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ABSTRACT: In situ polymerization technology presents a promising NN N
electrolyte interfacial contact. However, its application is often — VAR R
compromised by slow Li" kinetics at low temperatures and poor stability Spontaneous polymerization reaction & JA A A
against high-voltage cathodes. While succinonitrile (SN) has been NL N N NJ,

introduced as a plasticizer to enhance ionic conductivity and oxidation
resistance, it exhibits high reactivity toward Li metal, causing continuous
side reactions and an unstable interface. Herein, we propose a methoxy-
functionalized strategy to address the SN—Li molecular crosstalk by
methoxylating one terminal of SN, resulting in 3-methoxypropionitrile
(MPN), which is incorporated into an in situ polymerized poly(1,3,5-
trioxane) electrolyte. Among them, the methoxy group introduces a
weakly positive dipole via its C—H bond, which not only significantly
lowers the freezing point to —62.9 °C, much lower than that of SN (50 °C), resulting in enhanced low-temperature kinetics, but also
limits anion mobility and further enhances Li* kinetics through ion—dipole interactions with TFSI™ anions. Simultaneously, the
electron-withdrawing cyano group is retained, endowing the electrolyte with high oxidation resistance and a stability window
exceeding 5.0 V. Therefore, the obtained solid-state electrolyte exhibits a high ionic conductivity (0.9 X 107> S cm™") and a high Li*
transfer number of 0.70 at —20 °C. As a result, the Li||LiFePO, full cells can run stably and deliver high capacity retention (~100%)
after 1500 cycles at 10 C. Additionally, all the full cells (Li||LFP, Li|[NCM811, Li|[NCM622 (high loading: 25.27 mg cm™2), and
Li|[LCO (cutoff voltage: 4.5 V)) can run stably at —20 °C and even —40 °C with high capacity retention. This work offers a feasible
molecular functionalization strategy to overcome the interfacial incompatibility of traditional plasticizers in solid-state Li metal
batteries, advancing their practical application.
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Lithium-ion batteries (LIBs) have revolutionized modern
energy storage systems and have become the cornerstone of
portable electronics and electric vehicles owing to their high
energy density, long cycle life, and competitive operating
voltage.' > However, the energy density of conventional LIBs
based on graphite anodes is approaching the theoretical limit,
making LIBs increasingly inadequate for meeting the growing
energy demands.”® Recently, Li metal batteries (LMBs), which
utilize Li metal as the anode to achieve significantly higher
energy density, have garnered considerable interest.”” Never-
theless, the high reactivity of the Li metal anode promotes
continuous side reactions with liquid electrolytes, resulting in
the formation of an unstable solid electrolyte interphase
(SEI).® This fragile SEI layer is prone to fracture during
repeated cycling, enhancing localized Li* flux and facilitating
Li-dendrite growth, thereby deteriorating cycling stability and
exacerbating safety risks.””"’
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electrolytes (SPEs) to replace traditional liquid electrolytes has
emerged as a promising strategy, such as polyoxides (e.g,
poly(ethylene oxide), PEQ),"> poly(propylene carbonate)
(PC),"”* poly(1,3-dioxolane) (poly-DOL),"* poly(vinylidene
fluoride) (PVDF),"® etc., gaining widespread attention due to
their flexibility, ease of processing, and enhanced safety without
leakage risks. Nevertheless, most SPEs still face limitations,
such as low ionic conductivity and poor interfacial contact,

significantly impeding Li* transport kinetics, thereby limiting

=JACS

Received: April 8, 2026
Revised:  May 6, 2026
Accepted: May 12, 2026
Published: June 4, 2026

https://doi.org/10.1021/jacs.6c07280
J. Am. Chem. Soc. 2026, 148, 24499—24509

9z0z AInc 62 U0 J8sSN AINN ON IONWN Aq 4pd "0822029 "soe [ /49222299 /66¥1Z /€T /8YT /4pd -8 |2 11Je /yesoe [ /6o "soe *sqnd //:d 11y wo 1} papeo jumog


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shuai+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rujian+Fu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mengfan+Zhao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bao+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xueqing+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lifeng+Hou"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shi+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhong+Jin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Qian+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Qian+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/jacs.6c07280&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.6c07280?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.6c07280?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.6c07280?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.6c07280?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.6c07280?fig=agr1&ref=pdf
https://pubs.acs.org/toc/jacsat/148/23?ref=pdf
https://pubs.acs.org/toc/jacsat/148/23?ref=pdf
https://pubs.acs.org/toc/jacsat/148/23?ref=pdf
https://pubs.acs.org/toc/jacsat/148/23?ref=pdf
pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/jacs.6c07280?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org/JACS?ref=pdf

