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Solid polymer electrolytes emerge as viable electrolyte candidates for lithium metal batteries (LMBs). Never-
theless, they face challenges of low ionic conductance, inadequate mechanical strength, and susceptibility to
lithium dendrite generation. In this study, we address these challenges by incorporating porous silica nanosheets
with functionalized groups (i.e., hydroxy, amino or carboxyl) in polyethylene oxide (PEO)-based electrolytes.
Comprehensive characterizations and theoretical calculations disclose that these nanosheets effectively suppress
PEO crystallization and promote lithium salt dissociation through hydrogen bonding between the polar groups of
the nanosheets and the ether oxygen groups of PEO and the anions of lithium salts, respectively. Consequently,
the functionalized nanosheet-modified electrolyte shows significant enhancement in ionic conductivity (8.9 x
107°vs. 7.5 x 10°®S em ™! at 30 °C) and mechanical toughness (1.47 vs. 0.61 MJ m’?’). The oxidization stability
potential also increases from 3.95 V to 5.15 V. Furthermore, the modified electrolyte demonstrates superior
dendrite suppression capability. Consequently, the cycling life of the Li||Li cells extends to 3000 h. The Li||
LiFePOy4 cells also display exceptional electrochemical performance. This study gives a hydrogen bond design

strategy for polymer electrolyte-based LMBs.

1. Introduction

Lithium-ion batteries are recognized for their exceptional charac-
teristics, particularly their high energy density and absence of memory
effects, which have facilitated their extensive applications in portable
electronics, transportation, and other fields [1-4]. Nevertheless, oper-
ational safety limitations persist, including risks of electrolyte leakage
and thermal decomposition under extreme conditions that may induce
combustion incidents [5-7]. Replacing organic flammable liquid elec-
trolytes with solid-state electrolytes offers a viable solution to address
safety challenges. This approach also enables the use of lithium metal
anodes for higher energy density [8-10]. Polyethylene oxide (PEO)-
based polymer electrolytes have garnered substantial research potential
for their multifaceted advantages: cost-effectiveness in manufacturing
processes, lightweight nature, superior film-forming characteristics,
structural adaptability, and favorable interfacial adhesion with elec-
trode components [11-13]. Despite these merits, technical barriers
remain unresolved. The semi-crystalline structure of PEO matrices at
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ambient temperatures significantly impedes ion transport, yielding un-
satisfactory ionic conductivity [14,15]. Additionally, these polymer
electrolytes demonstrate suboptimal mechanical robustness and
restricted high-voltage tolerance, with persistent challenges arising from
continuous dendrite propagation through the soft electrolyte matrix,
ultimately leading to lithium metal battery (LMB) failure via internal
short-circuiting [16-18].

The introduction of inorganic or organic nanoscale additives into
polymer matrices would elevate the ionic conductance of solid polymer
electrolytes through dual mechanisms of crystalline phase suppression
and lithium salt dissociation promotion [19-21]. Moreover, the incor-
poration of nanofillers can enhance their mechanical robustness and the
capability to inhibit lithium dendrite growth [22-24]. Particularly
noteworthy are two-dimensional (2D) nanostructured materials, which
offer unique advantages stemming from their exceptional surface-to-
volume ratios, high thermostability, and abundant surface functionali-
zation sites [25-27]. However, the functions of 2D nanofillers are mostly
ascribed to Lewis acid-base coordination and deep understanding of the
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complex interactions between 2D nanofillers and the other components
in electrolytes is scarce [28]. Thus, related characterizations and theo-
retical simulations are needed to reveal the role and mechanism of 2D
nanofillers in improving the electrolyte properties. It is also necessary to
optimize the functional groups on 2D nanofillers to strengthen the
nanofiller-polymer/lithium salt interactions for further improving the
electrolyte properties.

