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Abstract
Lithium metal is a highly promising anode for next-generation high-energy-density batteries due to its high theoretical capacity,
yet its practical application remains hindered by poor interfacial compatibility with polymer solid-state electrolytes (PSEs). Herein,
an in situ solidification PSE that utilizes poly(ethyleneglycol)methyletheracrylate (PEGMEA) and methylated pivalonitrile (PN)
is developed (PNF), which forms an conformal and mechanically robust solid electrolyte interphase (SEI) on the lithium metal
surface. The coordination between the nitrile group (–C≡N) and Li+ regulates interfacial ion transport, while the formed organic–
inorganic (hybrid) SEI effectively combines mechanical flexibility and interfacial rigidity to buffer lithium volume fluctuations
and inhibit dendrite growth. Benefiting from the enhanced Li+ hopping sites and improved ionic mobility, the PNF electrolyte
exhibits high ionic conductivity, i.e., 3.47 × 10−4 S cm−1 at 30◦C. Li|PNF|Li symmetric cells show exceptional cycling stability,
surpassing 1000 h at 0.5 mA cm−2. Notably, Li|PNF|LiFePO4 cells achieve a capacity retention of 92.8% after 1000 cycles at 0.5C
and 78.9% after 2000 cycles at 1C rate, both at 30◦C, highlighting the exceptional conformal properties of the electrolyte resulting
in the superior cycling performance. This study establishes a design framework for constructing long-term cycling, solid-state
lithium-metal batteries through tailored interfacial engineering of PSEs.
1 Introduction

To overcome the energy density limitations of traditional lithium-
ion batteries (LIBs) and meet the escalating global demand
for energy storage, the development of novel secondary batter-
ies with high performance and enhanced safety is imperative
[1, 2]. Compared to LIBs employing graphite anodes, lithium
metal batteries (LMBs), which utilize lithiummetal as the anode,
have attracted significant research interest due to the anode
remarkably high theoretical specific capacity (3860 mAh⋅g−1)
and low redox potential (−3.04 V vs. SHE) [3, 4]. Among these,
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solid-state lithium metal batteries (SLMBs) have emerged as
a primary research focus owing to their high energy density
and superior safety profile [5–7]. However, the advancement
of current LMBs based on inorganic solid electrolytes (ISEs)
is significantly hindered by their high solid–solid interfacial
contact resistance and the inherent challenges associated with
the rigid nature of ISEs during battery assembly and large-
scale manufacturing [8–10]. Polymer solid electrolytes (PSEs),
as one of the promising electrolyte candidates for LMBs, are
considered more attractive solid electrolyte materials due to
their tunable mechanical stability, excellent processability, and
its use, distribution and reproduction in any medium, provided the original work is properly
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favorable interfacial compatibility [11–13]. Among the various PSE
fabrication techniques, the in situ curingmethod stands out for its
exceptional operational convenience. This method demonstrates
high compatibility with existing battery manufacturing processes
and effectively addresses interfacial contact issues between SEs
and electrodes [14, 15]. Consequently, PSEs fabricated via in situ
curing technology exhibit substantial application potential for
high-capacity LMBs [16].

PEGMEA, a commonly used polymeric monomer for PSEs,
exhibits excellent compatibility with lithium metal. However,
the low ionic conductivity of PEGMEA-based PSEs (10−6–10−5
S cm−1 at 25◦C) constrains their application in LMBs [5, 17]. To
improve the ionic conductivity of PEGMEA-based PSEs, Cui et al.
fabricated a homogeneous sulfide/polymer composite solid elec-
trolyte through in situ polymerization of PEGMEA monomers
on a freestanding porous sulfide skeleton [18]. This design estab-
lishes continuous Li+ conduction pathways through both the
sulfide phase and the resulting sulfide/polymer interface, simul-
taneously delivering high ionic conductivity and compatible
electrolyte/electrode interfaces. Nevertheless, this scaffold-based
polymerization method involves complex procedures incompat-
ible with industrial-scale production. Subsequently, Liu et al.
synthesized a eutectic PSE through in situ polymerization of
succinonitrile (SN) with PEGMEA [19]. The interaction between
PEGMEA and SN facilitates the dissociation of LiDFOB, leading
to elevated ionic conductivity (1.30mS cm−1). The─C≡Ngroup in
SN serves as a strong electron-withdrawingmoiety that effectively
enhances lithium salt dissociation, while also exhibiting excel-
lent oxidation resistance and thermal stability. Consequently,
many nitrile-based additives, primarily based on SN, have been
extensively studied [15, 20–22]. However, the presence of ─C≡N
inevitably introduces α-hydrogen on adjacent carbon atoms [23],
which increases reactivity toward lithium metal. This imposes
limitations on the application of nitrile-based additives in PSEs
[21].