Journal of the American Chemical Society

pubs.acs.org/JACS

a N NN N N
Il I
Strong a-H activity
Spontaneous polymerization reaction
Il N AAA
N NL N NN .~
Lit

Conjugate polymer

NNN”

Decreased a-H activity
)

Eliminating polymerization reaction

O\ O\ O\ O\ O\

O Weak reduction
stability

O Unstable SEI |
o

=}

Low ionic conductivity |
High melting point |

O Strong reduction
stability

O Stable SEI

O High ionic conductivity

O Low melting point |

\. J/
Conjugate polymer X
80 e = =
d 50 N= =N N="5 0. g'r: N f
G 40 36.4
9: 18 5 a-H
£ 0 - &
2 " z
o 40 2
= 58 8 aH
p e g
g 80 -62.9 £
95
-120 T T T T T T T T
EC DMC EMC FEC DOL DME SN MPN 0 1 4 5

2 3
'H shift (ppm)

Figure 1. Solvent molecule design and electrochemical stability. (a) Chemical structure design of SN and MPN solvent molecules and their related
properties. (b, ¢) ESP distribution of different solvents, (b) SN and (c) MPN. (d) Freezing point distribution of different ester solvents, ether
solvents, and MPN and SN. (e) 'H NMR spectra of SN and MPN. (f) Optical images of SN and MPN dissolved in TXE on the surface of Li metal.

their applicability under high-rate operation and in low-
temperature environments.'°~"®

In situ polymerization has recently been developed as an
effective strategy to construct intimate electrode—electrolyte
interfaces and enhance interfacial compatibility.'” This
technique allows liquid precursors to permeate porous
electrodes thoroughly before polymerization, resulting in
reduced interfacial resistance and improved ion transport
pathways.””*! Despite these advantages, in situ polymerization
often leads to the formation of long-chain polymers due to
continuous polymerization reactions during the electro-
chemical process, resulting in reduced ionic conductivity and
compromised Li* tmnsport.zz’23 Moreover, current mainstream
ring-opening polymerization electrolytes, e.g., poly-DOL, are
susceptible to oxidative decomposition at high voltage,
resulting in an unstable and overly thick cathode electrolyte
interphase (CEI), along with their low ionic conductivity—all
of which contribute to poor cycling performance.”**®

To enhance the oxidative stability and ionic conductivity of
in situ formed SPEs, succinonitrile (SN) is usually introduced
as a plasticizer to suppress polymer chain crystallization,
improve ion conduction, and enhance high-voltage stability.*®
However, SN exhibits high reactivity toward Li metal, primarily
due to the electron-withdrawing cyano groups (—C=N) that
activate a-H, which induces continuous interface corrosion and
side reactions, hindering its further application in solid-state
LMBs.””*® Several approaches have been proposed to mitigate
the incompatibility between SN and Li metal, such as
constructing artificial SEI layers or encapsulating SN molecules
within cross-linked polymer networks.””™** While these
methods alleviate side reactions to some extent, they fail to
address the fundamental molecular instability of SN, under-
scoring the need for innovative molecular design.

In this work, we propose a terminal functionalization
strategy to molecularly modulate the reactivity of SN. By
methoxylating one terminal nitrile group of SN, we obtain 3-
methoxypropionitrile (MPN), which is introduced into an in
situ polymerized poly(1,3,5-trioxane) (PTXE)-based SPE. The
introduced methoxy group (—OCH;) provides a weakly
positive dipole that interacts with anions via ion—dipole
interactions, thereby limiting anion mobility and promoting Li*
transference kinetics. Meanwhile, the preserved cyano group
inhibits the loss of lone pair electrons from the ether oxygen
and endows the electrolyte with high oxidation stability,
achieving an operational voltage window exceeding 5.0 V.
Thus, the designed SPE demonstrates high ionic conductivity
(0.9 x 107 S cm™) and a Li* transference number of 0.70
even at —20 °C. At room temperature, Li||LiFePO, cells
maintain nearly 100% capacity after 1500 cycles at 10 C. Even
when the temperature drops to —20 °C, Li||Li symmetric cells
can cycle stably for over 1000 h, and Li||[NCMS8I1 full cells
display >80% capacity after 500 cycles. This molecular
engineering strategy provides a feasible pathway to address
interfacial instability in plasticized SPEs and facilitates the
development of high-voltage and low-temperature solid-state
LMBs.

