then the coated electrodes were dried at 120 °C overnight. Finally, the electrodes
were rolled and punched.
Li metal foils with 350 pm and 60 pm (on Cu) were used. The Li anode
paired with high-loading NMC811 cathodes in the coin cell was fabricated by
electrochemical deposition on Cu foil without pretreatment. Electrolyte amounts
in coin cells were carefully controlled by pipette. Landt CT 2001A and BTS9000
Neware cyclers were used to perform galvanostatic cycling at different C rates (1C
is 200mA g'). The galvanostatic intermittent titration technique was performed on
cycled coin cells within a voltage range of ~3.0-4.7 V with current pulse intervals
at ~0.5 C for 8 minutes, followed by 60-minute rests. The electrochemical floating
test was performed in coin cells with NMC811 and Li metal as cathode and anode,
respectively, in different electrolytes. The cells were first charged to 4.7V at 0.1C
and then maintained for 20 h with the current monitored by the Neware cycler.
The cathodes for SEM observation after the floating test were collected
by dissembling the cells and then washing with DMC three times. The
electrochemical stability of electrolytes was evaluated by a linear sweep
voltammetry method at a scan rate of 10mV s~ using a Li || Al configuration. The
stability of the Al current collector in different electrolytes at high voltages was



measured by a Li || Al configuration while holding the potential at 4.7V for 10h.
Then the Al foils were collected and characterized by SEM and XPS. Single-layer
pouch cell was assembled by hand-stacking the NMC811 cathode, Li foil (on Cu
current collector) and separator, followed by electrolyte injecting and vacuum
sealing. The gravimetric energy density of the jellyroll pouch cell was calculated
based on the mass of cathode, anode, separator and electrolyte.

Data availability
The datasets analysed and generated during the current study are included in the
paper and its Supplementary Information.
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