Inspired by the finding that methyl substitution at the α-
hydrogen successfully addresses lithium metal incompatibility
concerns [24], pivalonitrile (PN)—a relatively underexplored
nitrile compound—was employed as a plasticizing additive for
polymer chains. Compared to acetonitrile (AN), PN exhibits
superior stability due to complete methyl substitution at α-
hydrogen atoms. This molecular design significantly suppresses
reactivity with lithium metal, resulting in exceptional interfacial
compatibility in PN-incorporated PSE. Additionally, the strong
electron-withdrawing ─C≡N group in PN enables robust coor-
dination with Li+ ions, facilitating more Li+ dissociation from
LiTFSI and consequently enhancing ionic conductivity [25]. As a
result, the PNF electrolyte, synthesized fromPEGMEAmonomer,
LiTFSI, PN, and FEC, achieves an ionic conductivity of 3.47× 10−4
S cm−1 at 30◦C. Lithium symmetric cells constructed with PNF
electrolyte exhibit exceptional cycling stability, operating for over
1000 h at current densities of 0.3 and 0.5 mA cm−2. Additionally,
Li|PNF|LiFePO4 cells demonstrate outstanding long-term cycling
performance, with a capacity retention of 78.9% after 2000 cycles
at 1C (30◦C) and 92.6% after 1000 cycles at 0.5C (30◦C). Notably,
the pouch cell constructed with the PNF electrolyte demonstrates
safe operation under harsh testing circumstances, highlighting its
strong potential for practical SLMBs applications.
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2 Result and Discussion

2.1 Preparation and Physicochemical Properties
of PNF Electrolyte

PEGMEA was chosen as the polymer matrix because of its
exceptional mechanical properties and favorable interfacial com-
patibility with lithium metal [26, 27], and PN served as a
plasticizer to improve ionic conductivity. As a methylated deriva-
tive of acetonitrile (AN), PN exhibits enhanced electrochemical
stability [28], as confirmed by density functional theory (DFT)
calculations (Figure 1a). Analysis of the LUMO energies of PN
and AN, reveals that PN possesses a higher LUMO energy level
(0.558 eV) than AN (0.428 eV), indicating greater resistance to
reductive decomposition. Stored lithium metal in PN and AN,
respectively, Figure S1 shows that lithium metal demonstrates
superior stability in PN compared to AN. Simultaneously, PN
exhibits a more uniform electron density distribution, indicating
significantly reduced molecular polarization due to methyl sub-
stitution. These features collectively improve the cycling stability
of LMBs. A precursor solution was prepared using PEGMEA
monomer as the polymeric matrix, incorporating PN, FEC,
and LiTFSI. The role of FEC is to preferentially decompose,
yielding a uniform LiF-containing SEI layer on the lithium
metal surface, preventing subsequent side reactions of other
electrolyte components. The solution was thermally cured at
65◦C for 12 h, during which AIBN initiated the free-radical
polymerization of PEGMEA to synthesize the solid-state PNF
electrolyte (Figure 1b). Optical images of the cured electrolytes
with different PN proportions are shown in Figure S2. When
the PN content reaches 40 vol%, the solution cannot be fully
cured upon heating. The ionic conductivity of the electrolyte
was tested via electrochemical impedance spectroscopy (EIS). As
shown in Figure S3, the data reveal that the conductivity rises
according to the PN content increase. This can be attributed
to the additional lithium-ion migration sites provided by the
incorporation of PN, which increases the free volume for polymer
segmental motion. Furthermore, Li||Li symmetric cells were
assembled using electrolytes containing 10 vol%, 20 vol%, and 30
vol% PN, and subjected to cycling tests (see Figure S4). Based
on a comprehensive evaluation of the post-curing morphology,
the polarization voltage from cycling tests, and the conductivity
test, the composition with 30 vol% PN, later on named PNF elec-
trolyte, was determined to be optimal. Figure 1c presents optical
photographs of the PNF electrolyte precursor solution before and
after polymerization, confirming the successful polymerization of
PEGMEAmonomers following thermal treatment. Furthermore,
the consistency of the electrolyte has been examined. As shown
in Figure 1c, the electrolyte can withstand stretching deforma-
tions without fracturing, i.e., the PNF electrolyte is still capable
of preserving the mechanical properties of P(PEGMEA) while
incorporating PN. Figures 1d,e show SEM images of PNF before
and after it was filled into the GF/A glass fiber separator (GFA).
The microporous structure of the GFA enables thorough pene-
tration of the precursor solution, which, upon thermal curing,
forms continuous Li+ conduction pathways. Cross-sectional SEM
images reveal close contact among the LiFePO4 cathode, the in
situ-formed PNF electrolyte, and Li metal anode (Figure S5),
highlighting the structural integrity of the assembled cell. The
structure of the PNF was characterized using Fourier-transform
Advanced Functional Materials, 2025
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FIGURE 1 (a) Methylation of AN to form PN and iso-surface of charge distribution for both molecules. (b) Schematic diagram of the in situ
preparation of a polymer electrolyte. (c) Optical photographs of the electrolyte before and after curing (top) as well as upon stretching after curing
(bottom). SEM image of (d) the GFA and (e) the PNF electrolyte. (f) Full and (g) locally magnified FT-IR spectra of PNF, P(PEGMEA), PEGMEA, and
PNF-LE.
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infrared spectroscopy (FT-IR). Among them, PNF-LE is the
precursor solution, which refers to the solution before curing.
Figure 1f displays peaks corresponding to C─O─C (1010 to 1068
cm−1), C═C (1610 to 1650 cm−1), and C═O (1695 to 1750 cm−1).
The enlarged view of the infrared spectrum in Figure 1g reveals
that after thermal treatment, the C═C bond functional group in
PEGMEA at 1630 cm−1 disappears, while other functional groups,
such as C═O and C─O─C, remain unchanged, indicating the
successful polymerization of PEGMEA into P(PEGMEA) [18].
Advanced Functional Materials, 2025
To further evaluate the stability of PN against lithium metal,
FTIR spectra were collected for both cycled and pristine PNF
electrolytes (Figure S6). The characteristic peaks corresponding
to─CN, C─O─C, andC═Ogroups remained virtually unchanged
after cycling, demonstrating good compatibility between the PNF
electrolyte and lithium metal. Furthermore, the PNF exhibits
excellent thermal stability (Figure S7), guaranteeing its secure
utilization post-assembly in batteries. Additionally, linear sweep
voltammetry (LSV) (Figure S8) reveals a wide electrochemical
3 of 12
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window of up to 5.1 V, suggesting its potential compatibility with
high-voltage cathodes.

