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ABSTRACT
Electrolyte design is fundamentally constrained by the trade-off between high solvent polarity and weak Li+ solvation, as polar
solvents typically bind Li+ strongly. Here, we establish a steric–electronicmodulation strategy that decouples solvent polarity from
Li+ coordination, enabling a generalizable pseudo-weak solvation electrolyte design paradigm. Based on this principle, a steric
hindrance–mediated electrolyte is developed combining 2,2,2-trifluoro-N, N-dimethylethylamide (DMTFA) and fluoroethylene
carbonate (FEC) with dual lithium salts. Despite its strong polarity, DMTFA exhibits weak Li+ coordination due to the combined
steric hindrance and electron-withdrawing effects of the -CF3 group, enabling anion- dominated solvation structures. This
coordination chemistry lowers Li+ desolvation barriers and drives the preferential adsorption of a B- and P-rich interphase layer at
the cathode surface, thereby protecting the cathode fromHF corrosion. The resulting electrolyte achieves high ionic conductivity,
intrinsic flame retardancy, and an electrochemical stability window exceeding 5.0 V. Cells employing LiNi0.91Co0.06Mn0.03O2

cathodes demonstrate a capacity retention of over 90.0% after 100 cycles at 1 C rate and 4.8 V charge cut-off. The electrolyte
enables approximately 1.6 Ah pouch cells to retain 84.97% capacity after 1800 cycles at 4.6 V.
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Introduction

he global transition toward sustainable energy systems places
ncreasingly stringent demands on electrochemical energy stor-
ge technologies, particularly in terms of energy density, fast-
harging capability, durability, and safety. Driven by carbon
eutrality targets and the rapid expansion of the new energy
ehicle market, high-energy lithium-ion batteries have become
ndispensable for transportation and grid-scale applications
1, 2]. Among various cathode materials, high‑nickel content lay-
red oxide cathodes (e.g., NCM811(LiNi0.8Co0.1Mn0.1O2), NCM91
LiNi0.91Co0.06Mn0.03O2)) have become key materials. However,
hen the operating voltage is raised above 4.4 V or subjected
his is an open access article under the terms of the Creative Commons Attribution Licen
riginal work is properly cited.
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to high‑rate charging, these cathodes suffer from rapid inter-
facial degradation, severe electrolyte oxidation, and structural
instability, which collectively limit their practical deployment.
In this context, the electrolyte chemistry plays a decisive role in
governing interfacial reactions and ultimately determining cell
performance and lifetime [3–5]. A central concept in electrolyte
design is the solvation structure of Li+, which reflects the
competitive coordination between solvent molecules and anions.
Because both species can act as ligands through ion–dipole or
ion–ion interactions, the resulting solvation environment dictates
Li+ desolvation kinetics, interfacial charge transfer, and the
chemical composition of the solid electrolyte interphase (SEI)
and cathode electrolyte interphase (CEI) [6–8]. In recent years,
se, which permits use, distribution and reproduction in any medium, provided the
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eakly solvating electrolytes (WSEs) have attracted considerable
ttention, as they favor anion-dominated solvation structures,
educe Li+ desolvation barriers, and promote the formation of
obust, inorganic-rich interphases even at moderate salt concen-
rations [9–12] Consequently, compared to high-concentration
lectrolytes [13, 14] and localized high-concentration electrolytes
15, 16], WSEs achieve a more balanced performance by simul-
aneously reducing viscosity and desolvation energy barriers,
hile preserving favorable solvation motifs associated with
oncentrated systems [17].

espite these advantages, the weak solvation chemistry of WSEs
s intrinsically constrained by the limited dielectric constant of
he solvents employed, which inevitably restricts lithium salt
olubility. In contrast, high-dielectric-constant solvents readily
issolve lithium salts but typically exhibit strong coordination
ith Li+, leading to elevated desolvation barriers and sluggish
nterfacial kinetics. This fundamental trade-off poses a long-
tanding challenge: how to reconcile high salt solubility with
eak Li+–solvent interactions within a single electrolyte system.
ere, we propose a mitigation through molecular design rather
han solvent polarity reduction. Specifically, the introduction of
ulky and electron-withdrawing substituents, e.g., the trifluo-
omethyl group (─CF3), provides an effective strategy to decouple
ielectric constant from Li+ binding strength. The ─CF3 group
xerts pronounced steric hindrance owing to the tetrahedral
rrangement of fluorine atoms around the central carbon, which
ccupies substantially more space than a conventional methyl
roup (-CH3) [18, 19]. Moreover, the intrinsically “lithiopho-
ic” and strong electron-withdrawing nature of –CF3 alters the
ocal electronic environment, further weakening solvent and Li+
nteractions. These effects weaken solvent–Li+ interactions even
n polar molecules, thereby inducing a pseudo–weak solvation
nvironment that retains high salt solubility.