B RESULTS AND DISCUSSION

Molecular Innovation and Electrolyte Design

SN serves as an efficient solid-state plasticizer, featuring a solid
crystalline form with negligible vapor pressure, high Li salt
solvation ability, and strong antioxidant resistance under high
voltages. These properties collectively help reduce polymer
crystallinity, enhance ionic conductivity, and broaden the
electrochemical window in in situ polymerized SPEs. To
alleviate the side reactions between it and the Li metal anode,
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Figure 2. Migration mechanism of Li* in SPEs. (a) Molecular dynamics simulation snapshot of MPN-PTXE SPE. (b) Radial distribution functions
and coordination numbers of MPN-PTXE SPE. (c) Raman spectra of MPN-PTXE SPE. (d) Molecular dynamics simulation snapshot of SN-PTXE
SPE. (e) Radial distribution functions and coordination numbers of SN-PTXE SPE. (f) Raman spectra of SN-PTXE SPE. (g) Transport pathways

of Li* in MPN-PTXE SPE and SN-PTXE SPE.

we modified one terminal of SN by introducing a methoxy
group, yielding 3-methoxypropionitrile (MPN). As shown in
Figure la, the —OCH; group, serving as an electron-donating
group, elevated the electron density around the a-hydrogen,
thereby stabilizing it and reducing its propensity for self-
polymerization catalyzed by the Li metal anode. At the same
time, the —OCHj; group exhibited the favorable compatibility
of ether-based molecules with Li metal, and the preserved —
C=N group retained the high oxidation resistance of cyano-
based electrolytes for cathodes under high voltages. Sub-
sequently, we analyzed the electrostatic potential (ESP) of SN
and MPN molecules. As shown in Figure 1b,c, the negative
charge in SN was predominantly localized on the N atom. In
contrast, MPN exhibited a delocalization of negative charge
between the O and N atoms, suggesting reduced reactivity.
MPN possesses electron-attracting —CH; groups (red
regions). The introduction of —CHj; groups promotes attack
on anions. Through ion—dipole interactions with anions, this
restricts anion mobility while enhancing Li* mobility.*
Although the —OCH; group in MPN possessed lone pair
electrons that could potentially lead to oxidation, the strong
electron-withdrawing nature of the —C=N group mitigated
this effect. This complementary electronic structure positioned
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MPN as a highly promising candidate for replacing SN in
SPEs. Furthermore, the introduction of the —OCH,
significantly depressed the melting point of MPN to —62.9
°C, far below that of SN (50 °C) and common electrolyte
molecules, underscoring its exceptional suitability for low-
temperature application (Figure 1d).

Then, the MPN molecule was introduced into the in situ
polymerized PTXE systems to achieve a high-performance
SPE, named MPN-PTXE. As shown in Figure S1, the SPE was
ynthesized via the ring-opening polymerization of 1,3,5-
trioxane (TXE), initiated by 1,3,2-dioxathiolan-2,2-oxide
(DTD). The Lewis acidic sulfur in DTD attacked the oxygen
atom of TXE, triggering cationic polymer1zat1on As shown
in Figure S2, MPN-PTXE completely turned into a solid after
S h at 60 °C, proving the successful polymerization of TXE.
FTIR spectra further confirmed the structural evolution, which
are shown in Figure S3. The disappearance of the cyclic ether
C—H stretching vibration at 951 cm™' and the emergence of
characteristic polyether peaks verified the successful ring-
opening polymerization of TXE.”> Complementary Raman
spectroscopy also confirmed the disappearance of the cyclic
ether peak at 967 cm™" and the appearance of a chain ether
signature at 918 cm™! after polymerization (Figure $4).*°
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Figure 3. Electrochemical performance analysis at —20 °C. (a) Arrhenius plots of ionic conductivity. (b) Current—time curve of the LilMPN-
PTXEILi cells at 10 mV (inset shows the EIS curves before and after polarization). (c) Tafel plots for different electrolytes. (d) DSC curves for
different electrolytes. (e, f) CV curves for MPN-PTXE and SN-PTXE. (g) LSV curves for different electrolytes. (h) Calculated highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) of SN, MPN, PTXE, SN-PTXE, and MPN-PTXE.