2.2 Li+ migration Mechanism of PNF Electrolyte

As shown in Figure S3, the ionic conductivity of the PNF
electrolyte (3.47 × 10−4 S cm−1) is significantly higher than that
of the P(PEGMEA) polymer (5.3 × 10−5 S cm−1). The calculated
Li+ transference number (𝑡𝐿𝑖+ ) also improves from 0.14 for
P(PEGMEA) to 0.23 for PNF (Figure S9a,b). The substantial
improvement in both conductivity and 𝑡𝐿𝑖+ is attributed to the
incorporation of PN, which serves dual functions: (i) acting as
a plasticizer to increase the free volume and enhance PEGMEA
segmental mobility, and (ii) providing additional Li+ migration
sites through coordination with the nitrile (–C≡N) moieties
[29]. To elucidate the underlying conduction mechanism, FTIR
spectroscopy was conducted. Observations revealed two distinct
peaks at 2233 and 2240 cm−1 (Figure 2a), corresponding to
the ─C≡N group and its coordination with Li+, respectively,
confirming that PN coordinates effectively with Li+ in the
PNF. This results in an increased dissociation of Li+ from
LiTFSI, facilitating the formation of free Li+, and creation of
new, continuous pathways for Li+ transport between polymer
segments, both effects explaining why PNF exhibits higher ionic
conductivity and Li+ transference numbers than P(PEGMEA).
Additionally, a significant coordination peak corresponding to
Li+─C─O─C was observed around 1294 cm−1 (Figure 2b), indi-
cating a strong interaction between Li+ and the ether groups in
the PEGMEA segments, also contributing to the formation of
continuous channels for Li+ transport [30]. Furthermore, Raman
spectroscopy results (Figure 2c) indicate that the free TFSI−
peak in PNF experiences a redshift compared to P(PEGMEA),
suggesting that the degree of dissociation of LiTFSI in PNF is
significantly higher than that in P(PEGMEA) [31]. In Figure S10,
the normalization and peak deconvolution of Raman spectra
revealed that in the PNF system, the proportion of TFSI− in the
ion aggregate state was significantly decreased, while the fraction
of free TFSI− anions markedly increased. These findings further
confirm that the incorporation of PN promotes the dissociation
between Li+ and TFSI−, thus, modifying the solvation structure
of Li+. Therefore, it can be inferred that there are primarily two
pathways for Li+ migration in PNF (Figure 2d): (i) Li+ migrates
by coordinating with the C═O and C─O─C functional groups
in the PEGMEA segments, facilitating transitions between the
PEGMEA chains; (ii) The presence of the electron-withdrawing
–C≡N groups in PN introduces new interchain hopping sites,
enabling Li+ to transition from PEGMEA’s polar groups to PN
and then bridge to another PEGMEA segment. These synergistic
pathways collectively facilitate efficient and rapid Li+ transport
within the polymer matrix.

Molecular dynamics (MD) simulations were utilized to explore
the impact of intermolecular interactions on Li+ transport in
P(PEGMEA) and PNF, aiming to provide a molecular-level
understanding of their ion transport mechanisms. Figures 2e,g
illustrate the radial distribution functions (RDF) and coordi-
nation numbers (CN) for P(PEGMEA) and PNF, while the
corresponding molecular snapshots are shown in Figure 2 f,h.
Figure 2e illustrates that in P(PEGMEA), the RDF of the O atom
from TFSI− interacting with Li+ shows a sharp peak at 2.1 Å,
4 of 12
corresponding to a CN of 0.22, and the RDF of the O atom from
PEGMEA with Li+ exhibits a sharp coordination peak at 2.03 Å,
corresponding to a CN of 4.5. In contrast, the PNF system
(Figure 2g) exhibits reduced CN of 3.4 for Li+–O(PEGMEA) and
0.17 for Li+-O(TFSI−), suggesting a weakening of these coordina-
tion interactions. Notably, Figure 2i indicates that the RDF of the
N atom in PN with Li+ shows a sharp peak at 2.2 Å. This suggests
that the presence of PN competes for coordination with the C═O
and C─O─C groups in PEGMEA, due to the strong electron-
ithdrawing effect of ─C≡N, thereby reducing the coordination

