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Developing next-generation batteries that are high-energy, low-cost

and eco-friendly is crucial for industrial applications. Lithium-rich
manganese-based oxide positive electrodes offer substantial specific
energy, enabled by their high specific capacity at high charging potential
(>4.6 Vversus Li/Li*). However, stable operation at such high potentials
remains challenging, as most electrolytes rely on environmentally
unfriendly fluorinated solvents. Here we identified a-oxidation of the
carbonyl group as the main oxidation mechanism of carboxylate esters.

By removing all the reactive a-hydrogens of methyl acetate, we demonstrate
that methyl trimethylacetate is a non-fluorinated, high-potential-stable
solvent. This solvent exhibits outstanding oxidative stabilityupto 5.6 V
versus Li/Li", and electrochemical cells using methyl-trimethylacetate-based
electrolytes maintain stable cycling at 4.6/4.7 V, outperforming many
fluorinated systems. Anindustrial-scale 7.2-Ah pouch cell reached a
maximum specific energy of 652.4 Wh kg™ with 94.5% capacity retention
after 28 cycles at 0.1 C/0.2 C. This work provides asimple molecular

design strategy that addresses specific energy, cost and sustainability in
next-generation high-voltage lithium batteries.

High-voltage lithium batteries are widely regarded as akey technology
for next-generation energy storage because they offer the potential to
break through the specific energy limits of conventional lithium-ion
systems. Operating at voltages above 4.4 V enables specific energies
exceeding 600 Wh kg™ in lithium metal batteries (LMBs), which are
critical for electric vehicles and electric aviation'. To achieve such
high performance, positive electrode (positrode) materials capable
of delivering both high-potential (=4.4 V versus Li/Li*) and high-capacity
(=200 mAh g™) are essential. Among the candidates, lithium-rich man-
ganese oxide (Li;,Mn, 5,C0,15Nij1;0,, LRMO) positrode is of particular
interest because it combines a high cutoffvoltage above 4.6 Vin LMBs
and a capacity exceeding 250 mAh g with the advantages of low cost
and reduced toxicity*>.

Despite this potential, stable operation of high-voltage lithium
batteries is fundamentally constrained by electrolytes. Conventional
non-fluorinated solvents such as carbonates*, ethers*®, siloxanes”® and
phosphates™ typically undergo oxidative decomposition above 4.4 V
versus Li/Li*, resulting inashort cyclelife". To overcome this issue, highly
concentrated electrolytes andlocalized highly concentrated electrolytes
(LHCEs) have been proposed'>”®, whichimprove stability by reducing the
number of free solvent molecules. More recently, fluorinated electro-
lytes have beenintroduced™;inthese, the strong electron-withdrawing
effect of fluorine lowers the highest occupied molecular orbital ( HOMO)
levels of solvents, thereby enhancing their oxidative stability.

However, the widespread adoption of these approaches faces
critical barriers. The high Li-salt consumptionin HCEs and the reliance

A full list of affiliations appears at the end of the paper.

e-mail: zcz@mail.tsinghua.edu.cn; zhang-giang@mails.tsinghua.edu.cn

Nature Chemistry


http://www.nature.com/naturechemistry
https://doi.org/10.1038/s41557-026-02161-2
http://orcid.org/0009-0007-6637-6843
http://orcid.org/0000-0002-7378-8260
http://orcid.org/0000-0002-1794-3086
http://orcid.org/0000-0002-6853-2471
http://orcid.org/0000-0002-3511-3019
http://orcid.org/0000-0003-1147-2567
http://orcid.org/0000-0002-7686-6308
http://orcid.org/0000-0001-7394-9186
http://orcid.org/0000-0002-3929-1541
http://crossmark.crossref.org/dialog/?doi=10.1038/s41557-026-02161-2&domain=pdf
mailto:zcz@mail.tsinghua.edu.cn
mailto:zhang-qiang@mails.tsinghua.edu.cn

Article

https://doi.org/10.1038/s41557-026-02161-2

H+
h
o ™M™ { [O] j o-
H
H
H H
Fig. 1| The design principle of non-fluorinated, high-potential-stable solvent

MTMA. a, General oxidation mechanism of a solvent molecule S and a possible
way toraise its high-potential stability. b, Common a-oxidation reactions of
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carbonyl compounds. ¢, The proposed oxidation mechanism of MA with high-
potential positrode in lithium batteries. d, Suppression of a-oxidationin MTMA
as no a-hydrogenis present. Ox., oxidation; [O], oxidant.

on fluorinated solvents in LHCEs and fluorinated electrolytes lead to
prohibitively high costs'>"*. Many fluorinated solvents and diluents fall
in the category of per- and polyfluoroalkyl substances (PFAS), which
are bioaccumulative and subject to growing regulatory restrictions™'®.
Even partially fluorinated solvents not classified in this way, such as
fluoroethylene carbonate (FEC), can generate hazardous byproducts
(for example, HF and fluorides) upon degradation™". Therefore, to
successfully commercialize high-specific-energy batteries, it is vital
to develop a new class of cost-effective and environmentally friendly
electrolytes compatible with high-potential positrodes and Li metal
negative electrodes (negatrodes).

Here we propose that alow HOMO is not a prerequisite for high
anodic stability, provided that the dominant oxidation pathway can
be selectively blocked. We first select carboxylate esters for verifi-
cation because their oxidation chemistry has been relatively well
established in organic chemistry. We aim to identify their primary
decomposition mechanism in high-voltage LMBs and remove the
vulnerable molecular sites to achieve high anodic stability without
using electron-withdrawing groups. Specifically, as a-oxidation of
carbonyls is common in organic chemistry, we substitute the reac-
tive a-hydrogens of a carboxylate with inert methyl groups, yield-
ing methyl trimethylacetate (MTMA). We then evaluate whether this
non-fluorinated solvent achieves high anodic stability in practical
LMBs. Finally, we explore the broader applicability of this strategy
in other solvents prone to a-oxidation—including amides, ketones
and ethers—to assess it as a general approach for development of
non-fluorinated high-potential-stable electrolytes.