Subsequently, the structure and stability of the MPN-PTXE
were analyzed. As shown in Figure S5, SEM images revealed
that the resulting MPN-PTXE was uniformly embedded within
a cellulose framework with a thickness of approximately 50 ym,
facilitating efficient Li* transport. The enhanced stability of the
MPN against the Li metal anode was corroborated by 'H
NMR spectroscopy (Figure le), in which the a-hydrogen
signal in MPN shifted upfield compared to that in SN,
indicating increased electron density and improved stability.
Practical compatibility with the Li metal anode was then
evaluated. As shown in Figure S6, the MPN-PTXE precursor
exhibited a contact angle of 32.4° on Li metal, markedly lower
than that of the SN-PTXE (SN-modified PTXE SPE)
precursor (52.9°), indicating better wettability and lower
interfacial resistance. After standing for 24 h, the SN-PTXE
precursor-covered Li metal showed significant polymerization
and surface inhomogeneity, whereas the MPN-PTXE interface
remained smooth and unchanged, demonstrating superior
compatibility (Figure 1f). Additionally, to clarify that SN
polymerization rather than TXE polymerization occurred on
the Li metal surface, several mixtures including MPN, MPN-
TXE, SN-TXE, SN-DME, DME, and DME-TXE were applied
to Li metal. As shown in Figure S7, only systems containing
SN, i.e, SN-TXE and SN-DME, exhibited polymerization and

24502

surface corrosion, while all MPN- and DME-based mixtures
maintained a smooth interface without reaction. This
confirmed that SN—but not TXE or MPN—readily under-
went Li-induced self-polymerization, leading to interfacial
degradation and a shortened cycle life of LMBs. SEM
observations also provided additional evidence that TXE did
not polymerize on the Li metal surface (Figure S8). As
demonstrated by the FTIR spectra in Figure S9, the
appearance of C=C bonds in SN-TXE further confirmed
the instability between SN and Li metal, which promoted the
polymerization of SN. Thus, modifying one terminal of SN
significantly enhanced the compatibility with the Li metal
anode, effectively suppressing detrimental side reactions and
the self-polymerization of SN. This molecular design preserved
the high oxidation resistance and ionic conductivity while
extending the electrochemical stability and improving low-
temperature performance, making it a superior plasticizer for in
situ polymerized SPEs.

Li* Migration Mechanism

To elucidate the mechanisms for the rapid Li* migration within
the polymer electrolytes and their specific Li* solvation
structures, molecular dynamics (MD) simulations were
conducted. As shown in Figure 2a,d, MD simulation snapshots
revealed the interactions between Li" and SPEs. Analysis based

https://doi.org/10.1021/jacs.6c07280
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Figure 4. Li deposition/stripping behavior and subsequent analysis at —20 °C. (a) Cycling stability of symmetric cells using SN-PTXE and MPN-
PTXE electrolytes at 0.2 mA cm ™2 and 0.2 mAh cm™ (b) Rate performance of symmetric cells using SN-PTXE and MPN-PTXE electrolytes. (c)
Voltage—time curves of LilCu half batteries at 0.5 mA cm™ for calculating the average CEs. (d, e) SEM images of Li anodes after cycling in
different SPEs, (d) MPN-PTXE and (e) SN-PTXE. (f, g) SEM images of cross-section of Li metal anode at —20 °C after 50 cycles with different
electrolytes, (f) MPN-PTXE and (g) SN-PTXE. (h) XPS spectra of Li metal anodes after cycling with different electrolytes. (i) Cryogenic atomic-
resolution TEM image of the SEI formed by MPN-PTXE. (j) HRTEM image of SEI film formed by MPN-PTXE. (k) Cryogenic atomic-resolution
TEM image of the SEI formed by SN-PTXE. (1) HRTEM image of SEI film formed by SN-PTXE.

on the radial distribution functions (RDFs) indicated that in shown in Figure 2¢,f, in the SN-PTXE SPE, the contact ion
the MPN-PTXE SPE, the average coordination numbers of pairs (CIPs) and aggregates (AGGs) accounted for 58% and
Li*~Nypy (0.59) and Li*—Oypy (0.36) were lower than that 42%, respectively, while in the MPN-PTXE SPE, the
of Li"—Ngy (1.35). This weak coordination interaction
facilitates the desolvation of Li from the solvated shell, thereby
lowering the desolvation energy barrier and promoting rapid Li
transport (Figure 2b,e). The coordination environments of Li*
were further probed by Raman spectroscopy, focusing on the
symmetric S—N—S§ stretching mode of TFSI™ around 742

cm™!. Deconvolution of the Raman spectra allows the

proportions were 47% and 53%, respectively. According to
previous reports, a higher proportion of AGGs can promote
the formation of an anion-derived, inorganic-rich solid
electrolyte interphase (SEI), thereby enhancing the interface
stability of the Li metal anode. Furthermore, “Li NMR
spectroscopy indicated a downfield shift of the "Li signal when

quantification of distinct TFSI™ species, including free anions, MPN replaced SN, consistent with weaker Li*~MPN binding
contact ion pairs (CIPs, one TFSI™ coordinated to Li*), and in the MPN-PTXE SPE. This weakened interaction promoted
aggregates (AGGs, multiple TFSI™ coordinated to Li"), based the formation of more AGGs, aligning with the molecular
on their characteristic peak shifts and integrated areas. As design strategy (Figure S10).
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Furthermore, the binding energy of MPN—TESI™ was —4.7
eV, higher than that of SN—TEFSI™ (—4.28 eV), further
demonstrating that the introduction of C—H restricts anion
mobility and enhances Li* kinetics, corresponding to the ESP.
(Figure S11). As shown in Figure 2g, these results collectively
highlight that enhanced Li* mobility and a stable SEI layer are
critical for the application of LMBs, particularly at low
temperatures.