number of Li+ with the O atoms in PEGMEA. This disruption
in the conventional coordination environment promotes more
dynamic Li+ hopping between solvation sites, facilitating faster
ion transport. The decrease in the coordination number of Li+
with the O atoms of TFSI− further confirms that PN promotes
the dissociation of Li+ from LiTFSI, resulting in the improvement
of both the ionic conductivity and the Li+ transference number
[28, 32, 33]. Additionally, the primary transport pathway of
lithium ions within the PNF system was investigated by calcu-
lating the binding energies of PEGMEA and PN with Li+ ions.
As shown in Figure 2j, the binding energy between PN and Li+
is significantly lower than that of C═O and C–O–C groups. A
higher binding energy can hinder dissociation of Li+ ions, thereby
hindering their rapid migration [34]. In contrast, the lower
binding energy of PN enables it to act as an intermediate hopping
site for Li+ transport, facilitating ion migration between polymer
segments. Therefore, in P(PEGMEA), Li+ migration primarily
relies on the free movement of PEGMEA chains, whereas in
the PNF system, PN introduces new hopping sites, weakening
Li+-PEGMEA coordination and enhancing ion migration. In
fact, the calculated activation energy (Ea) for Li+ migration
in PNF is 0.302 eV, significantly lower than the 0.390 eV for
P(PEGMEA) (Figure S11). Therefore, the high ionic conductivity,
low activation energy, and continuous Li+ transport channels in
PNF are expected to enhance battery performance, particularly
during cycling at higher current densities [35].

2.3 Electrochemical Performances of Li|Li
Symmetric Cells and Interphase Characterization

To evaluate the electrochemical stability of PNF in relation
to lithium metal and compare it with other electrolytes, three
types of symmetric cells, i.e., Li|PNF|Li, Li|PAF|Li (in PAF, PN
is replaced by AN), and Li|P(PEGMEA)|Li, were constructed.
Figure 3a shows the voltage profiles of the Li|PNF|Li cell upon
galvanostatic lithium plating/stripping at a fixed areal capacity of
0.1 mAh cm−2, with the current density stepwise increased from
0.1 to 1 mA cm−2. As expected, the polarization voltage escalates
with increasing current densities, however, even at 1 mA cm−2,
the symmetric cells demonstrate stable polarization without
experiencing short-circuit failure. When the current density is
reduced back to 0.5 mA cm−2, stable operation is maintained. In
stark contrast, the Li|PAF|Li symmetric cell exhibits pronounced
voltage instability when the current density exceeds 0.4 mA cm−2

(Figure S12a). Upon reverting to 0.5mA cm−2, the cell experiences
complete short-circuit failure after 380 h. Furthermore, when
operated at 0.3 mA cm−2 (Figure S12b), the Li|PAF|Li symmetric
cell swiftly demonstrated escalating polarization and experienced
short-circuit failure after 360 h. This failure mechanism is likely
due to severe parasitic reactions involving reactive α-hydrogens in
Advanced Functional Materials, 2025
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FIGURE 2 FTIR spectra of PNF and P(PEGMEA) in the range of (a) 2220–2250 cm−1 and (b) 1230–1380 cm−1. (c) Raman spectra of PNF and
P(PEGMEA). (d) Schematic diagram of Li+ migration pathways in PNF electrolyte. Radial distribution function (RDF) and molecular snapshot of
(e, f) P(PEGMEA) and (g, h) PNF. (i) RDF of PN and Li+ in PNF. (j) Binding energy of Li-C═O, Li─C─O─C, and Li-PN.
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AN and lithium metal. In contrast, the Li|PNF|Li symmetric cell
demonstrates stable operation for over 1000 h at current densities
of 0.3 and 0.5 mA cm−2 (Figure 3b,c). The magnified voltage
profile sections at different cycling intervals (Figure S13a,b)
show stability without significant fluctuations or short circuits,
thus confirming exceptional interfacial and, more in general,
Advanced Functional Materials, 2025
electrochemical stability in contact with Li metal electrodes.
Therefore, both computational simulations and electrochemical
validation indicate that the methylated nitrile-plasticized PNF
electrolyte exhibits significantly enhanced stability with lithium
metal and excellent Li+ immigration. Additionally, galvanostatic
plating/stripping tests conducted on Li|PNF|Li symmetric cells
5 of 12
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FIGURE 3 Galvanostatic plating/stripping curves of Li|Li symmetric cells at 30◦C. Li|PNF|Li cells upon (a) various current densities, (b) 0.3 mA
cm−2, (c) 0.5 mA cm−2. Comparison of Li|PNF|Li and Li|P(PEGMEA)|Li symmetric cells upon cycling at (d) 0.1 mA cm−2 and (e) 0.2 mA cm−2, fixed
deposition capacity of 0.1 mAh cm−2. SEM images of cycled Li metal electrodes collected from (f and g) Li|PNF|Li and (h and i) Li|P(PEGMEA)|Li
symmetric cells.
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(Figure 3d,e) reveal that PNF cycles stably for over 1000 h at
both 0.1 and 0.2 mA cm−2, while P(PEGMEA) experiences short-
circuit failures after 650 and 50 h, respectively. EIS performed
after 100 cycles (Figure S14) shows a significantly lower interfacial
impedance for PNF (∼330Ω) compared to P(PEGMEA) (∼792Ω),
which can be attributed to the formation of a homogeneous,
robust, thus thin, SEI layer at the PNF/Li interface during
cycling, facilitating rapid Li+ transport and ensuring stable cell
operation [36]. The formation of a uniform, thin SEI can be
further attributed to the preferential reduction of FEC (lowest
LUMO) in PNF, which favors the formation of an uniform LiF
layer in turn suppressing subsequent reactions of other electrolyte
components (e.g., PEGMEA) at the Li surface. To elucidate
the intrinsic mechanism behind the remarkable electrochemical
stability of PNF in contact with Li, the surface morphology of
the Li electrodes was characterized using SEM (Figure 3f,g). The
lithium surface formed with PNF displays a smooth morphology,
devoid of dendritic growth or irregular lithium deposition, and
features a thin, uniform composite interphase layer (Figure S15).
In contrast, the Li electrode cycled in contact with P(PEGMEA)
shows significant nonuniform deposition (Figure 3h,i).