Results and discussion

Molecular design of MTMA

To design a high-potential-stable solvent without fluorine or other
electron-withdrawing groups, we first re-evaluated the rationale of the
conventional fluorination strategy. Fluorination typically enhances
anodic stability by lowering the HOMO energy level. According to
Koopmans’ theorem'®', this increases the first ionization energy of

the solvent, theoretically hindering the initial electron transfer to the
positrode. However, radical cations generated after this initial ioniza-
tion of small solvent molecules are usually highly unstable®. As these
transientintermediates rapidly decomposeinto more stable products,
the applied potential does not need to match the large firstionization
energy todrive solvent oxidation?'. Instead, the thermodynamic oxida-
tion potential is dictated by the Gibbs energy difference between the
solvent and its final oxidation product, largely independent of the
HOMO energy level and first ionization energy*.

As discussed, the HOMO energy level of a solvent molecule,
denoted S, does not necessarily determine its oxidation potential
(Fig.1a). The unstable radical cation S* rapidly decomposesinto stable
intermediates or final products (P* and P?). Theoretically, the Gibbs
energy difference between Sand its most stable product (P') is propor-
tional to the thermodynamic oxidation potential of S. By selectively
blocking the least endergonic pathway to P*, we can redirect the solvent
molecule towards its less favourable product P Therefore, we can
raise the thermodynamic oxidation potential of S without lowering
its HOMO energy level. Similarly, we can increase the activation over-
potential and kinetically inhibit oxidation by redirecting S towards the
first stable intermediate of higher energy.

Wefirst chose carbonyl compounds to test our molecular design
strategy, because many common lithium battery solvents—including
carbonate esters, carboxylate esters, amides and ketones—contain
this functional group. In organic chemistry, a-oxidationis a prevalent
reaction pathway for carbonyls? (Fig. 1b). The reaction mechanism and
conditions of the a-oxidation is discussed in Supplementary Note 1.
Notably, high-potential positrodes such as LRMO and nickel-rich LiNi,.
Co,Mn,,.,0,(NCM) simultaneously provide all the reaction conditions
required for a-oxidation: they contain catalytic transition metal ions
(Mn, Co, Ni), active oxidants (high-valent Mn, Co, Ni and O™ in Li-rich
positrodes, 0 < n < 2) and the anodic driving force during charging.
Therefore, we conjectured that carbonyl compounds with carbonyl
o-hydrogens would undergo a-oxidation as the major side reaction
inthese batteries.
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Fig. 2| Characterization of MA oxidation mechanism. a, LSV anodic scanning
of MTMA, MA and ¢-butyl acetate electrolytes. b, Total OD/OH  ratio of the
surface of LRMO positrodes charged in different deuterated MA electrolytes.
Two parallel samples using each deuterated MA were measured. ¢, Depth profile
of OD”/OH  ratio of the surface of LRMO positrodes charged in different MA

State of charge (%)

electrolytes. Two parallel samples using each deuterated MA were measured.
d, Concentrations of dissolved transition metal (TM) ions in MA and MTMA
electrolytes after LSV scanning using LRMO positrode in an H-cell. e,f, DEMS
experiments using MA (e) and MTMA (f) electrolytes. tBA, t-butyl acetate.

Toisolate and verify this mechanism, we required a simple model
solvent. Carbonate esters lack carbonyl a-hydrogens and undergo
complex, parallel oxidation pathways (for example, C-O bond
cleavage®*, ethereal a-hydrogen abstraction® and insertion®), mak-
ing them unsuitable. Hence, we chose methyl acetate (MA; structure
shown in Fig. 1c and Supplementary Fig. 1) as our model solvent. To
block the potential a-oxidation of MA, all its carbonyl a-hydrogens
were replaced with inert methyl groups, yielding MTMA (structure
shown in Fig. 1d and Supplementary Fig. 1) as our non-fluorinated,
high-potential-stable solvent.

MA oxidation mechanism and MTMA design validation
To confirm that a-oxidation was the primary oxidation pathway for
MA, we conducted linear sweep voltammetry (LSV) using 1.0 M LiPF,.
MA oxidized at 4.8 V versus Li/Li* ona carbon-coated aluminiumelec-
trode, which may have become insufficient for actual positrodes such
as LRMO?® (Fig. 2a). Removal of the a-hydrogens of MA substantially
improved its anodic stability, with MTMA resisting oxidationup to 5.6 V
versus Li/Li*. Conversely, t-butyl acetate, which lacks ethereal hydro-
gensbutretains a-hydrogens, oxidized similarly to MA. In completely
fluorine-free formulations with 1.0 M LiCIO,, the same phenomenon
was observed (Supplementary Fig. 2 and Supplementary Note 2). This
confirmed that ethereal hydrogen deprotonation is negligible, and
a-oxidation dominatesin carboxylates. Notably, LiPF,/MTMA outper-
formed state-of-the-art all-fluorinated electrolyte LB372 (refs. 29,30;
formulation in Methods), whichis only stable up to 4.9 V versus Li/Li*
(Supplementary Fig. 3). Furthermore, when evaluated in Li/LRMO cells
at 4.8V, LiPF/MTMA exhibited a lower leak current compared with
LiPF,/MA and LB372 (Supplementary Fig. 4); this finding validated our
molecular design on actual positrodes.

To directly track this a-oxidation on the LRMO positrode, we
charged cellsin two partially deuterated MA electrolytes (CD;CO,CH,
and CH,CO,CD;; Supplementary Fig. 5 and Supplementary Note 3).

Time-of-flight secondary ion mass spectrometry (TOF-SIMS) revealed
thatthe LRMO surface OD™ content was consistently higher with CD,C-
0,CH;, confirming that the positrode was primarily protonated by the
carbonyl a-hydrogens (Fig. 2b,c). Density functional theory (DFT)
calculations further supported this, showing that a-C-Hbond cleavage
was the most thermodynamically favourable decomposition route for
the MA radical cation (Supplementary Fig. 6).