Silica particles are abundant in earth and cost-effective, and their
surficial functional groups are also easily tuned [29]. In this work,
porous silica nanosheets (NSs) with three functionalized groups (i.e.,
hydroxy, amino or carboxyl) are incorporated in PEO-based electrolytes
to boost the electrical, mechanical and electrochemical properties.
Various experimental characterizations and theoretical calculations are
also combined to disclose the role of the functional groups (Fig. 1). The
hydrogen bonding between the polar groups of NSs and the ether oxygen
groups of PEO chains can greatly disarrange PEO chains, thus elevating
the chain segmental mobility and increasing the ionic conductivity.
Besides, the hydrogen bond interaction between the polar groups and
the anions of LiTFSI facilitates its decomposition for free Li* cations,
therefore further elevating the electrolyte’s electrical performance.
Furthermore, the mechanical robustness and electrochemical oxi-
dization stability are greatly strengthened due to the hydrogen bond
interactions. As expected, the functionalized NS-modified composite
electrolyte (denoted as PL-NS) shows robust resistance against lithium
dendrites, and the composite electrolyte-based LMBs possess excellent
electrochemical performance.

2. Experimental section
2.1. Synthesis of functionalized porous silica nanosheets

The synthesis of functionalized porous silica nanosheets was per-
formed by three steps (Fig. S1) (Supporting Information). Initially, 10 g
of as-received vermiculite natural mineral (Sigma-Aldrich) after ball
milling was dispersed into 1 L of saturated sodium chloride (NaCl) so-
lution with agitating for 24 h at 110 °C. The solid phase was isolated and
subsequently purified with water to remove residual NaCl by centrifu-
gation. The sample obtained by centrifugation was placed into 1 Lof 2 M
lithium chloride (LiCl) solution with magnetic stirring at the same
condition as Na' exchange process. The solid phase was isolated by
centrifugation and rinsed six times in water to eliminate the excessive
LiCl. The sample obtained by centrifugation was placed into 100 mL of
HCl (36 wt%) with agitation for 12 h at 80 °C. The solid phase was
isolated and then rinsed utilizing water until neutral pH. After repeating
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the above process, the liquid supernatant was freeze-dried to obtain
hydroxy-functionalized porous silica nanosheets (denoted as NSOs).

The functionalization of amino groups commenced with ultrasonic
dispersion of NSOs (3 g) in toluene (100 mL), followed by the incorpo-
ration of triethylamine (5 mL) and aminopropyl triethoxysilane (APTES,
10 mL) and reflux for 24 h at 90 °C. The synthesized product was cen-
trifugated and then rinsed with anhydrous ethanol and water, respec-
tively. The liquid supernatant was freeze-dried to get amino-
functionalized nanosheets (denoted as NSNs).

1 g of NSNs was dispersed in N, N-dimethylformamide (DMF, 100
mL), followed by the incorporation of maleic anhydride (1.2 g). The
mixture was then refluxed at the same condition as that of NSN syn-
thesis. After that, the mixture was centrifuged with solid phase collected
and purified with DMF and water. Freeze-drying was employed to
isolate the nanosheets and remove the residual solvent of the obtained
solid phase. The carboxyl-functionalized nanosheets was named as NSCs

2.2. Preparation of PEO-LiTFSI-NS composite electrolytes

Nanosheets with mass of 0, 0.025, 0.078, 0.132 and 0.188 g were
separately added in five bottles containing 5 mL of DMF. The mixtures
were ultrasonicated for 1 h, and vigorously agitated for 24 h. Mean-
while, a solid mixture totaling 2.5 g of PEO (M, = 600,000) and LiTFSI
at an EO:Li" molar ratio of 18:1 was put in 31 mL of DMF and vigorously
agitated for 24 h. The nanosheet/DMF solutions were subsequently
combined with the polymer electrolyte solutions and agitated for 24 h.
The resulting mixed solution were subject to solution cast into Teflon
molds and thermally dried under vacuum for solvent evaporation. The
PEO-LIiTFSI-NS electrolytes with 0, 1, 3, 5 and 7 wt% silica nanosheets
were denoted as PL, PL-NSX1, PL-NSX3, PL-NSX5 and PL-NSX7 (where
X = O, N or C, represented as hydroxy, amino or carboxyl).