To elucidate the chemical composition and properties of the SEI
layer, X-ray photoelectron spectroscopy (XPS) (Figure 4a,b) and
energy level diagrams (Figure 4c) were performed to analyze
the surface of cycled Li metal electrodes. The XPS spectra taken
on Li electrodes extracted from P(PEGMEA)- and PNF-based
6 of 12
cells (Figure 4a,b) reveal distinct peaks for C–O, C═O, and C–C
bonds, indicating the SEI comprises a substantial proportion of
organic species, likely originating from the in situ polymerization
on the lithium metal surface [37]. Nevertheless, the PNF system
shows a higher content of inorganic elements compared to
P(PEGMEA). The F1s spectra reveal LiF peak (684.7 eV) and -
CF3 peak (688.4 eV). In the PNF electrolyte, FEC was reduced
preferentially on the lithium metal anode surface due to its
lowest LUMO energy level, forming a LiF-rich interphase. This
interphase effectively blocks direct contact between TFSI− anions
and lithium metal, thereby suppressing their decomposition.
Simultaneously, the introduction of PN promotes the dissociation
of the lithium salt, increasing the concentration of free TFSI− in
the system. Consequently, a significant -CF3 signal along with
a certain amount of LiF is detected on the lithium surface in
the PNF system. In contrast, in the P(PEGMEA) system without
FEC, the lack of a preformed protective layer allows massive
reduction of TFSI− on the lithiummetal, resulting in a LiF signal
more intense than the -CF3 signal. Furthermore, comparative
analysis of N1s spectra reveals higher Li3N signal intensity for the
Li electrode cycled in PNF than in P(PEGMEA). Orbital energy
diagram analysis suggests that Li3N in P(PEGMEA) originates
from the limited decomposition of TFSI− at the lithium surface. In
contrast, Li3N in PNF also derives from reduction reactions of PN
at the lithium metal interface, thus yielding higher Li3N content.
As an inorganic SEI component with high ionic conductivity,
Li3N facilitates accelerated Li+ migration and reduced interfacial
Advanced Functional Materials, 2025
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FIGURE 4 (a) XPS spectra of Li electrodes extracted from Li|PNF|Li and Li|P(PEGMEA)|Li symmetric cells after 50 cycles. (b) Contents of various
elements (atomic ratio), including C, N, O, F, and Li. (c) HOMO and LUMO levels of TFSI−, AN, PN, PEGMEA, and FEC. (d) Schematic diagram of the
SEI layer on the Li metal surface with PNF and P(PEGMEA). (e) Depth-profiling XPS spectra of the Li electrode from a cycled Li|PNF|Li cell.
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resistance, thereby serving as a beneficial constituent for con-
structing robust SEI layers [38, 39]. Comparative analysis of C1s
and O1s spectra reveals significantly attenuated C─O peak inten-
sities in P(PEGMEA) relative to the PNF. Notably, P(PEGMEA)
exhibits a prominent ROLi peak at 530.9 eV inO1s spectra. Orbital
energy level analysis indicates that PEGMEA chains undergo
side reactions with lithium metal during cycling, leading to
polymer decomposition and ROLi generation. As an organic SEI
component, ROLi forms a porous, flexible layer that accommo-
dates minor lithium surface volume fluctuations; however, its
low ionic conductivity and thermodynamic instability detrimen-
tally impact cycling performance [40, 41]. In the P(PEGMEA)
system, severe side reaction at the lithium surface generates
Advanced Functional Materials, 2025
substantial amounts of ROLi with concomitant decrease of
C─O functional groups. Conversely, PNF exhibits fewer side
reactions, generating only trace amounts of ROLi, these ROLi
made the SEI more flexible to accommodate lithium volume
changes without compromising cell performance. A schematic
diagram depicting the structure of the SEI layer is presented in
Figure 4d. In summary, within the PNF system, the Li3N-rich
component promotes rapid lithium-ion transport at the anode–
electrolyte interface [42], while LiF suppresses electron transfer
due to its electronically insulating nature, thereby inhibiting
lithium dendrite growth [37]. The flexible ROLi component fills
the gaps between inorganic phases such as LiF and Li3N. This
structure enables elastic deformation of the SEI, buffering the
7 of 12
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stress induced by lithium metal volume changes during cycling.
SEM images of the cycled lithium metal anode (Figure 3g,h)
show a smooth and intact morphology with no dendritic features
from uneven deposition. Furthermore, evidence from the Li1s
spectra indicates that the organic–inorganic hybrid composite
SEI layer of the PNF system, containing a balanced composition
of LiF, Li3N, and ROLi, ensures excellent performance during
cycling. In contrast, the SEI layer formed with P(PEGMEA)
is predominantly composed of low-ionic-conductivity LiF and
ROLi, which raise the energy barrier for Li+ migration, increase
interfacial impedance, and hinder ion transport. These results are
well aligned with the previous SEM and EIS data.