Electrochemical Characteristics of the MPN-PTXE SPE

Electrochemical impedance spectroscopy (EIS) was first
employed to investigate the Li* transport behavior from —20
to 70 °C. As shown in Figure S12 and Figure 3a, the ionic
conductivity of the SPEs increased with temperature, owing to
enhanced polymer chain mobility at elevated temperatures. At
room temperature, the MPN-PTXE SPE exhibited a
conductivity of 1.48 X 107 S cm™', substantially higher than
that of the SN-PTXE SPE (6.39 X 10™* S cm™"). Notably, even
at =20 °C, the MPN-PTXE SPE maintained a high ionic
conductivity of 0.9 X 107 S cm™', which enabled the
application of LMBs at low temperatures. Furthermore,
according to the Arrhenius equation, the activation energy of
the MPN-PTXE SPE was 0.1 €V, which was also lower than
that of the SN-PTXE SPE (0.13 eV). In the MPN-PTXE
system, the ether functional group at the SN terminal weakens
Li*—nitrile coordination, promoting anion (TFSI~) partic-
ipation in the Li* solvation shell. This anion-rich solvation
structure shifts the Li* migration mechanism from segmental
motion of the polymer matrix to structural diffusion via anion
exchange, thereby lowering the energy barrier for Li* hopping.
Concurrently, EIS tests were conducted on symmetric cells
with different SPEs at —20 °C, and the corresponding
equivalent circuit models were constructed (Figure S13).
The results showed that the MPN-PTXE SPE exhibited lower
interfacial impedance, which can be attributed to the anion-
derived inorganic-rich SEI (as confirmed by the XPS and TEM
results in Figure 4) that facilitates rapid interfacial ion
transport and significantly reduces interfacial resistance. The
Li* transference number (f;) is another crucial parameter
governing Li* transport. A high t;;+ can effectively reduce Li"
concentration polarization and promote the formation of a
stable SEI layer. As shown in Figure 3b and Figure S14, the #;;*
of the MPN-PTXE SPE reached 0.7 at —20 °C, outperforming
the SN-PTXE SPE. This result indicated that the ion—dipole
interactions between the weakly polar C—H bonds in the MPN
molecule and anions in the Li salts can promote the
dissociation of Li salts and improve the Li* transference
number. Furthermore, Tafel polarization curves revealed a
higher exchange current density for the MPN-PTXE SPEs
compared to the SN-PTXE SPEs, indicating faster interfacial
Li* transport kinetics essential for the low-temperature
operation of LMBs (Figure 3¢).

After that, the thermal stability and electrochemical stability
of the MPN-PTXE SPE were investigated. As is well-known,
reducing the glass transition temperature (Tg) of SPEs
generally promotes polymer segment mobility and facilitates
Li" migration, particularly at low temperatures. As shown in
Figure 3d, the T, of the MPN-PTXE SPE was —82 °C, lower
than that of the SN-PTXE SPE (—75 °C), contributing to its
superior low-temperature ionic conductivity. Moreover,
thermogravimetric analysis (TGA) results demonstrated that
the MPN-PTXE SPE possessed improved thermal stability
over the SN-PTXE SPE, underscoring the beneficial effect of

cyano-ether molecules in enhancing thermal robustness, a
critical factor for long-term cycling performance (Figure S15).
In contrast, SN not only exhibited inferior thermal stability but
also exacerbated the degradation of the electrode—electrolyte
interface.