Understanding downstream oxidation productsis critical, as these
dictate positrode electrolyte interphase (PEI) stability and long-term
cycling. Therefore, we further studied the oxidation products of MA
to elucidate its complete oxidation mechanism on LRMO positrodes.
Positrode protonation caused by solvent deprotonation is known
to cause dissolution of transition metals; hence, the concentrations
of dissoluted metals were measured. Indeed, H-cell measurements
(Supplementary Fig. 7) after 4.8 V charging showed roughly triple
the dissolved Mn and Co ions in LiPF/MA (3.51 and 0.31 ppm, respec-
tively) compared with LiPF,/MTMA (1.10 and 0.11 ppm, respectively)
(Fig. 2d). This severe a-oxidation produced abundant protons that
converted LRMO surface O to OH™ and generated free H,0. Karl Fis-
cher titration confirmed a 20.8 ppm H,0 surge in LiPF,/MA, whereas
H,O concentration remained largely unchanged in LiPF,/MTMA
(Supplementary Fig. 8). This generated water hydrolysed PF,” into
detrimental HF and PO,F,” (Supplementary Figs. 9 and 10). Moreover,
approximately 2 ppmof dissolved peroxides were detected in LiPF,/MA
after soaking with charged LRMO positrode, whereas none was present
in LiPF,/MTMA (Supplementary Fig. 11). This suggests that surface
peroxy/superoxy species of the charged LRMO positrode bond with
the MA a-radical to form soluble organic peroxidesin the electrolyte.
Furthermore, differential electrochemical mass spectrometry (DEMS)
detected substantial CO,and O, releasein MA starting at 4.6 V (Fig. 2e),
whereas gas evolution was largely suppressed in MTMA (Fig. 2f) and
LB372 (Supplementary Fig.12) before 4.8 V. Finally, insoluble organics
also formed during MA oxidation and constituted major components

Nature Chemistry


http://www.nature.com/naturechemistry

Article

https://doi.org/10.1038/s41557-026-02161-2

a b
BN = 100 MTMA, LRMO/Li
" 300 Ie) 50 20-
> \ § 2.0-46V,1.0C
< ‘ 8 g 45 —— 50th
< | S N 100th
2 200 . ‘ 460 o 2 40+ \/ 150th
((é / | @ ()}
g ‘ MIMA 120 2 2 35 ,/ 200th
° ‘ a 32 250th
Qo L 2.0-4.6V,1.0C 3 L
£ 100 0 LB372 |20 2 80 300th
8 — 8 25
@ MA o X
0 Il Il Il Il 20 L L L L L L
0 150 300 450 600 750 0O 50 100 150 200 250 300 350
Cycle number Specific capacity (mAh g™')
c d ;;
— 4100 MTMA, LRMO/Li
'o 300 F . Q 5.0r20-47V,1.0C
= c
<< 4 o L
H g en " som
Z 20F / leo 6 o 4of \/ 100th
@ 2 2 - 150th
Q MTMA o = 35f 200th
g 140 g 2 -~ 250th
Q L 2.0-47V,1.0C 30l
£ 100 I LB372 L 300th
<3 120 ¥ 25
» MA
0 Il L L O 20 L L L L L L
0 200 400 600 800 0O 50 100 150 200 250 300 350
Cycle number Specific capacity (mAh g™)
€ 500 f 200
MTMA, 4.6 V, 200 cycles MTMA, 4.7V, 200 cycles -7.8 | Charging
LB372, 4.6 V, 200 cycles LB372, 4.7 V, 200 cycles 84l
-600 o —o— MA, 4.6 V, 100 cycles =900 —o— MA, 4.7 V, 100 cycles ’
£ 90¢
. . 100 | ‘\‘f”
S 400 - ~100 ¢ 3,»"’“ S 6001 | o i £ R ‘ ‘ ‘ ‘
N o |#F N g /// o "84 Discharging
200 - 0 100 200077 oor 300 - 0 50 100 150 g _8’ 9.0
06| MTMA, 100 cycles|
I:] LB372, 100 cycles
or L L L L 0 i L L L L _102 [ L L MA' 50 CYCI.eS
0 200 400 600 800 0 300 600 900 1,200 28 3.2 3.6 2.0 4.4 48
Z'(Q) Z'(Q) Potential (V, versus Li/Li")

Fig. 3| Cycling performance and electrochemical characterization of different
electrolytes in low-loading LRMO coin cells. a, Cycling performance of 4.6 V
Li/LRMO cells. b, Charge/discharge profiles of 4.6 VLi/LRMO cell using MTMA
electrolyte. ¢, Cycling performance of 4.7 VLi/LRMO cells. d, Charge/discharge

profiles of 4.7 VLi/LRMO cell using MTMA electrolyte. e f, EIS spectra of Li/LRMO
cells with different electrolytes at charging cutoff voltage of 4.6 V (e) and 4.7 V (f).
g, Galvanostatic intermittent titration technique results for cycled Li/LRMO cells
indifferent electrolytes.

ofthe PEL. On the basis of these results, we proposed acomplete mecha-
nism of MA oxidation on the LRMO positrode, initiated by oxidation
at the carbonyl a-position (Supplementary Fig. 13). By removing all
«-hydrogens, MTMA effectively inhibits this cascading generation
of transition metal ions, H,0, HF, CO, and O, gases, ensuring stable
Li/LRMO cycling.

To develop a MTMA-based electrolyte that was compatible with
both Li metal and LRMO, we formulated 1.2 M LiFSI + 0.4 M LiDFOB in
MTMA as our non-fluorinated, high-potential-stable electrolyte for
LMBs, with MA (same solutes) and LB372 electrolytes as comparisons.
To exclude the effect of the Li negatrode and assess the ‘intrinsic’ per-
formance of the LRMO positrode with different electrolytes, we used
alarge excess of Li negatrode (0.5 mAh cm™ LRMO positrode paired
with 600 pum Linegatrode)®. The cell with MTMA electrolyte achieved
96.5% capacity retention after 750 cycles at 1.0 C charge/discharge
between 2.0 and 4.6 V (Fig. 3a,b). Despite being highly fluorinated,
the cell with LB372 maintained only 54.8% of its initial capacity after
400 cycles. The capacity of the MA-based cell plummeted after ~100
cycles owing to the severe a-oxidation reaction. Even under a harsher
4.7-V cutoff, MTMA showed 79.6% retention over 790 cycles, whereas
that of LB372 degraded to 47.1% within400 cycles (Fig. 3c,d). Li/LRMO
cells cycled with MTMA showed lower impedance compared with those

with MA and LB372 (Fig. 3e,f); this was attributed to suppression of side
reactions that thicken the PEland/or solid electrolyte interphase (SEI)
ontheLinegatrode. Insituelectrochemicalimpedance spectroscopy
(EIS) measurements also suggested that thinner and more conductive
interphases were formed in cycled MTMA cells, compared with cycled
LB372 and MA cells (Supplementary Figs.14-16). Owing to fewer inter-
facial sidereactions, MTMA also gave a higher Li" diffusion coefficient
inthe cycled LRMO positrode compared with MA and LB372 (Fig. 3g).
These results validate our design and demonstrate that rationally
designed non-fluorinated electrolytes can match and outperform
state-of-the-art fluorinated alternatives.