2.3. Material characterizations

Full descriptions of material characterizations including equipment
specifications and operational parameters are provided in Text S1.
2.4. Density functional theory (DFT) calculations

DFT calculations were utilized to further uncover the interaction

between the functionalized NSs and TFSI". For a comprehensive
description of the details, please refer to Text S2.
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Fig. 1. Schematic illustration shows the role of functionalized porous silica nanosheets in composite polymer electrolyte of PL-NS.
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2.5. Electrochemical measurements

Complete details of electrochemical measurements are documented
in Text S3.

3. Results and discussion
3.1. Physicochemical characterizations of porous silica nanosheets

The vermiculite natural mineral shows a representative lamellar
structure (Fig. 2a). The vermiculite natural mineral was then exfoliated
by ion exchange and acid-treated to obtain the NSOs (Fig. S1) [30]. The
NSOs possess an irregular nanosheet microstructure with abundant
pores (Fig. 2b), which is attributed to the exfoliation by ion exchange
and etching of magnesium octahedra.

To elucidate the textural characteristics of the vermiculite and the
NSOs, nitrogen physisorption analysis was further performed. The
resultant isotherms (Fig. 2c) reveal distinct adsorption behaviors be-
tween the two materials. Notably, the NSOs show overlapping adsorp-
tion—desorption branches with quasi-linear progression at low relative
pressures (P/Py = 0.05 — 0.45), characteristic of microporous lamellar
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architectures [27]. A pronounced type IV isotherm signature emerges in
the elevated pressure regime (P/Po = 0.45 — 0.85), accompanied by an
H3-type hysteresis loop diagnostic of mesoporous structures. In contrast,
the vermiculite exhibits a type II isotherm profile, consistent with non-
porous materials. Compared to the parent vermiculite (32.7 m? g™1),
the NSOs have a larger surface area of 309.3 m? g~!. The NSOs also
display a broad mesoporous domain (2 — 20 nm) while the vermiculite
particles have primarily sub-nanometer scale pores (0 — 1 nm) (Fig. 2c
inset). The wide-range diffraction peaks in Fig. 2d and the weak
diffraction ring in Fig. 2b also confirms that the variation from
vermiculite to amorphous silica, which is identical with the surface area
increase after the acid treatment.

The surficial modification of the porous silica nanosheets was sys-
tematically investigated through a combination of XRD, FTIR, TGA and
DLS measurements. The XRD patterns (Fig. 2d) demonstrate that both
the amino- and carboxyl-functionalized nanosheets (NSNs and NSCs)
have the similar amorphous structure to the NSOs, suggesting the non-
destructive nature of the surface modification protocols [31,32].

To verify the successful functionalization, FTIR characterizations
were conducted (Fig. 2¢). A wide absorption envelope at 3425 cm ™' and
a distinct band at 1635 cm ™! in all the samples are related to
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Fig. 2. Characterizations of functionalized porous silica nanosheets. (a) SEM image of vermiculite. (b) TEM image of NSOs (inset: corresponding SAED pattern). (c)
Nitrogen adsorption—desorption isotherms of vermiculite and NSOs (inset: pore size distribution). (d) XRD patterns of vermiculite, NSOs, NSNs and NSCs. (e) FTIR
spectra, (f) TGA curves, (g) size distribution and (h) zeta potential of NSOs, NSNs and NSCs.
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physiosorbed water molecules within the porous architecture [29,33].
All the samples also have fundamental silica framework vibrations such
as siloxane network vibrations (e.g., stretching of Si — O — Si and
bending at 1200 and 453 cm ™, Si — O stretching and bending at 1085
and 800 cm™ 1), and surficial silanol vibrations (e.g., Si — OH stretching
at 960 cm’l) [29,30,33-35]. Besides, the NSNs display two absorption
peaks at 1544 and 2941 cm ! corresponded to N — H bending and C — H
asymmetric stretching vibrations, respectively, while the NSCs exhibit
other peaks at 1570 and 1670 cm ™! related to C=0 stretching vibrations
[32,36-40]. The FTIR and XRD results together demonstrate the suc-
cessful surface modification from hydroxyl groups on the NSOs to amino
groups on the NSNs and carboxyl groups on the NSCs while maintaining
the pristine amorphous structure.