For the electrochemical stability, cyclic voltammetry (CV)
curves at different cycle numbers were first analyzed, as shown
in Figure 3ef. It can be seen that the MPN-PTXE SPE
revealed excellent interfacial stability, with negligible changes
in the CV profiles across cycles. In contrast, the SN-PTXE SPE
showed progressive interfacial degradation, as evidenced by
emerging reduction peaks and decreasing current responses,
which can be ascribed to continuous side reactions between
SN and Li metal. Linear sweep voltammetry (LSV) was
conducted to evaluate the oxidative stability of the SPEs. As
shown in Figure 3g, compared to the SN-PTXE SPE, the
electrochemical window of the MPN-PTXE SPE was
significantly expanded, with the MPN-PTXE SPE beginning
to oxidize at around 4.7 V, while the MPN-PTXE SPE
exhibited a higher decomposition voltage of >5.0 V at —20 °C.
As evidenced by the XPS spectra in Figure S16, the C=EN
bonds in the SN moiety decomposed into C=N—C due to
the incompatibility between SN and Li metal, whereas the
C=N bonds in MPN remained relatively stable, demonstrating
that introducing ether functional groups at the SN terminal can
improve the oxidation stability of MPN. This enhanced
oxidative stability of MPN-PTXE arises from two comple-
mentary aspects. At the molecular level, although MPN
contains an ether-like (—OCH;) terminal group, the ether
oxygen is separated from the nitrile group by a three-carbon
chain, resulting in a weaker electron-donating effect, while the
electron-withdrawing nature of the —C=N group remains
dominant. This endows MPN with intrinsically favorable
electronic properties, as quantitatively corroborated by the
highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) energy levels calcu-
lations discussed next. As shown in Figure 3h, compared to
MPN, SN exhibited the lowest LUMO energy value (—0.23
eV), indicating reduced antioxidant stability and a tendency
toward side reactions. Additionally, after combining with
PTXE, both SN-PTXE and MPN-PTXE exhibited reduced
HOMO values, suggesting improved antioxidant properties
due to the electron-withdrawing —C=N group. However,
due to the poor reductive stability of SN, it may undergo side
reactions with Li metal, hindering the operation of SPEs. In
parallel, at the solvation level, the weaker Li*—MPN
coordination promotes an anion-rich solvation environment,
which reduces the exposure of solvent molecules at the
cathode interface and facilitates the formation of a robust,
anion-derived CEI layer rich in inorganic species (such as LiF
or Li;N), as confirmed by XPS in Figure S24. Consequently,
the interfacial oxidation is effectively suppressed despite the
presence of ether-like functional groups.

Li Plating/Stripping Behavior and Post Analysis

To evaluate the stability of the MPN-PTXE SPE against the Li
metal anode during electrochemical cycling, symmetric Li||Li
cells were assembled and tested. As shown in Figure 4a, at a
current density of 0.2 mA cm™?, the symmetric LiiMPN-PTXEI
Li cells can achieve stable cycling over 1000 h while
maintaining a low polarization voltage of ~70 mV. In contrast,
the LilSN-PTXEILi symmetric cells showed continuously
increasing polarization after 200 h, ultimately leading to a
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Figure 5. Full cells. (a) Long-cycle performance and (b) rate performance of Li||LFP cells with MPN-PTXE and SN-PTXE electrolytes at room
temperature. (c) Cycling performance of Li|[ NCM811 cells operating at 2.0 C and 25 °C. (d) Cycling performance of Li[NCM811 cells operating
at 0.2 C and —20 °C. (e) Cycling performance of Li|[ NCM622 cells under a high cathode loading of ~25.27 mg cm™ at 0.2 C and —20 °C. (f)
Cycling performance of Li||LCO cells operating at 0.01 C at —40 °C. (g) Pouch cells under normal and folded conditions for LED light panels at

—40 °C.

short circuit. Moreover, even at the extreme temperature of
—40 °C, the symmetric cells using the MPN-PTXE SPE can
also run over 1000 h, underscoring the role of MPN in
facilitating rapid Li* transport and forming a stable SEI layer
(Figure S17). As shown in Figure 4b, at —20 °C, within a
current density range of 0.1 to 0.5 mA cm™ and a fixed areal
capacity of 0.5 mAh cm™?, the cells using the MPN-PTXE SPE
consistently exhibited a lower polarization voltage compared to
the cells with the SN-PTXE SPE. Notably, when the current
density was reduced from 0.5 to 0.1 mA cm™? the LilSN-
PTXEILi symmetric cells experienced a short circuit due to
severe interfacial instability, whereas the polarization voltage of
the symmetric cells using the MPN-PTXE SPE maintained
stable, demonstrating significantly improved reversibility. The
structural stability of the MPN-PTXE SPE under electro-
chemical operation was further evidenced by postcycling
Raman analysis. After 50 cycles, the characteristic chain ether
peak at 918 cm™" was well preserved with no reappearance of
the cyclic ether peak at 967 cm™' (Figure S18a), confirming
that no depolymerization occurred during prolonged cycling.
Coupled with the stable impedance response observed over 60
cycles (Figure S18b), these results indicate that the MPN-
PTXE system maintains its structural and interfacial integrity
under dynamic electrochemical conditions. The reversibility of