Characterization of PEl and LRMO positrodes
Compared with conventional layered positrode materials suchas NCM,
highly oxidative LRMO positrodes face more severe stability challenges,
includingirreversible phase transitions, lattice oxygen loss, transition
metal dissolution, stress-induced particle cracking and interfacial side
reactions with the electrolyte®. As bulk structure degradation is known
toinitiate at the surface before propagating inward®-*, formation of a
stable PElis important for long-term durability.

Accordingly, we used X-ray photoelectron spectroscopy to char-
acterize the chemical composition of the PEls derived from different
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electrolytes. Both MTMA- and LB372-derived PEls exhibited high
LiF content and low organic carbon content throughout their depth
profile (Fig. 4a,b). LiF concentrations in the MTMA PEI at different
sputtering depths were only slightly lower than that of LB372 PEI, and
carbon concentrations were slightly lower in the PEl of MTMA than
in LB372 PEI (Fig. 4c). Notably, even without any fluorinated solvent,
the MTMA electrolyte formed a LiF-rich PEI comparable with that
formed with the all-fluorinated LB372 (Fig. 4d). This demonstrates that
fluorinated solvents are not necessary for construction of achemically
stable LiF-rich PEI, which is crucial for high-voltage lithium batter-
ies”. Instead, provided that the competitive anodic decomposition
of organic solvents is sufficiently suppressed, Li salts alone can fulfil
this role. TOF-SIMS results further indicate that the MTMA PEI was
slightly more organic-poor and LiF-rich compared with the PEl of LB372
(Fig. 4e,f and Supplementary Figs. 17-23). Moreover, owing to the
suppression of solvent decomposition in MTMA, the resulting PEI
displayed higher O, B, S, N contents derived from LiFSI and LiDFOB
compared with those of MA.

High-resolution transmission electron microscopy images showed
that the PEI formed in MTMA was thin and uniform (Fig. 4g). The PEI

derived from LB372 was somewhat thicker and less uniform owing
to gradual decomposition of fluorinated solvents on the positrode
(Fig.4h). The PEIformed in MA was the thickest, reflecting uncontrolled
a-oxidation (Supplementary Fig. 24). These observations aligned well
withtheanodicstability trend established earlier (MTMA > LB372 > MA;
Fig. 2a and Supplementary Figs. 3 and 4). Furthermore, Derjaguin-
Muller-Toporov (DMT) modulus mapping confirmed that the
MTMA PEI possessed superior mechanical robustness, which vital
for accommodation of volume changes during cycling (Fig. 4i,j and
Supplementary Fig. 25).

Theincreased solvent anodic stability and formation of a chemi-
cally and mechanically robust PEl in the MTMA electrolyte alleviated
the aforementioned degradation mechanisms of LRMO. Blocking the
«-oxidation pathway largely inhibited the generation of acidic pro-
tons upon solvent oxidation. Hence, surface structure degradation
caused by acidic corrosion from the electrolyte was mitigated>**.
Less surface protonation was observed in MTMA as a direct result of
removal of a-hydrogens (Supplementary Fig. 26). High-angle annular
dark-field scanning transmission electron microscopy images revealed
that LRMO cycled in MTMA retained its original layered structure
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at the surface (Supplementary Fig. 27). By contrast, an irreversible
phase transition was observed at the surface of LRMO cycled in MA
(Supplementary Fig. 28). Further, the original Mn valence (IV) state was
better preserved at the surface of MTMA-cycled particles compared
with those cycled in MA (Supplementary Fig. 29). This indicated less
oxygen loss at the interface (consistent with earlier DEMS results;
Fig. 2e,f), which could be attributed to the stable surface structure
and the robust PEIL.

Mechanically, the robust PEI formed in the MTMA electrolyte
better accommodated the volume changes of LRMO particles during
cycling, preserving particle integrity (Supplementary Fig. 30). Minor
cracks developed in LRMO particles cycled in LB372, whereas severe
fracturesand pulverization were observed in MA cycled LRMO. Finally,
X-ray diffraction was used to assess bulk structural degradation on
the basis of the ratio of two diffraction peak intensities, /o3//104),
which indicates the extent of transition metal ion disorder and struc-
tural degradation in LRMO. The ratios were ordered as follows: pris-
tine > MTMA > MA = LB372 (Supplementary Fig. 31); thisindicated that
bulk degradation was mildestinthe MTMA electrolyte and confirmed
that stabilization of the surface effectively preserved the bulk lattice
and enables long cyclelifein Li/LRMO cells.

Characterization of SEl and Li deposition behaviours

The stability of the electrolyte towards Li metal is also important
for practical cell cycling. Theoretically, replacing the a-hydrogens
with electron-donating methyl groups raises the lowest unoccupied
molecular orbital energy level, enhancing the cathodic stability of
MTMA. Furthermore, our previous experimental work® showed that
o-hydrogens in MA triggered severe side reactions with Li metal,
whereas substituting them with inert groups (for example, methyl)
greatly enhanced stability.

We ran Li/Li and Li/Cu cells with MTMA at the same current den-
sity and areal capacity with the low-loading Li/LRMO cells, that is,
0.5 mA cm~2and 0.5 mAh cm™ (Supplementary Fig. 32). Both cells
failed quickly, in marked contrast to the >700-cycle life span of the
Li/LRMO cells. This suggested that the SEIl properties and Li depo-
sition behaviour on the negatrode were strongly influenced by the
presence of the positrode. When the charging cutoff voltage was
adjusted, cells with the MTMA electrolyte exhibited an unusual
trend: cycling stability improved substantially at higher cutoff
voltages (Supplementary Fig. 33 and Supplementary Note 4). This
observation was consistent with previous report indicating that
high-potential positrodes can induce favourable crosstalk, wherein
anions are first oxidized at the positrode, migrate to the negatrode
and are subsequently reduced to form an anion-derived SEI’°. Com-
parison of Li deposition morphology (Supplementary Fig.34) and the
composition of SEl on the Cu electrode in Li/Cu and Cu/LRMO cells
(SupplementaryFigs.35-40andSupplementaryNoteS5)furthersupported
this theory.