uided by this design principle, we develop a novel elec-
rolyte system based 2,2,2-trifluoro-N, N-dimethylethylacetamide
DMTFA) in combination with fluoroethylene carbonate (FEC)
s co-solvents to dissolve dual lithium salts (lithium hexafluo-
ophosphate (LiPF6) and lithium difluoro(oxalato)borate (LiD-
OB)). Benefiting from its –CF3-functionalized molecular struc-
ure, DMTFA simultaneously offers high polarity for efficient
alt dissolution and a weakened Li+ coordination environment,
esulting in fast Li+ desolvation kinetics. Moreover, DMTFA
rovides a wide electrochemical window (>5.0 V vs Li/Li+)
nd high oxidative stability, making it particularly suitable for
igh-voltage cathodes such as NCM91. At the same time, the
trong electron-withdrawing nature of the─CF3 group inDMTFA
educes molecular reactivity, effectively suppressing parasitic
xidative decomposition at the cathode surface under high-
oltage. The introduction of FEC as a co-solvent further improves
nterfacial solubility, while the addition of LiDFOB introduces
FOB− anions into the solvation sheath, facilitating the for-
ation of B- and F-enriched CEI layers to protect the cathode
nterface fromhydrogen fluoride (HF) corrosion. Collectively, this
lectrolyte design enables rapid Li+ transport, mitigates lithium
endrite growth, and stabilizes electrode–electrolyte interfaces.
hen pairedwith the high-nickel cathodeNCM91, the electrolyte
emonstrates excellent high-voltage (up to 4.8 V) and fast-
harging performance, while maintaining good capacity and
ong-term cycling stability even under demanding charge levels
of 12
(4.5 V) and 4 C conditions. Notably, Ah‑level pouch cells based
on this electrolyte achieve stable operation for over 1800 cycles at
4.6 V, underscoring the practical viability of the pseudo-weakly
solvating electrolyte concept.

2 Results and Discussion

2.1 Design of Pseudo-Weakly Solvating Structure

Density functional theory (DFT) and molecular dynamics (MD)
simulations were used to study the solvation structure at the
atomic scale, providing complementary theoretical insights into
molecular interactions and guiding electrolyte design. Figure 1a
shows the calculated energy levels of the four components in
the PD14 electrolyte (1 M LiPF6 + 0.1 M LiDFOB in FEC:
DMTFA (1:4 v/v)). LiDFOB possesses the lowest unoccupied
molecular orbital (LUMO) energy level (−1.840 eV), indicating its
highest electron affinity and preferential reduction at the lithium
metal surface, which promotes the formation of a robust SEI. In
contrast, the highest occupied molecular orbital (HOMO) energy
level of the DMTFA-Li complex decreases markedly from −7.136
to −11.885 eV upon Li+ coordination, demonstrating enhanced
oxidation stability. Benefiting from the lone-pair electrons on its
carbonyl oxygen, DMTFA exhibits strong coordination capability
toward Li+. Consistently, binding energy calculations reveal a
stronger Li+ affinity of DMTFA than that of FEC, suggesting
its preferential involvement in the primary solvation sheath of
Li+ (Figure 1b). MD simulations of radial distribution func-
tions (RDF) further confirm these findings. In the absence of
DMTFA (Figure 1c,e), Li ions primarily coordinate with oxygen
atoms of FEC, showing a high coordination number. Although
DFOB− anions participate in the first solvation sheath, their
low concentration (0.1 M) limits their contribution. After adding
DMTFA (Figure 1d,f), the strong Li–O(C═O) coordination occurs,
combined with the high DMTFA fraction (80 vol.%) in the PD14
electrolyte ensures its dominance in the primary solvation sheath
of Li ions. However, the inherent steric hindrance and electron-
withdrawing effect of the─CF3 groupweakened the coordination
ability of the oxygen atom, resulting in a relatively low coordina-
tion number at 3.025, andDMTFA fluorine atoms shownegligible
coordination with Li ions. Meanwhile, the coordination number
between FEC and Li ions nearly vanishes (from 3.716 to about 0),
while DFOB− anion participation increases, indicating solvation
sheath reconstruction driven by DMTFA.