24505

Li plating/stripping was further investigated using LilCu half
cells. As shown in Figure 4c, the average CE of cells with the
SN-PTXE SPE was only 93.2% at —20 °C, while the half cells
using the MPN-PTXE SPE delivered a high average CE of
99.5%, indicating superior interfacial compatibility and reduced
side reactions. Additionally, the cells using the MPN-PTXE
SPE exhibited a lower nucleation overpotential and growth
overpotential than those using the SN-PTXE SPE, suggesting
enhanced interfacial ion-transfer kinetics, which was beneficial
for the run of LMBs at low temperatures (Figure S19).

The surface morphology of the Li metal anode after cycling
at —20 °C with different SPEs was investigated by SEM. As
shown in Figure 4d,e, the Li metal anode after cycling with the
MPN-PTXE SPE displayed a smooth and uniform surface
without Li dendrites, whereas the SN-PTXE SPE-based
electrode showed irregular and thick deposition. The thickness
of the plating/stripping Li layer in the MPN-PTXE SPE-based
system was about S ym, much thinner than that using the SN-
PTXE SPE (~20 pum (Figure 4f,g). AFM further confirmed the
improved morphology: the average surface roughness of the Li
metal anode after cycling with the MPN-PTXE SPE was 21.6
nm, significantly lower than that with the SN-PTXE SPE (47.9
nm), confirming the reversibility of Li plating/stripping in the
MPN-PTXE SPE (Figure S20).
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X-ray photoelectron spectroscopy (XPS) was employed to
analyze the SEI layer on the surface of the Li metal anode after
cycling at —20 °C. As shown in Figure 4h, the SEI formed with
MPN-PTXE SPE was predominantly composed of inorganic
species such as LiF, Li3N, and Li,S, originating from the
decomposition of MPN and TFESI”, which enabled a stable
interface and facilitated Li* conduction and uniform Li
deposition at low temperatures. The peak at ~685 eV in the
F 1s spectrum corresponds to LiF, and the peak at ~162 eV in
the S 1s spectrum corresponds to Li,S, confirming the
formation of an anion-dominated Li" solvation structure. In
contrast, the SEI layer formed with SN-PTXE SPE lacked
sufficient inorganic components due to continuous side
reactions between SN and the Li metal anode, resulting in
interfacial corrosion and increased impedance.

Further analysis was conducted using cryogenic transmission
electron microscopy (cryo-TEM). As shown in Figure 4i—], a
dense and clearly discernible SEI layer with an approximate
thickness of ~6 nm was observable on the Li surface during
cycling in the MPN-PTXE electrolyte. High-resolution trans-
mission electron microscopy (HRTEM) images revealed
distinct lattice fringes corresponding to Li,S, LiF, and Li;N,
confirming the formation of inorganic-rich components during
long-term electrochemical cycling. By contrast, the Li surface
in SN-PTXE exhibited a markedly thicker SEI layer of
approximately ~20 nm. HRTEM imaging confirmed that this
SEI contains a small number of inorganic components. This
was also consistent with the XPS results.

Full Cells and Low-Temperature Application

To evaluate the practical applicability of the MPN-PTXE SPEs,
full cells with LiFePO, (LFP) and LiNi,3Co,,Mn,,0,
(NCMS811) cathodes were assembled. The schematic diagram
of their structure is shown in Figure S21, and they were tested
at different temperatures. As shown in Figure S22, the Lil
MPN-PTXEILFP full cells demonstrated stable cycling over
1000 cycles at 5.0 C, and the capacity retention rate was >89%,
which can be attributed to the high interface stability and
stable SEI layer. In contrast, the LilSN-PTXEILFP full cells
exhibited a low initial discharge capacity and failed after ~200
cycles due to uncontrolled side reactions between SN and the
Li metal anode. When subjected to a higher rate of 10 C
(Figure Sa), the LiIMPN-PTXEILFP full cells maintained a
discharge capacity of around 100 mAh g~' and retained nearly
100% of their capacity after 1500 cycles, highlighting their
exceptional cycling durability. Furthermore, the rate perform-
ance evaluation revealed that the LiIMPN-PTXEILFP full cells
delivered high discharge capacities of 145.4, 139.5, 123.8,
113.1, 105.4, and 94.1 mAh g_l at the rates of 0.5, 1.0, 3.0, 5.0,
7.0, and 10 C, respectively. Upon returning to 0.5 C, the
capacity recovered to 146.5 mAh g, indicating a highly
reversible electrochemical process (Figure Sb and Figure S23).