Nevertheless, the electrochemical stability of the solvent remains
critical to prevent solvent-related side reactions frominterfering with
crosstalk-driven SEI formation. In Cu/LRMO cells, both MTMA and
LB372 delivered a dense and granular Li morphology, whereas MA
produced aloose and dendritic morphology (Supplementary Fig. 41).
We further compared the SEI on Li metal in cycled Li/LRMO cells
and found that the SEI derived from MTMA was markedly more
inorganic-rich, containing higher amounts of LiF and abundant
salt-derived species (B, S, N), in contrast to the organic-rich SEl gener-
ated by MA decomposition (Supplementary Figs. 42-47). Combined
with TOF-SIMS and DMT modulus mapping, these results confirm
that the superior electrochemical stability of MTMA suppresses sol-
vent decomposition (Supplementary Figs. 48 and 49). This allows
the Li salts to fully dictate the formation of a mechanically robust,
inorganic-rich SEI that supports long-term Li metal cycling under
practical conditions.

Cycling performance under practical conditions

Practical high-specific-energy cells demand high positrode areal
capacities, low negative-to-positive areal capacity (N/P) ratios, and
low electrolyte-to-capacity (E/C) ratios. In 50-pm Li/6.0 mAh cm™
LRMO coin cells, the MTMA electrolyte supported 110 stable cycles
at both 4.6 V and 4.7 V, whereas the fluorinated LB372 baseline
failed rapidly after 70-80 cycles (Supplementary Fig. 50). Pushing
to a harsher 8.0 mAh cm™ positrode areal capacity (N/P =1.25), the
4.6-V cell with MTMA maintained 91.6% of its initial capacity after 60
cyclesat 0.1 Ccharge/discharge, whereas LB372 failed within10 cycles
(Fig. 5a). Increasing the discharge rate to 0.3 C extended the cycle life
of the MTMA cell to 90 cycles (Supplementary Fig. 51a). At a charge/
discharge rate of 0.2 C/0.5 C, MTMA could still support 75 cycles with
90.1% capacity retention (Supplementary Fig. 51b). A cycle life of
73 cycles with 80.8% retention was achieved when the cutoff voltage
wasincreased to4.7 V (Supplementary Fig. 51c). Under more extreme
conditions, full cells (10.0 mAh cm™LRMO, N/P =1.0) with MTMA
showed 93.0% capacity retention after 50 cyclesat 0.1 C/0.1 C (Fig. 5b).
With limited electrolyte (4.5 pl mAh™, -4.6 g Ah™ for MTMA electro-
lyte), the cell maintained 84.0% retention after 50 cyclesat 0.1 C/0.3 C
(Supplementary Fig. 52). With further reduction of the excess Li nega-
trode, the 5-pmLi/8.0 mAh cm™(N/P = 0.125) LRMO cell reached 77.7%
retention after 50 cycles (Supplementary Fig. 51d). With limited electro-
lyte (4.6 g Ah™), the 5-um Li/10.0 mAh cm™ LRMO cell maintained 81.6%
retention after 41 cycles (Fig. 5c). Upon scaling up, a1.8 Ah pouch cell
(8.0 mAh cm™LRMO, N/P =1.25,E/C =2.0 g Ah ") achieved 78 cycles with
91.3% capacity retention (Fig. 5d,e and Supplementary Table 3). Com-
pared with state-of-the-art fluorinated electrolytes for high-voltage
(=4.4 V) LMBs®*"**, MTMA operated stably at much higher positrode
areal capacities and lower N/P ratios (Fig. 5f).

We further constructed 7.2 Ah pouch cells to evaluate the potential
application of the MTMA electrolyte in >600 Wh kg™ cells. The cell
with 601.8 Wh kg™ could be stably cycled for 35 cycles with almost
no decay in capacity or specific energy (Supplementary Figs. 53
and 54 and Supplementary Table 4). Furthermore, reducing the
N/P ratio to 0.75 increased the specific energy of the 7.2 Ah cell to
a maximum of 652.4 Wh kg™ (Fig. 5g,h, Supplementary Fig. 55 and
Supplementary Table 5). Even under such stringent conditions, the
cell retained 94.5% of its capacity and 93.1% of its energy after 28
cycles. Compared with recent work on electrolyte engineering for
high-specific-energy pouch cells”**"#4452 MTMA achieved a superior
specificenergy of 652.4 Whkg™ina4.6-V cell without any fluorinated
organic solvents (Fig. 5i and Supplementary Table 6).

Inaddition to high-specific-energy applications, we evaluated the
kinetic capability of the MTMA electrolyte for high-power scenarios,
such as electric vertical take-off and landing (eVTOL) aircraft using
5.0 Ah Li/LiNi, gC0,;Mn,,0, (NCM811) cells (30 pm Li, 5.5 mAh cm™
NCMS8I1, 4.7 Vupper cutoff). Subjected toasimulated eVTOL discharge
protocol* operating between approximately 70% and 100% state of
charge (Supplementary Fig. 56), the MTMA-based cells sustained this
aggressive protocol for 355 cycles, with an average Coulombic effi-
ciency 0f 99.92%, an average energy efficiency of 90.86% and minimal
overpotential growth, before the discharge voltage dropped <2.8 V
(Supplementary Fig. 57). To demonstrate this exceptional stability
and rapid kinetics in a real-world application, we showed that a mod-
ule assembled from four such pouch cells (Supplementary Fig. 58)
successfully enabled a quadcopter unmanned aerial vehicle (UAV)
through take-off, prolonged high-altitude hovering and landing
in an outdoor field test at 5 °C (Supplementary Fig. 59 and Supple-
mentary Video 1). This confirms that the MTMA-based electrolyte
meets the high specific power and energy requirements for large-
scale UAV batteries.