To investigate the DMTFA-induced solvation structure, liquid-
state nuclear magnetic resonance (NMR) and Raman spec-
troscopy were performed on electrolytes with different compo-
sitions: pure FEC solvent, pure DMTFA solvent, PA electrolyte
(1 M LiPF6 in DMTFA), PFA electrolyte (1 M LiPF6 in FEC:
DMTFA (1:4 v/v)), PD14 electrolyte, and PD15 electrolyte (1 M
LiPF6+0.1 M LiDFOB in FEC: DMTFA (1:5 v/v)). As shown in
Figure S1 andFigure 1g, theRaman spectra revealed characteristic
vibrational modes in different regions: the 400–800 cm−1 region
primarily corresponds to inorganic salts (LiPF6, LiDFOB), with
P-F symmetric stretching vibration peaks appearing near 700–
750 cm−1 and B-F vibration peaks near 500–600 cm−1 [20, 21].
Organic solvent bonds such as C-O and C-F may appear in the
800–1600 cm−1 range [22]. In the PA system, where DMTFA
serves as the single solvent, strong peaks were observed for
Advanced Energy Materials, 2026
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FIGURE 1 (a) LUMO-HOMO energy levels and (b) binding energies with lithium ions for various solvents. MD simulation snapshots and RDFs
for (c,e) electrolyte without DMTFA and (d,f) PD14 electrolyte. (g) Local Raman spectra, (h) 1H NMR, and (i) 7Li NMR spectra for different solvents and
electrolytes. (j) Schematic illustration of the solvation structures in different electrolytes.
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═O (∼1700 cm−1), CH3 (∼1425 cm−1), and C-F (∼760 cm−1),
hile the P-F peak of PF6− (∼750 cm−1) appeared weak or
verlapped with DMTFA peaks. This suggests either incomplete
issolution of LiPF6 or weak interaction with DMTFA, indicating
i+maypreferentially coordinatewith theC═Ogroup ofDMTFA.
owever, the strong shielding effect of DMTFA likely limits Li+
ontact with PF6−, masking the PF6− signal.WhenFECwas intro-
uced (PFA system), the overall spectral pattern remained largely
dvanced Energy Materials, 2026
unchanged, while the C═O peak intensity slightly decreased,
possibly due to competition between FEC and DMTFA for Li+
coordination. In PD14, the addition of DFOB− weakened the
P-F peak of PF6− through competitive coordination, forming
more stable coordination structures with Li+ (e.g., [Li+-DFOB−])
complexes that stabilize Li+ solvation and suppress PF6−/FEC
decomposition. To further demonstrate the strong coordination
between DFOB− and Li+, solvation structures with and without
3 of 12
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iDFOB were constructed, respectively. As shown in Figure
2, RDF calculations reveal that upon the addition of a small
mount of DFOB−, the coordination number of PF6− slightly
ecreases, while that of DFOB− is slightly higher than that
f PF6−. This indicates that DFOB− can preferentially form a
table coordination with Li+ and partially replace PF6− in the
olvation sheath of the electrolyte. Furthermore, the solvation
heath binding energy shows that the binding energy of the
heath containing DFOB− is more negative than that without
FOB−, suggesting that DFOB− is more prone to participate in
he solvation structure compared to PF6−. The appearance of
ree FEC peaks at 868 and 1825 cm−1 confirms this competition,
onsistent with RDF results. In the PD15 system with additional
MTFA, the P-F peak of PF6− further weakened, forming a
MTFA-dominated solvation sheath that actually limits PF6−
issociation. Notably, free DMTFA peaks remained prominent in
ll four electrolyte systems (PA, PFA, PD14, PD15), demonstrating
hat in the solvation sheath, the three F atoms of ─CF3 create
steric barrier around the carbonyl oxygen, hindering Li+
ccess to its lone pair electrons, while their electron-withdrawing
ffect reduces the electron cloud density of the oxygen atom.
his results in minimal Li+ coordination by DMTFA, establish-
ng a solvation structure typical of a pseudo–weak solvation
nvironment.

MR analysis further substantiates these conclusions. In the
A system, the 1H NMR (Figure S3a, Figure 1h) shows the
roton signal of the N(CH3)2 group in neat DMTFA located at
pproximately 2.68-2.80 ppm. When DMTFA serves as the sole
olvent in the presence of LiPF6 (PA system), this signal distinctly
hifts downfield to approximately 2.82-2.95 ppm, indicating a
ignificant coordination interaction between Li+ and DMTFA.
he coordination of Li+ with the carbonyl oxygen redistributes
he electron density of the amide group through an inductive
ffect, reducing the shielding effect around the protons of the
(CH3)2 group, which consequently gives rise to a downfield
hift of the 1H signal [23]. Upon the introduction of FEC, the
roton signal of DMTFA shifts further downfield, indicating that
he addition of FEC alters the local coordination environment
round Li+, with both FEC and DMTFA jointly participating in
he construction of the Li+ solvation structure, thereby further
odulating the electronic environment of DMTFA. In the PD14
ystem, the -CH3 signal continues to shift downfield, suggesting
hat the introduction of DFOB− further reconstructs the primary
i+ solvation sheath. Combined with Raman spectroscopy and
D simulation results, it can be inferred that DFOB− partially
nters the primary solvation sheath and participates in Li+
oordination, thereby altering the electronic environment of the
MTFA molecules involved in coordination. When the DMTFA
roportion is further increased to PD15, the -CH3 signal shifts
lightly upfield compared to that of PD14, indicating that the aver-
ge Li+-DMTFA interaction experienced by DMTFAmolecules is
omewhat weakened, which is consistent with the formation of
more rigid DMTFA-enriched solvation structure constructed by
n excessive amount of DMTFA. In the 19F NMR (Figure S3b, c),
he -CF peak signal of FEC appears at−123 ppm, while while neat
MTFA exhibits a prominent ─CF3 singlet signal at −70.6 ppm.
pon the addition of LiPF6, new weak peaks emerge at −72.9
pm and −74.8 ppm. However, it is noteworthy that the main
CF3 peak ofDMTFA shifts only slightly from−70.6 ppm to−70.3
pm, showing virtually no significant chemical shift variation.
of 12
This indicates that the ─CF3 group is only weakly affected by Li+
coordination. The absence of appreciable chemical-shift changes
across different electrolyte formulations further confirms that
DMTFA undergoes no detectable decomposition, consistent with
the Raman spectroscopy and MD simulation results. This is
consistent with the results of Raman and MD data. In the
NMR 7Li spectrum (Figure 1i), the signal peak shifts downfield
from PD14 to PD15, indicating stronger Li+–solvent coordina-
tion and reduced anionic participation with increasing DMTFA
content [24].