Subsequently, to verify the high-voltage matching of the
MPN-PTXE SPE, the full cells with the NCM811 cathode
(cutoff voltage: 4.2 V) exhibited an initial discharge capacity of
137.8 mAh ¢! at 2.0 C and retained >90% of their capacity
after 500 cycles, demonstrating compatibility with high-voltage
cathodes, which once again proved the interface stability of the
MPN-PTXE SPE originating from the molecular modification
of SN (Figure Sc). Furthermore, XPS was employed to analyze
the CEI of Li||NCM811 full cells after 50 cycles. In the C 1s
spectra, the peaks corresponding to organic species such as C—
O and C=O0O were weaker for the MPN-PTXE electrolyte.

Meanwhile, the F 1s spectra verified that the CEI formed in the
MPN-PTXE electrolyte exhibited a significantly higher LiF
content, which enhanced the mechanical and chemical stability
of the interface. In addition, the N 1s spectra revealed that the
CEI derived from the MPN-PTXE system possessed higher
contents of C=N bonds and Li;N, indicating improved
interfacial stability and high-voltage tolerance (Figure S24).

Following closely, we explored the potential applications of
MPN-PTXE SPE at low temperatures. As shown in Figure 5d,
at —20 °C, the LilMPN-PTXEINCMS811 full cells delivered a
high initial discharge capacity of 125.7 mAh g™ at 0.2 C,
maintaining 103.6 mAh g™ after 500 cycles, corresponding to
a capacity retention of 82.4%. The small voltage polarization
observed between the charge and discharge plateaus indicated
low interfacial impedance and rapid ion transport facilitated by
the stable SEI layer (Figure S25). In contrast, the full cells
using the SN-PTXE SPE suffered from rapid capacity decay
(~70 mAh g™') and an unstable CE due to severe interfacial
side reactions. To achieve a higher energy density, the high-
voltage LiCoO, cathode (cutoff voltage: 4.5 V) was further
matched with the SPEs. As shown in Figure $26, at —20 °C,
the full cells with MPN-PTXE SPE and the high-voltage
LiCoO, cathode delivered a high discharge capacity of ~116
mAh g™" after 200 cycles at 0.2 C, with a capacity retention
rate of 95.7%. In addition, a cathode with a high mass loading
was also used to match with the SPEs. As shown in Figure Se,
under a high loading (~25.27 mg cm™2), the LiiMPN-PTXEI
NCM622 full cells can also exhibit stable cycling over 90 cycles
at —20 °C. However, the cells in the control group were unable
to run properly. Moreover, even at —40 °C, Li||[LCO cells can
undergo SO stable cycles at high capacity (Figure Sf).
Furthermore, an extended comparison was conducted with
the latest research findings on in situ polymerized electrolytes
reported externally. The MPN-PTXE SPE demonstrates
distinct advantages across three critical dimensions: rate
capability, cycle life, and capacity retention (Figure
§27).777* Lastly, a pouch cell was assembled with the
MPN-PTXE SPE, and it can successfully power an LED panel
even when folded at —40 °C, demonstrating not only excellent
low-temperature performance but also remarkable mechanical
flexibility and safety (Figure Sg).

B CONCLUSION

In summary, this work presented a novel molecular engineer-
ing strategy for low-temperature SPEs through the innovative
design of a methoxy-functionalized cyano-based plasticizer. By
substituting one terminal cyano group in SN with a methoxy
moiety, we successfully obtained MPN, which significantly
enhanced interfacial stability with the Li metal anode. The
introduced methoxy group served as an electron-donating unit
that increased the electron density of a-hydrogen, thereby
addressing the SN—Li molecular crosstalk problem and
lowering the freezing point to —62.9 °C, resulting in enhanced
low-temperature kinetics. The resulting MPN-PTXE SPE
combined the exceptional Li metal compatibility of ether-
based molecules with the high oxidation resistance of cyano-
based molecules, enabling stable cycling at high voltages and
low temperatures. Thus, the MPN-PTXE SPE demonstrated
remarkable electrochemical performance, including a high
ionic conductivity of 0.9 X 107> S cm™" and a Li* transference
number of 0.70 at —20 °C. The Li||Li symmetric cell could
maintain stable cycling for over 1000 h at —20 °C, while all the
full cells (Li||LFP, Li|[NCM811, and Li||[NCM622) could run
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stably at —20 °C and exhibited high capacity retention. This
study provided a compelling approach to address the persistent
challenge of interfacial instability between the Li metal anode
and SN plasticizer in SPEs through selective molecular
modulation, offering new prospects for the development of
high-energy-density LMBs at low temperatures.
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