The TGA measurements were also taken to investigate the surface
functionalization. As shown in Fig. 2f, all the samples had mass loss
before 130 °C, due to the evaporation of residual solvent. The pristine
NSOs had a weight loss of 8.3 % before 700 °C, because of the removal of
residual solvent and the decomposition of hydroxyl groups [41]. The
NSNs exhibited an abrupt weight decrement at 470 — 620 °C, ascribed to
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the decomposition of APTES grafted on the NSN surface [42]. In com-
parison, the NSCs displayed three-stage thermal decomposition
behavior: (1) initial gradual mass loss of 3.6 % at 30 — 130 °C, due to the
residual solvent evaporation; (2) unobvious and linear weight reduction
of 2.3 % at 130 — 240 °C, attributed to the decomposition of carboxylic
groups [43]; (3) subsequent mass loss of 12.4 % at 390 — 600 °C arising
from the thermal degradation of grafted APTES ligands and anhydride
residues.

To better disclose the effect of the surface functionalization, DLS
measurements were also performed (Fig. 2g — h). The average particle
size decreased from 373.5 nm (of NSOs) to 368.8 nm (of NSNs) and
312.6 nm (of NSCs), while the zeta potential shifted from — 35.3 mV (of
NSOs) to 28.7 mV (of NSNs) and — 31.4 mV (of NSCs), indicating the
enhanced colloidal stability by the surficial functionalization. This
would be beneficial for the even dispersion of the NSs in the polymer
matrices.

Casting

J

PL-NS electrolyte

Cross-section

Cross-section
—————

Fig. 3. (a) Schematic diagram depicts PL-NS electrolyte preparation. SEM images of (b; — bs) PL, (¢c; — c4) PL-NSO1, (d; — d4) PL-NSN1 and (e; — e4) PL-NSC3
electrolytes at (b; — by, ¢; — ¢, d; — d and e; — ep) the surface and (bs — by, c3 — ¢4, d3 — d4 and e3 — e4) the cross-section.
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3.2. Morphology of electrolytes

The PEO-LiTFSI-NS electrolytes with various amounts of NSO, NSN
and NSC were prepared using a facile solution casting method followed
by vacuum drying (Fig. 3a), and their ionic conductivities at 30 — 80 °C
were also obtained (Fig. S2). According to the results, the proper filling
amounts of NSO, NSN and NSC were 1, 1 and 3 wt%, respectively. Thus,
the microstructure and properties of the PL, PL-NSO1, PL-NSN1 and PL-
NSC3 electrolytes are discussed in the following parts.

Their morphology was examined by SEM (Fig. 3b — e). The thickness
of the PEO-LiTFSI-NS electrolytes is 230 — 260 pm. As illustrated in
Fig. 3b — ¢, the PL and PL-NSO1 electrolytes have a coarse surface with
apparent cracks and pores. In comparison, the PL-NSN1 and PL-NSC3
electrolytes have smooth surfaces and fewer cracks (Fig. 3d — e). This
change should be related to the stronger hydrogen bonding interactions
between the ether oxygen groups of PEO and the amino and carboxyl
groups of the NSNs and NSCs, respectively, which is beneficial for
elevating the densification (during the drying process) and mechanical
robustness (See following Fig. 5b) of the composite electrolytes.

3.3. Ion transport mechanism of electrolytes

Ionic conductance is a significant electrical property for assessing the
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practical applicability of electrolytes. The conductivities of the PL-NS
electrolytes were investigated at 30 — 80 °C (Fig. 4a and Table S1).
The pristine PL electrolyte exhibited a baseline conductivity of 7.5 x
107%S em ™! at 30 °C. In comparison, the introduction of the NSs led to a
substantial enhancement. The PL-NSO1, PL-NSN1 and PL-NSC3 elec-
trolytes demonstrated significantly improved ionic conductivities of 6.7
x 1075, 8.7 x 107> and 8.9 x 10> S ecm™}, respectively. Further
Arrhenius fitting analyses showed that the activation energy (E,) pro-
gressively decreased from 1.05 eV (PL) to 0.76 eV (PL-NSO1), 0.74 eV
(PL-NSN1) and 0.73 eV (PL-NSC3) (Fig. 4a). The reduction of the E,
value also indicated the critical role of the surficial functionalization on
the NSs in lowering the ion transport energy barrier in the PEO-LiTFSI
matrices [44].