Crucially, MTMA pairs these electrochemical breakthroughs with
economic viability. Preliminary cost analysis confirmed that MTMA is
much cheaper thanadvanced fluorinated solvents and comparablein
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Fig. 5| Cycling performance of high-loading Li/LRMO full cells. a-c, Cycling
performance of Li/LRMO coin cells with N/P ratios of 1.25 (a), 1.0 (b) and 0.1 (c).
d, Cycling performance of 1.8 Ah pouch cell. Inset: schematic of the pouch cell.
e, Charge/discharge profiles of the 1.8 Ah pouch cell. f, Comparison of positrode
areal capacity and N/P ratio between MTMA non-fluorinated electrolyte and

Capacity (Ah)
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state-of-the-art fluorinated electrolytes for high-voltage (>4.4 V) LMBs.

g, Cycling performance of 7.2 Ah, >650 Wh kg pouch cell. Inset: schematic of the
pouch cell. h, Charge/discharge profiles of the 7.2 Ah pouch cell. i, Comparison of
specific energy and solvent fluorine content of the electrolyte in state-of-the-art
high-voltage (>4.4 V) LMBs.

costtowidely used commercial carbonates (Supplementary Fig. 60 and
Supplementary Tables 7and 8). Furthermore, as asimple, single-solvent
system, MTMA provides anideal ‘clean baseline’ for synergistic additive
engineering, allowing interphase chemistries to be readily tailored for
diverse electrode systems.

Finally, tofurther push theboundary of fluorine-free formulations,
we evaluated an entirely fluorine-free MTMA electrolyte: LiCIO, with
5.0 vol% of vinylene carbonate. The fluorine-free electrolyte delivered
78.4% capacity retention after 60 cycles in a 50-um Li/6.0 mAh cm™
LRMO cell (Supplementary Fig. 61). This confirmed that the
MTMA-based electrolyte design can function evenin fully fluorine-free
systems, highlighting the robustness of the molecular design strategy.

Expanding the scope of the molecular design strategy

beyond esters

To demonstrate the generality of our molecular design strategy, we
extended our investigation to representative amides, ketones and
ethers (Fig. 6a). Amides and ketones are common carbonyl-containing
electrolyte candidates, and ethers were included as the a-oxidation
mechanism has already been reported in previous studies™. We
used LSV tests to evaluate the oxidative stability of conventional,
a-H-containing solvents (N,N-dimethylacetamide, dimethyl ketone
and tetrahydrofuran; Supplementary Fig. 1) and their a-H-free

counterparts (NV,N-dimethylpivalamide, di-t-butyl ketone (DtBK) and
1,8-cineole; Supplementary Fig. 1). Whereas LiCIO, was prioritized
for exploration of completely fluorine-free formulations, lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI) and MTMA-based sol-
vent mixtures were used for the ketones and ethers, respectively, to
overcome the poor salt solubility of DtBK and 1,8-cineole.

Acrossall three solvent classes, the a-H-free molecules exhibited
higher oxidation onset potentials than their a-H-containing counter-
parts (Fig. 6b-d). Notably, calculations revealed that these a-H-free
molecules possessed higher HOMO energy levels despite being more
resistant to oxidation compared with their conventional counterparts
(Supplementary Fig. 62 and Supplementary Note 6). This reaffirms our
core hypothesis:alow HOMO energy level is not a prerequisite for high
anodic stability; rather, stability is dictated by specific decomposition
mechanisms. Practically, the a-H removal strategy represents an effec-
tive means of designing high-potential-stable electrolytes without
relying on fluorine or electron-withdrawing substituents, enabling
greener and more cost-effective battery chemistries.

Conclusion

This study identifies a-oxidation of the carbonyl group as a primary
degradation pathway for carboxylate-ester-based electrolytes in
high-voltage lithium batteries. Onthe basis of our understanding of this
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mechanism, we rationally designed a non-fluorinated solvent MTMA
that strategically removes reactive a-hydrogens to block this decompo-
sitionmechanism. Theresulting MTMA-based electrolyte demonstrates
exceptional electrochemical stability and enables the long-term cycling
of high-voltage Li/LRMO cells under stringent conditions. A 7.2 Ah
Li/LRMO pouch cell delivered 652.4 Wh kg™ with excellent capacity
retention, whereas a fully fluorine-free formulation with LiClO, further
showed broad compatibility. The extension of this a-H removal strategy
to amides, ketones and ethers demonstrates its general applicability
beyond carboxylate esters. This work bridges the gap between classical
organic theory and electrochemical applications, highlighting how a
simple molecular-level modification can redefine oxidation stability
andinterfacial behaviour, thereby providing asustainable alternative
to fluorinated electrolytes for high-specific-energy lithium batteries.
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Methods

Chemicals and materials

Thick Li foil (diameter of 16.0 mm and thickness of 600 um) and thin
Li foil (thickness 50 pm) were obtained from China Energy Lithium.
High-loading (6.0, 8.0,10.0 mAh cm), single-sided LRMO positrodes
were prepared with an active material ratio of 94.7 wt%; 8.0 mAh cm™
double-sided LRMO positrodes were prepared with 97.0 wt% LRMO;
and 5.5 mAh cm™ LiNi, sCo,,Mn,,0, (NCMS811) positrodes were pre-
pared with 96.5 wt% active material. The 50-um Linegatrodes for coin
cells were prepared by calendering the Li foil on to 6-pm Cu foil then
punchedinto round discs with15 mm diameter (d =15 mm). The 5-pm Li
negatrodes were also punchedintod =15 mmdiscs. For the low-loading
(0.5 mAh cm™) positive electrode (positrode), the positrode slurry was
prepared by mixing 80.0 wt% LRMO, 10.0 wt% Super P and 10.0 wt%
polyvinylidene difluoride (Alfa Aesar) in N-methyl-2-pyrrolidone
(Aladdin). The positrodes were obtained by coating the slurry on to
carbon-coated aluminium foil with aknife coater and dried inavacuum
oven at 80 °C for 12 h. The 0.5, 6.0 and 8.0 mAh cm™ positrodes were
punched into d =10 mm discs before fabrication of coin cells or use
in mechanistic studies. The 10.0 mAh cm™ positrodes were cut into
both 10-mm- and 13-mm-diameter discs for coin cells. Polyethylene
(PE) separators (32 um, 25 um, 16 um) were purchased from Asahi
Kasei Technosystem. Battery-grade solvents (vinylene carbonate), Li
salts (LiPF, LiFSI, LiDFOB, LiTFSI, LiClO,) and electrolyte (LB372:1.0 M
LiPF,, 0.02 M LiDFOB, FEC/3,3,3-fluoroethylmethyl carbonate/1,1,2
,2-tetrafluoroethyl-2,2,2-trifluoroethyl ether (2/6/2 by weight)) were
purchased from Do. Do. Chem. The 3-A molecular sieve was purchased
from Sigma-Aldrich and activated at 180 °Cin a vacuum oven for 24 h
before use. Methanol-d,;, methanol-d,, acetic acid-d,, acetic acid-d,
and concentrated D,SO, (96-98% in D,0) were purchased from Energy
Chemical. MA (anhydrous), MTMA, t-butyl acetate and n-decane were
purchased from]J&K Scientific. The two partially deuterated MA were
synthesized according to the methods reported by Winnik et al.>*. All
solvents that were not battery grade or anhydrous were dried with
the 3-A molecular sieve (1g sieve for every 10 ml solvent) for at least
24 hbefore use. Al-clad positrode cases (CR2025, Canrd Technology),
aluminiumfoils, copper foils and carbon-coated aluminium foils were
dried in an oven at 60 °C for at least 24 h before use. Carbon-coated
aluminium foils and copper foils were punched into d =13 mm and
d =15 mmdiscs, respectively.