To probe the composition and structure of the SEI layer, XPS
sputtering with Ar+ was conducted (Figure 4e). The F1s and
O1s spectra reveal that the signals for LiF and ROLi intensify
with increasing sputtering time. Additionally, the N 1s spectrum
indicates a uniform distribution of the Li3N signal throughout
the SEI layer. These results demonstrate the structural integrity of
the SEI with a hybrid organic–inorganic composition, confirming
that this balanced structure is not merely a surface phenomenon
but it extends into the bulk of the layer.

2.4 Cycling Performance of Full Cells and Pouch
Cells

Li|PNF|LiFePO4 cells were assembled to perform comprehensive
testing. Figure 5a,b illustrate the rate capability along with the
corresponding charge and discharge profiles, respectively. The
specific capacity at 0.1, 0.2, 0.5, 1, and 2C rates (1C = 170 mA
g−1) were 155, 152, 143, 125, and 86 mAh g−1, respectively. Upon
restoring the C-rate to 0.1C, the discharge capacity returned
to 155 mAh g−1, demonstrating excellent capacity retention. As
shown in Figure 5b, the charge/discharge voltage curves of
the Li|PNF|LiFePO4 cell remained stable across different rates.
Additionally, the cell was tested at 0.1C ◦C and 0◦C (Figure
S16), demonstrating a specific capacity of 110 mAh g−1 while
maintaining stable cycling performance. These indicate that PNF
facilitates rapid Li+ transport during cycling without significant
side reactions. To further investigate the cycling performance of
the full cell, the Li|PNF|LiFePO4 and Li|P(PEGMEA)|LiFePO4
cells were tested at 1C and 30◦C (Figure 5c). Conducting
five activation cycles at 0.1C, 0.2C, and 0.5C, followed by a
charge/discharge test at 1C during the 16th cycle. In the case
of the PNF system, the discharge capacity at the 16th cycle was
132 mAh g−1, markedly exceeding the 84 mAh g−1 observed for
the P(PEGMEA) system. The Li|PNF|LiFePO4 cell demonstrated
cycling capability for up to 2000 cycles with a capacity retention
of 78.9%. After 1000 cycles, the cell’s capacity retention was
88.2%. In contrast, P(PEGMEA) exhibited significant capacity
degradation from the beginning, indicating that PNF possesses
superior Li+ transport capability, hence guaranteeing steady
battery performance at elevated rates. Subsequently, the cycling
performance of the Li|PNF|LiFePO4 cell at 0.5C and 30◦C was
evaluated, after formation with five cycles at both 0.1C and 0.2C.
Remarkably, after 1000 cycles, the cell capacity retention was
92.6%. Furthermore, the charge/discharge voltage curves of the
Li|PNF|LiFePO4 cell at varying cycle counts under 1C and 0.5C
were analyzed (Figure S17a,b). With the exception of slight capac-
ity degradation, the charge/discharge curves exhibited stability,
8 of 12
indicating remarkable cycling endurance. Figure 5e compares the
cycling performance of PNF with that of the reported PEGMEA-
based solid electrolytes [17–19, 43–47]. PNF outperformed other
PEGMEA-based solid electrolytes in terms of cycle life and
capacity retention, primarily due to the enhanced transport of
lithium ions and compatibility with lithiummetal, both of which
promote uniform lithium deposition. After cycling at 0.5C for
1000 cycles, conducting SEM characterization of the lithium
metal surface of the battery (Figure 6a,b). The results indicated
that even after prolonged cycling, the lithium surface remained
smooth and uniform,with a consistent composite interfacial layer
observed in the cross-sectional SEM images.