Based on the above data analysis, schematic illustrations of the
solvation structures for the four electrolytes are presented in
Figure 1j. It can be concluded thatDMTFAdominates the primary
solvation sheath of Li+ in the PA system. In the PA system,
LiPF6 exhibits limited dissociation, with PF6− existing mainly
as contact ion pairs, constraining ionic conductivity. After the
introduction of FEC (PFA system), the C-O groups of FEC form
competitive coordination with Li+, partially replacing DMTFA
and forming a mixed solvation sheath. The addition of FEC
dilutes the concentration of DMTFA, weakens its coordination
effect,while the high-dielectric environment provides strong elec-
trostatic screening that disrupts contact ion pairs and liberates
anions, thereby improving the ionic conductivity. Meanwhile,
the fluorine-containing characteristics of FEC contribute to the
formation of a stable SEI film enriched with LiF. The addition
of LiDFOB (PD14 system) introduces DFOB− anions, which
strongly chelate Li+ ions via their carbonyl oxygen atoms, forming
stable complexes like [Li+-DFOB−]. This reconstructs the primary
solvation sheath and preferentially directs the decomposition of
DFOB− during SEI/CEI formation. This preferential reduction
suppresses the detrimental decomposition of PF6−, leading to a
more stable and functional interphase. In PD15, the excessively
high DMTFA fraction leads to a DMTFA-dominated and rela-
tively rigid solvation structure. The over-enrichment of DMTFA
in the primary solvation sheath weakens the synergistic solva-
tion effect between FEC and DMTFA, increases the proportion
of tightly bound ion pairs and aggregates. Consequently, Li+
transport is hindered, resulting in a decreased ionic conductiv-
ity. The “pseudo-weakly solvating” characteristic of PD14 does
not pursue extreme “weak coordination.” Instead, it skillfully
leverages steric and electron-withdrawing effects to modulate
reaction kinetics and employs preferential coordination by the
functional anion (DFOB−) to guide favorable interfacial reac-
tions without significantly compromising ion transport rates.
Consequently, this design achieves precise regulation of a clever
solvation structure that balances polar solvent molecules with
weak Li+ coordination, while maintaining relatively high ionic
conductivity.

2.2 Electrolyte Physical Properties and
Compatibility With Lithium Anode

The use of DMTFA solvent successfully established an effec-
tive “pseudo-weakly solvating” environment. Benefiting from its
inherent strong polarity, the Li+ transport kinetics of the entire
electrolyte system were also enhanced. Contact-angle tests (see
Figure 2a,b) reveal that PD14 exhibits significantly improved wet-
tability compared to the system without DMTFA, with its contact
angle reduced by nearly half. This clearly demonstrates that
Advanced Energy Materials, 2026
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FIGURE 2 Contact-angle test for (a) PD14 and (b) the PD14 electrolyte without DMTFA. Activation energy barrier for (c) Li+ transport through the
SEI and (d) Li+ desolvation. (e) Electrochemicalwindowof the three electrolytes; ignition test of (f) PD14 and (g) LB008 electrolytes. Cycling performance
of Li||Li symmetric cells at 1 mAh cm−2 under (h) 1 mA cm−2, (i) 2 mA cm−2 and (j) various current densities (see values in the figure). (k–m) SEM
images of lithium metal surface after first-cycle deposition in PD14, PD15 and LB008.
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MTFA incorporation effectively improves electrolyte wetting
bility. Furthermore, Figure S4 presents the difference in wetting
ehavior betweenFECandDMTFA.Owing to the rapid spreading
nd instantaneous infiltration of neat DMTFA, its contact angle
ould not be accurately determined; in contrast, neat FECexhibits
contact angle of 52.32◦. As DMTFA is added, the contact angle of
D15 decreases to 31.60◦, which is smaller than that of PD14, indi-
ating that a higher proportion of DMTFA can further enhance
he wetting performance of the electrolyte. Activation energy bar-
iers for Li+ transport and desolvation within the SEI are critical
arameters to evaluating electrolyte performance. Lowering these
arriers enhances Li+ transport efficiency, reduces polarization,
itigates lithium dendrite growth risks, and improves interfacial
tability, thereby extending battery cycle life [25, 26]. To quantify
on transport dynamics, electrochemical impedance spectroscopy
EIS) was conducted on Li||Li symmetric cells within 25◦C and
0◦C (Figure S5), and the activation energy was extracted by
rrhenius fitting (Figure 2c,d). PD14 electrolyte exhibited the
owest activation energy barrier for Li+ transport through the
dvanced Energy Materials, 2026
SEI (Ea1) and activation energy barrier for Li+ desolvation (Ea2),
facilitating rapid ionic transport and improving rate performance.
The ionic conductivities of various formulations were then evalu-
ated at room temperature. As shown in Figure S6, all PD-series
electrolytes exhibit higher conductivity than the commercial
LB008 electrolyte. At 30◦C, PD14 records 9.13 mS cm−1, whereas
PD15, owing to limited lithium-salt dissociation, reaches 8.97 mS
cm−1; commercial LB008 gives 7.42 mS cm−1. In addition, the
lithium-ion transference number (𝑡𝐿𝑖+ ) of the various electrolytes
are presented in Figure S7. The 𝑡𝐿𝑖+ values for PD14, PD15, and
LB008 are 0.59, 0.47, and 0.43, respectively. PD14 simultaneously
exhibits relatively high ionic conductivity and the highest Li+
transference number among the three systems, indicating that
the solvation environment constructed by the synergy of high
polarity and steric hindrance can facilitate efficient Li+ transport
and enhance its contribution to the total ionic conduction. This
is beneficial for mitigating concentration polarization, thereby
laying the foundation for the superior rate capability and cycling
stability observed in subsequent tests.
5 of 12
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he electrochemical stabilitywindowof the PD-series electrolytes
as investigated using linear sweep voltammetry (LSV) to assess
heir high-voltage applicability. As shown in Figure 2e, the PD-
eries electrolytes exceed 4.9 V, with PD14 even reaching up to
.28 V, indicating that the PD-series electrolytes possess superior
xidation resistance, fully meeting the operational requirements
or high-voltage lithium batteries. Safety performance is another
ritical metric for electrolyte design, thus, flame tests were
onducted as illustrated in Figure 2f,g. The results show that
D14 exhibits excellent flame-retardant properties, remaining
on-flammable even under continuous ignition. In contrast,
he commercial LB008 electrolyte continued to burn after the
gnition source was removed. These results confirm that PD14
ay greatly enhance the safety performance of batteries, effec-
ively addressing the flammability issue of conventional organic
lectrolytes.