Electrolyte preparation

Allthe concentrations mentioned in this work were calculated on the
basis of the volume of solvents rather than the total volume of the
whole solution. For example, to prepare1.2 M LiFSI + 0.4 M LiDFOB in
MTMA, 0.2244 g LiFSI (1.2 mmol) and 0.0576 g LiDFOB (0.4 mmol) were
dissolvedin1,000 pul MTMA. After the salt had been fully dissolved, the
electrolyte was filtered through a PTFE syringe filter with a pore size
of 0.22 pm to remove dust and any other insoluble impurities. Then,
~0.2 wt% of 3 Amolecular sieve was added to the filtered electrolyte to
further remove residual water.

Cell assembly
Coin cells were assembled in an Ar-filled glovebox with <0.1 ppm H,0
and <0.1 ppm O,. The default assembly procedure involved placing
or adding the following parts sequentially: 2025 positrode case, posi-
trode, 40 plelectrolyte, separator, 40 pl electrolyte, negatrode, spacer,
spring, 2025 negatrode case. For cells that were operated over 4.0 V
versus Li/Li* (for example, Li/LRMO full cells, Li/carbon-coated Al for
LSV), Al-clad positrode cases were used; otherwise, regular stainless
steel positrode cases were used. For coin cells that used limited elec-
trolyte (4.5 pl mAh™),d =13 mm,10.0 mAh cm™ positrodes were used,
and only 30 pl + 30 pl electrolyte was added stepwise.

Li/LRMO and Li/NCM8I1 pouch cells (7.0 x 4.0 cm?) were assem-
bled in a dry room at a dew point of -60 °C. The Li negatrode was

prepared by calendering 50-pm- or 30-pm-thick Li foils on copper
currentcollectors. First, the positrodes and Li negatrodes were stacked
layer-by-layer with a PE separator in arepeating negatrode|PE|positro
de|PE|negatrode | ... sequence, followed by packingin an aluminium-
plastic film package. The pouch cell was subsequently hermetically
sealed under vacuum. Finally, after being allowed to rest for at least
6 hat 25 °C, the pouch cell was subjected to electrochemical testing.

H-cells were assembled by clamping the two chambers together
with three 32-um PE separators at the junction. Then, 5 ml of electrolyte
was then added to each of the negatrode and positrode chambers.
Finally, the electrodes were inserted, and parafilm was further used
toensure air tightness.

Electrochemical measurement
All cycling performances of coin cells were measured on a LAND mul-
tichannel battery testing system (Wuhan LAND Electronics) at 25 °C.
For all Li/LRMO cells, 1.0 C =250 mA g™; the cycle voltage ranges and
charge/discharge rates after activation are provided in the main text
and figures. The coin cells were all charged using the constant current
(CC) method. Low-loading Li/LRMO cells were first cycled ina voltage
range of2.0-4.6 Vor2.0-4.7Vat0.1C/0.1C,0.2 C/0.2C, 0.5 C/0.5 Cfor
1cycleeachforactivation of the cells,and then at 1.0 C/1.0 C for subse-
quent cycles. Coin cells with 6.0 mAh cm™ positrodes were activated
by cyclingat 0.05 C/0.05 Cand 0.1 C/0.1 Cfor1cycleeach, followed by
0.2 C/0.5 Clong cycling. Coin cells using 8.0 and 10.0 mAh cm™ posi-
trodes were activated by 2 cycles of 0.05 C/0.05 C charge/discharge,
followed by long cycling at various rates (provided in the main text
andfigures).Li/LRMO pouch cells were cycled under 1.0 MPa external
pressure. The 1.8 Ah cell was activated at 0.05 C/0.05 C between 2.0 V
and 4.7 V using CC charging for 2 cycles, then cycled at 0.1 C/0.3 C
between2.0 Vand 4.6 Vunder CCmode. The 7.2 Ah cells were activated
at 0.05 C/0.05 C between 2.0 V and 4.7 V using CC-constant voltage
(CC-CV) charging for 2 cycles, with the CV step at 4.7 V terminated
oncethe currentdropped below 0.025 C. Subsequently, the cells were
cycled at 0.1C/0.2 C between 2.0 Vand 4.6 V under CC charging. The
Li/NCMSS coin cells were cycled between either 3.0 Vand 4.3V or
between 3.0 Vand 4.6 V, with 2 cycles of 0.05 C/0.05 C activation fol-
lowed by 0.1 C/0.1C long cycling (1C =190 mA g™). For the eVTOL
protocol cycling, the 5.0 Ah Li/NCM811 pouch cells were activated at
0.05 C/0.05 Cbetween3.0and 4.7 Vusing CC charging for1cycle. Then,
the cellswere charged at 0.15 C using CC-CV charging, with the CV step
at4.7 Vterminated once the current dropped below 0.075 C, followed
by eVTOL discharge (3.0 Cfor30s,1.3 Cfor120s,0.9 Cfor10205s,0.3 C
for120s, and finally 3.0 C for 30 s) every cycle (1C=190 mA g™). For
the UAV test flight, the 5.0 Ah Li/NCM811 pouch cells were charged
separately at 0.05 Cto 4.7 V.Four such cells were then assembled into
abattery module and subjected to the UAV experiment.
Electrochemical characterizations were carried out on an elec-
trochemical station (Solartron EnergyLab XM). The in situ EIS during
0.1C charging/discharging of lithium batteries was tested in a fre-
quency from 1 MHz to 0.1 Hz at an amplitude of 10 mV. Galvanostatic
intermittent titration technique measurements were conducted after
100 cycles (MTMA, LB372) or 50 cycles (MA) of 1.0 C cycling between
2.0 Vand 4.7 V. The cells were first subjected to 1 cycle at 0.1 C/0.1C
to allow them to recover capacity ‘loss’ due to polarization at a high
charge/discharge rate. Next, the galvanostatic intermittent titration
technique was conducted by repeating atitrationstepat 0.1 Cof 30 min
and arelaxation step of 30 min between 2.0 Vand 4.7 V. To determine
the oxidation potentials of solvents, we used the default LSV setup
with an Li/carbon-coated aluminium coin cell and scanned from open
circuit potential to 6.0 Vatascanrate of 0.1 mV s, For dimethyl ketone
and DtBK, LiTFSI was used owing to the limited solubility of other Li
salts in DtBK. To avoid LiTFSI-related corrosion, LSV was conducted
in an H-cell with a platinum working electrode, following the same
electrochemical protocol as the default setup. The leak current tests
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of different electrolytesin4.8-VLi/LRMO cells were carried out by first
charging the 600-pum Li/6.0 mAh cm2LRMO cellsto4.8 Vat 0.1 C, then
holdingat4.8 Vfor10 h.