Motivated by the prior outcomes, Li|PNF|NCM622 cells were
assembled and evaluated under two conditions: 0.5C at 45◦C
(Figure S18a) and 0.1C at 30◦C (Figure S18b). Following three
activation cycles at 0.1C and 0.2C, the initial capacity at 0.5C
(45◦C) was 130.8 mAh g−1, and it retained 86.4% of its capac-
ity after 150 cycles. At 0.1C ◦C and 30◦C, the initial specific
capacity was 129.3 mAh g−1, reaching a maximum of 137 mAh
g−1 after 16 cycles, with a capacity retention of 84% after 160
cycles, the corresponding charge/discharge curves are shown in
Figure S18c,d. In addition, XPS investigation was performed on
the cycled NCM622 electrode surface (Figure S19). The strong
signal peaks corresponding to -CN and TM-CN in the N1s and
C1s spectra indicate that the PN plasticizer, with its higher
HOMO energy level, preferentially reacts at the cathode side
and participates in the formation of the CEI. A small amount
of LiF detected in the F1s spectrum mainly originates from
the decomposition of fluorine-containing components (LiTFSI
and FEC) in the electrolyte at the interface. The aforemen-
tioned interfacial layer, particularly the formation of TM-CN
complexes, can effectively anchor dissolved transitionmetal ions,
thereby potentially inhibiting their continued dissolution. This
contributes to enhancing the structural and cycling stability of
the cathode [48, 49]. These findings suggest the feasibility of PNF
in conjunction with high-voltage cathodes. To further validate
the practical applicability of PNF, pouch cells were assembled
and tested. Figure 6c illustrates the cycling performance of the
Li|PNF|LiFePO4 pouch cell, which cycled stably for 100 cycles
at 0.1C and room temperature. The charge/discharge curves
shown in Figure 6d exhibited high stability, with a specific
capacity reaching 163 mAh g−1 and negligible capacity decay,
demonstrating excellent cycling stability. To further evaluate
the flexibility and safety of the pouch cell, various tests under
harsh conditions were performed, including bending, cutting,
and puncturing, as depicted in Figure 6f–i. Remarkably, even
under these extreme testing conditions, the PNF-based pouch
cell consistently provided stable current to power an LED light
board. Moreover, no safety concerns, including smoke or fire,
were detected during these harsh tests, indicating the superior
safety and practicality of PNF.

3 Conclusion

In summary, a PEGMEA-based PSE was developed through in
situ polymerization. The incorporated PN, which utilizes the
strong electron-withdrawing nature of its─C≡N group, enhances
Li+ dissociation fromLiTFSI and provides additional Li+ hopping
sites. This establishes novel Li+ transport pathways within PNF,
Advanced Functional Materials, 2025
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FIGURE 5 (a) Rate performance of Li|PNF|LiFePO4 cell and (b) corresponding charged/discharge curves at different rates. Long-term cycling
performance of the Li|PNF|LiFePO4 and Li|P(PEGMEA)|LiFePO4 cell (c) at 1C and (d) at 0.5C. (e) Comparison of the cycling performance with other
PEGMEA-based electrolytes.
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achieving an ionic conductivity of 3.47 × 10−4 S cm−1 at 30◦C.
Simultaneously, the fully methylated PN significantly improves
reduction stability against lithium metal in the PNF system,
forming a hybrid organic–inorganic SEI layer with a balanced
rigidity and flexibility. Consequently, Li|PNF|Li symmetric cells
demonstrate stable plating and stripping for over 1000h at current
densities of 0.3 and 0.5 mA cm−2. Furthermore, Li|PNF|LiFePO4
cells demonstrate exceptional long-term cycling stability, retain-
ing 78.9% of capacity after 2000 cycles at 1C rate and 30◦C. The
assembled Li|PNF|LiFePO4 pouch cell also shows outstanding
cyclability and safety. The PNF PSE design establishes a strategic
framework for developing long-lasting and safe SLMBs.

4 Experimental Section

4.1 Materials

Pivalonitrile (PN), fluoroethylene carbonate (FEC),
poly(ethylene glycol) methyl ether acrylate (PEGMEA), lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI), acetonitrile (AN),
and 2,2’-azobis(2-methylpropionitrile) (AIBN) were obtained
Advanced Functional Materials, 2025
from Shanghai Aladdin Biochemical Technology Co., Ltd. All
materials were stored and handled in an argon-filled glove
box (<0.01 ppm O2 and <0.01 ppm H2O) with continuous gas
circulation.