he interfacial compatibility of PD electrolytes with lithium
etal was evaluated using Li||Li symmetric cells cycled at current
ensities of 1, 2, and 4 mA cm−2. As shown in Figure 2h,
nder the 1 mA cm−2 condition, PD14 exhibited stable cycling
or 1000 h while maintaining a steady polarization voltage.
D15 also sustained over 800 h of cycling before showing an
ncrease in polarization voltage. Even at higher current densities
f 2 and 4 mA cm−2 (Figure 2i and Figure S8), the PD-series
lectrolytes still demonstrated stable cycling for over 300 and
00 h, respectively. In contrast, the cell with LB008 electrolyte
xperienced a rapid rise in polarization voltage and early failure,
ikely caused by lithium dendrites piercing the separator.

emarkably, even at a high current density of 6 mA cm−2,
i||Li cells employing PD14 and PD15 electrolytes maintained
ow polarization voltages and stable cycling. Moreover, when
he current density was reduced to 0.5 mA cm−2, the cells
ontinued to demonstrate excellent cycling performance. In
ontrast, the LB008 electrolyte-based cell failed rapidly under
mA cm−2 (Figure 2j). These results indicate that the PD-
eries electrolytes exhibit superior compatibility with lithium
etal anodes, effectively suppressing lithium dendrite formation
nd preventing interfacial degradation. The EIS results (Figure
9) further confirmed that the interfacial impedance of PD14
ignificantly decreased with cycling, ultimately stabilizing at a
uch lower value thanLB008 after 100 cycles.However, excessive
MTFA (PD15) led to the electrolyte impedance increase (high
requency intercept) after prolonged cycling. To further quan-
itatively evaluate the reversibility of lithium plating/stripping
n different electrolytes, the Aurbach method was employed to
easure the Coulombic efficiency (CE) of Li||Cu cells. As shown
n Figure S10, PD14 delivers a high average CE of 98.90%, while
D15 exhibits a slightly lower value of 98.61%, both of which are
ignificantly superior to that of the LB008 system (88.21%). These
esults indicate that both PD14 and PD15 can effectively suppress
he formation of “dead lithium” and parasitic side reactions,
hereby achieving significantly enhanced reversibility of lithium
lating/stripping.

o better understand lithium deposition behavior on lithium
nodes under different electrolytes, scanning electron
icroscopy (SEM) was performed on Li||Li symmetric cells after
he first cycle. As shown in Figure 2k–m, PD-series electrolytes
xhibited a dense, block-like lithium deposits without noticeable
of 12
lithium dendrite formation. PD14 in particular yielded compact
and uniformdeposits, indicating uniformdiffusion and reduction
of lithium ions on the electrode surface. In contrast, the cell
with LB008 showed extensive filamentary lithium dendrites,
explaining their rapid failure. In situ optical microscopy (Figure
S11) corroborated these findings: LB008 led to uneven and
dendritic deposition over time, while PD14 enabled uniform and
dense deposition forming a thin, continuous layer. Both SEM
and in situ optical microscopy confirm that PD-series electrolytes
effectively suppress lithium dendrite growth, reducing the risk of
separator penetration, and markedly improve overall cell safety
and stability.