Material characterization

Toanalyse the electrolyte composition after oxidation on LRMO posi-
trode, we assembled an H-cell using 600 pm Li, 6.0 mAh cm™LRMO,
andeither LiPF,/MA or LiPF,/MTMA electrolyte. The cell was anodically
scanned to 4.8V at 0.04 mV s, Afterwards, 250 pl of the solution in
the LRMO chamber was collected for transition metal dissolution
measurements usinginductively coupled plasma mass spectrometry
(Agilent 5110). Then, 25 pl of the solution in the LRMO chamber was
dilutedin DMSO-d,and analysed by nuclear magnetic resonance (NMR)
on aBruker AVANCE Il HD 400 (*H at 400 MHz, F at 376 MHz). For 'H
NMR, solvent suppression was used to suppress MA or MTMA signals
to enhance the signal-to-noise ratio of trace species such as HF in the
electrolytes. For the NMR control experiment, LSV was omitted; all
other protocols were identical to those used in the oxidized case. To
quantify the amounts of H,O and peroxide produced by solvent oxida-
tionwith LRMO, 600-pm Li/6.0 mAh cm2LRMO coin cells were assem-
bled, charged to 4.7V and held at 4.7 V for 12 h. The cells were then
disassembled, and the fully charged LRMO positrodes were removed
and washed with MA or MTMA solvent (depending on which solvent’s
oxidation was being studied). Two fully charged LRMO positrodes were
immersed in 500 pl of LiPF,/MA or LiPF,/MTMA electrolyte in dried
vials. After 24 h of oxidation, the solution was analysed with a Coulo-
metric KarlFischer titrator (Mettler Toledo, C20S) and a peroxide strip
(Supelco, MQuant 1.10011). DEMS (LingLu QAS 100 Li) was employed
to probe gaseous products of solvent oxidation. Swagelok-type cells
made in-house with 600-pum Li/10.0 mAh cmLRMO were assembled
for DEMS experiments. High-purity Ar at a speed of 1.2 ml min™ was
used as the carrier gas upon cycling. The Swagelok-type cells were
chargedat0.1Cto4.8 V.

Before surface characterizations, the cycled electrodes were
rinsed with the same solvent used in the corresponding electrolyte
to remove residual Li salts. The electrodes were then left todry in a
glovebox and later transferred for surface characterization. The mor-
phologies of the deposited Li and LRMO positrode after cycling were
examined using a scanning electron microscope (ZEISS GeminiSEM
300,3.0 kV). High-resolution transmission electron microscopy of the
surface structure of the cycled LRMO positrode was carried out witha
JEOL 2100 Plus transmission electron microscope (120 kV), equipped
with an Elsa 698.STP cooling system. The atomic-arrangement
images of cycled LRMO positrode were obtained using high-angle
annular dark-field scanning transmission electron microscopy with
aCs-corrected scanning transmission electron microscope (FEI Titan
Cubed Themis G2300) operated at 300 kV.

The SEI and PEI compositions of the Li/LRMO electrodes after
cycling were analysed via X-ray photoelectron spectroscopy (AXIS
Supra+, Kratos Analytical) with monochromated Al K, radiation as
the X-ray source. The depth profiles were acquired via Ar* sputter-
ingat 2kV for 0,15,30 and 45s. The C 1s peak at 284.8 eV was used
as the reference for all binding energies. TOF-SIMS (PHI nano ToF II)
was employed to explore SEI/PEI composition on electrodes. For the
H/D isotope TOF-SIMS experiments in Fig. 2b,c, a different electrode
cleaning method was used before characterization. After cell disas-
sembly, the electrodes were directly vacuum-dried in the glovebox
antechamber for at least 10 min to remove residual solvent. Solvent
rinsing was intentionally omitted from this experiment to prevent
any possible surface H-D exchange with the washing solvent. Residual
Li salts were not expected to affect the measured surface H/D ratio.
X-ray diffraction measurements of the positrodes were performed on
a Rigaku MiniFlex 600. Atomic force microscopy (Bruker Dimension
Icon) was used to investigate the mechanical properties of the SEland
PEloncycled Limetal and LRMO.

Computational details

DFT calculations of the potentials of possible redox pairs in MA and
MTMA oxidation were performed in Gaussian (G16)> with the M06-2X¢
functional and the 6-311+g(d,p) basis set. A solvation model based on
density (SMD)*” and parameters for MA (eps = 6.8615, epsinf =1.8534)
were used. Frequency analysis was conducted to ensure the ground
state of molecular structures and to obtain thermal corrections to
free energies. Oxidation potentials were computed according to the
Nernst equation:

_AGS > 5

E nF

14V

where the numeratoris the free energy difference between the oxidized
species and the neutral species, and the denominator is the product
of Faraday’s constant and the number of electrons lost in the oxida-
tion (always 1inthis case); 1.4 V was subtracted to shift the computed
potential to the Li*/Liscale.

The HOMO energy levels of solvents were calculated with the
B3LYP* functional and the 6-311g(d,p) basis set in gas phase.

Data availability

Data supporting the findings of this study are available from the cor-
responding authors upon request. Source data are provided with
this paper.
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