4.2 Electrolyte Preparation

First, 700 µL PEGMEA (0.76 g), 300 µL PN (0.22 g), and LiTFSI
(0.287 g) were mixed to form a 1 M solution of LiTFSI in
the PEGMEA: PN (7:3 vol/vol) mixture. Then, FEC (10 wt.%)
was added to the mixture and stirred until homogeneity was
achieved. Finally, AIBN (0.5 wt.%) was introduced as a free-
radical polymerization initiator to yield PNF-LE (electrolyte
precursor solution). This precursor was injected into the GFA
separator, and the system was assembled into a 2032-coin cell.
Finally, the assembled cell was heated at 65◦C for 12 h to form
the PNF solid polymer electrolyte. PNFx (where x = 1,2,3,4,5)
represents mixtures of PEGMEA and PN with volumetric ratios
of 9:1, 8:2, 7:3, 6:4, and 5:5, respectively. PAF was synthesized by
replacing PN with AN while maintaining identical preparation
procedures to PNF. P(PEGMEA) was synthesized by uniformly
9 of 12
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FIGURE 6 (a) Surface and (b) cross-sectional SEM images of Li metal anode collected from Li|PNF|LiFePO4 cell after 1000 cycles. (c) Cycling
performance of Li|PNF|LiFePO4 pouch cell at 0.1C and (d) selected charge/discharge curves. (e) Schematic diagram of a pouch cell with PNF electrolyte.
(f–i) Safety test, involving bending, cutting, and puncturing (in sequence) of a cell lighting a LED panel.
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mixing 1 M LiTFSI with PEGMEA, adding 0.5wt.% AIBN, and
polymerizing at 65◦C for 12 h.

4.3 Cathode Preparation

LiFePO4 cathodes were fabricated by mixing LiFePO4, Super P,
and polyvinylidene fluoride (PVDF) at a 7:2:1 mass ratio in N-
methyl-2-pyrrolidone (NMP) solvent to forma cathode slurry. The
slurry was coated onto aluminum foil, vacuum-dried at 80◦C for
12 h, and punched into 12 mm diameter electrodes with an active
materialmass loading of 1.5–2mg cm−2. All electrodeswere stored
in an argon-filled glove box (<0.01 ppm O2 and <0.01 ppm H2O).

NCM622 cathodes were prepared by mixing LiNi0.6Co0.2Mn0.2O2
(NCM622) powder, Super P, and polyvinylidene fluoride (PVDF)
at an 8:1:1 mass ratio in N-methyl-2-pyrrolidone (NMP) solvent to
form a cathode slurry. The slurry was coated onto aluminum foil,
vacuum-dried at 80◦C for 12 h, and punched into 12 mm diameter
electrodes with an active material mass loading of 1–1.5 mg cm−2.
All electrodes were stored in an argon-filled glove box (<0.01 ppm
O2 and <0.01 ppm H2O).

4.4 Material Characterizations

Fourier-transform infrared spectroscopy (FTIR) was performed
using a Thermo Fisher Scientific Nicolet iS20 spectrometer. X-ray
photoelectron spectroscopy (XPS)measurementswere conducted
on a Thermo Fisher Scientific K-Alpha XPS spectrometer. Scan-
ning electron microscopy (SEM) images of cycled lithium metal
surfaces and electrolyteswere acquiredwith a ZEISSGemini SEM
10 of 12
300 high-resolution field-emission scanning electronmicroscope.
Thermogravimetric analysis (TGA) was carried out on a MET-
TLER TOLEDO instrument under argon atmosphere at a heating
rate of 10◦C min−1.

4.5 Electrochemical Characterizations

The electrochemical performance of the prepared polymer elec-
trolytes were measured by a Ivium Technologies nSTAT electro-
chemical workstation. Electrochemical impedance spectroscopy
(EIS)was recorded from 30◦C to 80◦C in the frequency range from
0.1 Hz to 100k Hz and an AC amplitude of 10 mV.

𝜎 = 𝑑∕𝑅 ⋅ 𝑆

where d presents the thickness of themembrane, R represents the
resistance, and S is the contact area between Stainless steel (SS)
and the electrolyte membrane.

The activation energy Ea for the Li+ conduction was calculated
according to the Arrhenius equation:

𝜎 = 𝐴 ⋅ exp (−𝐸𝑎∕𝑘𝑏T)

where A is the pre-exponential factor, kb presents the Boltzmann
constant, T is the absolute temperature, Ea is the activation
energy.

The lithium ions transference number 𝑡𝐿𝑖+ was examined via
direct-current (DC) polarization combinedwithAC impedance in
a Li|Li symmetric cell. The 𝑡𝐿𝑖+ values were calculated according
Advanced Functional Materials, 2025
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to the Bruce−Vincent−Evans equation:

𝑡𝐿𝑖+ = 𝐼𝑠 (Δ𝑉 − 𝐼0𝑅0) ∕𝐼0 (Δ𝑉 − 𝐼𝑠𝑅𝑠)

where ΔV is the applied DC potential (10 mV), I is the measured
current, and R is the charge-transfer resistance. The “0” and “S”
subscripts represent the initial and steady state, respectively.

Linear sweep voltammetry (LSV) measurements were conducted
on the SS|Li unsymmetrical cell with a scan rate of 0.1 mV/s.
The galvanostatic charge/discharge tests were recorded on a
NEWARE testing system.
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