2.3 High-Voltage and Fast-Charging Cycling
Performance of NCM91

To investigate the compatibility between PD14 and high-nickel
cathodes, Li||NCM91 cells were assembled for testing. As shown
inFigure 3a, at a cutoff voltage of 4.3 V, PD14 enabled highly stable
cycling for 1000 cycles, delivering a discharge specific capacity
of 125.32 mAh g−1, corresponding to a capacity retention of
73.94%. The PD15 electrolyte, with a higher DMTFA content, also
demonstrated good cycling stability, achieving 68.19% capacity
retention after 800 cycles. In sharp contrast, the commercial
LB008 electrolyte-based cell exhibited severe capacity degra-
dation after only 250 cycles. The electrolyte without DMTFA
(designated as PDF: 1 M LiPF6 + 0.1 M LiDFOB-FEC) failed
to support cycling in Li||NCM91 cells due to excessively high
impedance (Figure S12). To further probe high-voltage durability,
cycling was examined at cutoff voltages of 4.5, 4.6, and 4.7 V. At
4.5 V (Figure 3b and Figure S13), PD14 supported stable cycling
for 500 cycles with 78.55% capacity retention, while PD15 showed
inferior performance compared to PD14, i.e., 86.51% vs 91.98%
after 300 cycles. The corresponding charge/discharge curves are
shown in Figure S13. Under more challenging conditions of 4.6
and 4.7 V, PD14 demonstrated superior performance,maintaining
81.26% and 84.50% capacity retention after 300 cycles, respectively
(Figure S14). The highest capacity retention at 4.7 V infers for
a more performing CEI established at such high voltage. In
contrast, as shown in Figure S15, both the PA and PFA control
electrolytes exhibit significant capacity decay at a cutoff voltage of
4.7 V. To verify the rationality of the solvent composition in PD14,
we reduced the DMTFA volume fraction to formulate the PD13
electrolyte for comparison. The results show that PD13 achieves
a capacity retention of only 57.03% after 300 cycles, which is
significantly lower than that of PD14, indicating that the solvent
composition adopted in PD14 is more favorable for achieving
stable high-voltage cycling performance.

Interestingly, the DMTFA single-solvent electrolyte (11PD:
1 M LiPF6 + 0.1 M LiDFOB in DMTFA) also demonstrated an
electrochemical window exceeding 5 V and maintained normal
charge/discharge behavior at a 4.8 V/1 C condition, although its
cycling retention remained insufficient (Figure S16). In contrast,
cells using PD14 electrolyte with FEC co-solvent exhibited stable
cycling for 100 cycles while maintaining over 90% capacity
retention (Figure 3c). The LB008 electrolyte showed inferior
performance with only 82.81% capacity retention (Figure 3c),
with corresponding charge/discharge curves presented in
Figure 3d,e. EIS (Figure 3f, g) revealed that PD14 electrolyte
Advanced Energy Materials, 2026
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FIGURE 3 Electrochemical performance of Li||NCM91 cells with different electrolytes at 1 C: (a) at 4.3 V, (b) at 4.5 V, (c) at 4.8 V,with corresponding
(d,e) selected charge–discharge curves and (f,g) EIS. (h) Rate capability from 0.1 C to 8 C at 4.5 V.
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xhibited continuously decreasing impedance during cycling,
ttributable to superior interfacial film formation that facilitated
on transport. After 50 cycles, its impedance became significantly
ower than LB008. Compared to other electrolytes, PD14 offered
utstanding cycling stability at high cutoff voltages, indicating
ffective suppression structural degradation of the Ni-rich
athode. Rate capability tests at 4.5 V under 0.1 C–8 C rates
Figure 3h) showed that PD14 enabled approximately 140 mAh
−1 specific capacity even at 8 C rate, with high-capacity recovery
hen returning to 0.1 C. Conversely, LB008 electrolyte exhibited
ignificant capacity fading above 6 C, delivering less than 100
Ah g−1 at 8 C rate.

onsidering the demand for fast-charging devices, the cycling
erformance of PD14 was evaluated at 4.5 V cutoff voltage under
igh rates of 2 C and 4 C (Figure 4a, b). The results show as
D14 maintained 89.94% capacity retention after 500 cycles at 2
rate, and over 70% capacity retention even at the ultra-high 4
rate, demonstrating outstanding fast charge/discharge cycling
erformance. To demonstrate the superior reversibility of lithium
nodes with PD14, full-cell tests were performed with 50 µm-
hin lithium anodes (Figure 4c). At 4.5 V charge cut-off voltage,
he cell maintained 87% capacity retention after 350 cycles, while
ells with LB008 suffered abrupt capacity decay after 170 cycles,
elivering less than 20mAh g−1 by 350 cycles. This confirms PD14
o form a highly stable SEI, effectively suppressing continuous
dvanced Energy Materials, 2026
electrolyte decomposition and lithiumcorrosionwhile promoting
uniform lithium plating.

Differential capacity (dQ/dV) curves provide insights on the elec-
trochemical reactions by showing voltage derivatives of charge
quantity [27]. For LB008, peak shifts toward lower potentials and
significant attenuation occurred during cycling, nearly vanishing
after 300 cycles, indicating severe polarization, lithium deple-
tion, and irreversible H2-H3 phase transitions corresponding
to capacity loss [28, 29]. In contrast, PD14-based cells showed
minimal peak shift in the first 100 cycles and only minor shift
by 300 cycles, indicating a suppressed structural collapse of the
cathode (Figure 4d,e). Pouch cell testing provides more practical
evaluation of electrolyte performance. The PD14 electrolyte was
introduced into approximately 1.6 Ah Graphite||NCM91 pouch
cells (N/P = 1.1), which were cycled at 4.6 V, as shown in
Figure 4f,g. The pouch cells demonstrated extended cycle life
under high-voltage conditions, achieving an exceptional capacity
retention of 84.97% after 1800 cycles with an average Coulom-
bic efficiency near 100%. This directly proves that the PD14
electrolyte designed in this experiment is inherently compatible
with the NCM91 cathode. It also demonstrates the electrolyte’s
versatility: it can stabilize highly reactive lithium metal anodes,
support high-voltage cathodes, and maintain the performance
of traditional graphite anodes without compromise. Combined
with the stable cycling results of high-capacity pouch cells, these
7 of 12
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FIGURE 4 Electrochemical performance of Li||NCM91 cells evaluated at 4.5 V: (a) cycling stability at 2 C and (b) at 4 C. (c) Cycling performance
of 50 µm Li||NCM91 cells with (d,e) corresponding selected dQ/dV curves. (f,g) Structure and 4.6 V cycling performance of Gr||NCM91 pouch cells.
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indings collectively demonstrate the strong potential of PD14 for
ext-generation high-energy-density battery systems.

.4 Cathode Interface Morphology and
omposition

he NCM ternary cathode undergoes irreversible structural
egradation during cycling in lithium metal batteries, which
s a major factor contributing to capacity decay. The signifi-
ant lattice mismatch between the layered bulk structure and
urface rock-salt phase generates high interfacial lattice strain,
ltimately leading to irreversible structural deterioration through
ulk fatigue under high-voltage cycling [30]. Consequently,
hemo-mechanical cracking is frequently observed in cycled
i-rich cathode particles, which is believed to accelerate side
eactions with the electrolyte and promote the formation of a
hick and low ionic conductivity CEI layer [31, 32]. As shown
n Figure 5a–c, after 500 cycles at 4.5 V and 2 C, cathodes
ycled in PD14 electrolyte maintained intact secondary particles
ith tightly interconnected primary particles. In contrast, those
ycled in PD15 exhibited minor microcracks, while those in
B008 showed severe cracking of secondary particles, correlating
ith pronounced capacity decay. Cross-sectional SEM images
f NCM91 cathodes further confirmed these trends. After 500
of 12

t

cycles, PD14-electrolyte cells displayed only slight microcracks,
whereas control samples exhibited pronounced internal fractur-
ing (Figure S17). Similarly, post-cycling morphology at 4.8 V
after 100 cycles (Figure S18) demonstrated severe particle frag-
mentation in LB008, while PD14-preserved particles retained
structural integrity. This superior cathode stability correlateswith
the exceptional high-voltage performance of PD14.

In lithium batteries, the NCM cathode material undergoes
structural transformations during charge/discharge cycles, par-
ticularly under high-voltage or high-temperature conditions.
Transition metal ions may migrate from their original sites into
lithium layers, causing structural instability. This migration is
often accompanied by oxygen vacancy formation, as transition
metal ions may carry away oxygen atoms during displacement,
or oxygen deficiency may facilitate metal ion movement. Such
structural changes favor the collapse of the R-3m layered struc-
ture to spinel (e.g., LiNi2O4) or rock-salt phases (e.g., NiO) [33].
These transformations negatively impact battery performance,
manifesting as capacity fade and voltage decay. To elucidate
how different electrolytes affect surface reconstruction and CEI
development, high-resolution transmission electron microscopy
(HRTEM) was employed to examine CEI morphology after 100
cycles at 4.8 V (Figure 5d,f). The PD14 electrolyte formed an
ultrathin (4.68 nm), smooth, and uniform CEI layer, while the
Advanced Energy Materials, 2026
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FIGURE 5 Li||NCM91 cell analysis: (a–c) SEM of cathodes after 500 cycles at 4.5 V/2C in the three electrolytes. TEM and in situ XRD of a cathode
cycled at 4.8 V in (d, e) PD14 and (f, g) LB008.
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athode maintaining distinct layered structure characteristics.
n stark contrast, LB008 produced a CEI layer approximately
8.23 nm thick (four times thicker than PD14) with irregular
rotrusions, accompanied by pronounced rock-salt phase for-
ation in the active material—evidence of irreversible phase
ransitions. Similar observations were made for NCM91 cathodes
fter 300 cycles at 4.3 V (Figure S19). The PD14 electrolyte
gain generated a thinner CEI (8.25 nm) and well-preserved
attice.

n situ X-ray diffraction (XRD) further corroborated the superior
tructural stability imparted by PD14. Cells containing the two
lectrolytes were cycled at 4.8 V under 0.2 C for 2 cycles to
onitor lattice parameter evolution. As shown in Figure 5e,g, the
CM91 cathode underwent sequential phase transitions during
harge/discharge: from hexagonal H1 phase to monoclinic M
hase, then to hexagonal H2 phase, and finally to hexagonal
dvanced Energy Materials, 2026
H3 phase. During the initial charging stage, the (003) peak
first shifted toward lower 2θ angles and then to higher angles,
indicating significant c-axis lattice contraction during the H2-
H3 phase transition. When charged to 4.8 V, the maximum
peak shift in PD14 was 1.43◦, smaller than the shift of LB008
(1.47◦). Similar trends were also observed for the (104) reflection.
These results confirm that PD14 effectively suppresses excessive
c-axis contraction and mitigates irreversible lattice deforma-
tion, thereby enhancing structural resilience during high-voltage
cycling [34, 35].

To further investigate and compare the composition of the CEI
formed in various electrolytes, X-ray photoelectron spectroscopy
(XPS) was performed on cathodes cycled in PD14 and LB008.
According to the XPS elemental analysis results in Figure S20, the
LB008 control group exhibited a significantly higher percentage
of organic-related elements (C and O), while in contrast, the
9 of 12
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FIGURE 6 XPS spectra of NCM91 cathode after 100 cycles at 4.8 V/1C: (a) F 1s, Li 1s, N 1s, (b) P 2p, O 1s, and B 1s. (c) Calculation of adsorption
energies for various species on theNCM interface. (d) Schematic illustration of the interfacialmechanisms of LB008 and PD14 electrolytes at the cathode.
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D14 experimental group showed a more prominent proportion
f the F element, which represents inorganic components. As
hown in Figure 6a,b, the F 1s and Li 1s spectra revealed
igher LiF inorganic content in the CEI of the PD14-cycled
athode, which significantly enhances mechanical strength and
hemical inertness. Meanwhile, due to its electronic insulating
ature (with a bandgap of approximately 14.6 eV), LiF blocks
lectron tunneling and prevents continuous decomposition of
he electrolyte [36]. Additionally, B-F species were detected
n the CEI of the cathode tested in PD14. The P 2p and O
0 of 12
1s spectra showed distinct P-O and B-O components on the
PD14 cathode compared to LB008, with B-F and B-O bonds
corresponding to features in the B 1s spectrum. These boron-
based compounds form a uniform interfacial film that suppresses
electrolyte oxidative decomposition and reduces the generation
of gases such as CO2 and O2 [37, 38]. The presence of P-O species
helps delay cathode structural collapse, inhibits layered-to-spinel
phase transitions, and stabilizes high-voltage performance of the
cell. Simultaneously, both components can preferentially adsorb
onto the cathode surface, thereby preventing corrosive attack
Advanced Energy Materials, 2026
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rom residual HF in the electrolyte on the cathode material [39].
s shown in Figure 6c, the adsorption energies of PF6− and
FOB− decomposition products (PO2F2− and BOF2−) as well as
F on theNCM91 cathode interfacewere calculated, respectively.
he results show that the adsorption energies of both PO2F2−
nd BOF2− on the NCM91 surface are more negative than
hat of HF, indicating that these decomposition products have
tronger affinity to the cathode interface. They preferentially
ind to and passivate the cathode surface, protecting it from
F attack. Meanwhile, in situ differential electrochemical mass
pectrometry (DEMS) results confirmed (Figure S21) that during
he charging of Li||NCM91 cells to 4.8 V, the cell with PD14
lectrolyte generated a significantly lower amount of HF gas
ompared to the LB008 electrolyte. This indicates that PD14 can
ffectively suppress HF generation. Furthermore, Li3N was iden-
ified in the N 1s spectrum due to the N(CH3)2 group in DMTFA,
ith its ultrahigh Li+ conductivity (∼10−3 S cm−1) significantly
educing cathode/electrolyte interfacial resistance and improving
ate capability [40, 41]. These beneficial components were also
etected on cathodes cycled at 4.3 V/1 C (Figure S22), further
onfirming the advantageous interfacial decomposition of PD14
lectrolyte anions.

he reaction mechanisms for cells with PD14 and LB008 elec-
rolytes are shown in Figure 6d. In PD14, the ─CF3 group’s
teric hindrance and electron-withdrawing effect promote weak
MTFA-Li+ coordination. This drives anions (PF6−/DFOB−) to
ecompose preferentially at the interface, forming a thin, uni-
orm, and inorganic-rich CEI layer on the NCM91 cathode. This
esign effectively suppresses transition metal dissolution and
rreversible phase changes in the high-nickel cathode, mitigating
tructural damage and providing a key foundation for a stable
ystem. In contrast, commercial LB008 electrolyte lacks such
olvation control. Its interface is governed by disordered solvent
ecomposition, leading to a thick, uneven, and organic-heavy
EI layer that offers poor protection. This disordered interfacial
volution fundamentally explains its inferior cycling stability
ompared to PD14.

Conclusions

his work establishes a transferable electrolyte design paradigm
n which Li+ coordination strength is decoupled from sol-
ent polarity through synergistic steric–electronic regulation.
y employing a strongly polar yet sterically hindered solvent,
MTFA, the Li+ solvation environment is fundamentally recon-
igured: although DMTFA participates in the solvation sheath,
ts –CF3–induced steric hindrance and electron-withdrawing
ffects suppress direct Li+ coordination and shift the solvation
quilibrium toward FEC and PF6−/DFOB− anions. This tailored
oordination chemistry drives preferential anion-derived inter-
acial reactions, leading to the in situ formation of a dense,
norganic-rich composite interphase dominated by LiF and dis-
inctive B–F, B–O, P–O, and Li3N species. As a result, continuous
lectrolyte oxidation, transition-metal dissolution, and interfacial
arasitic reactions are effectively suppressed, enabling stable
i||NCM91 cycling up to 4.8 V, sustained fast-charging operation
4.5 V, 2 C/4 C) for over 500 cycles, and an 84.97% capacity
etention after 1800 cycles in a∼1.6 Ah pouch cell at 4.6 V. Beyond
his specific system, our results demonstrate that steric and
dvanced Energy Materials, 2026
electronic molecular engineering provides a powerful route to
rationally design high-performance electrolytes for high-energy,
high-voltage lithium batteries.
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