A higher 713, indicates a stronger migration propensity of lithium
ions relative to anions [22]. As illustrated in Fig. S3, the 71;, values of
the PL-NSO1, PL-NSN1, and PL-NSC3 electrolytes increase to 0.36, 0.39,
and 0.39, respectively, demonstrating significant enhancement
compared to the pristine PL electrolyte (0.17). The elevated 71 is
beneficial to suppressing spatial charge accumulation at electrodes,
reducing electrochemical polarization during cycling, and mitigating
lithium dendrite growth [25,45].

The reason why the incorporation of the NSs in the polymer matrices
greatly enhanced Li" transport kinetics was revealed. The FTIR spectra
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Fig. 5. Electrochemical stability and mechanical characteristics. (a) LSV curves, (b) tensile stress—strain curves, (c) tensile strength and (d) toughness of electrolytes.
(e) Optical images of electrolyte discs heated to different temperatures and kept for 2 h.

(Fig. 4b) shows that there are no characteristic peaks of the NSs in the
spectra of the electrolytes, indicating a sufficient coupling between the
polymer matrices and the NSs during the fabrication process. The
weakened absorbance peak near 1096 cm ™! in PL-NSN1 and PL-NSC3
electrolytes indicates hydrogen bonding between the functional
groups on the NSs and the ether oxygen groups in PEO. This interaction
would help to reduce PEO crystallinity and facilitate Li* transport
[16,46]. The FTIR absorbance peak related to symmetric stretching vi-
brations of S — N — S (~740 cm 1) was deconvoluted into two distinct
peaks: one for the free TFSI™ (738 cm’l) and the other for the immo-
bilized TFSI™ (742 cm_l) [2,47]. Gaussian-Lorentzian fitting (Fig. 4c
and S4) shows TFSI™ immobilization ratios of 13.1 %, 29.7 %, 31.3 %,
and 32.9 % for the PL, PL-NSO1, PL-NSN1, and PL-NSC3 electrolytes,
respectively. This analysis suggests that the NSs with the functional
groups can anchor a substantial fraction of TFSI™ anions, thereby
releasing more free Li* for ionic transport. Besides, the peak related to —
CH,, vibrations of PEO is sensitive to the disintegration efficiency of
lithium salts [48], and the decline of the peak intensity at ~ 842 emlin
the PL-NSN1 and PL-NSC3 electrolytes also implies the more free Li*
release due to the hydrogen bond interaction (Fig. 4b).

Further investigation into the interaction of functionalized NSs with
TFSI” anions was conducted using DFT calculations. The optimized
structures and corresponding adsorption energy (Eags) of TFSI™ coordi-
nated with the functionalized NSs (NSO, NSN and NSC) are given in
Fig. 4d — f and Table S2. The NSNs (—11.96 eV) and NSCs (—7.10 eV)
exhibit significantly lower E,4s values than the NSOs (—0.91 eV). This
indicates stronger hydrogen bonding between the functionalized NSNs
and NSCs and TFSI™. This also explains why the PL-NSN1 and PL-NSC3
electrolytes have much higher immobilization ratios of TFSI™ (Fig. 4c
and S4).

XRD and DSC measurements were then taken to reveal the role of the
functionalized NSs. The XRD patterns show that the pristine PL elec-
trolyte exhibited the peaks of PEO near 19° and 23° (Fig. 4g) [24]. In
comparison, the peak intensity of the PL-NSO1, PL-NSN1 and PL-NSC3
electrolytes decreased greatly (especially PL-NSN1 and PL-NSC3),
implying the lower PEO crystallinity and accelerated PEO chain move-
ment in the composite electrolytes. Additionally, the DSC measurements

presented that the crystallinities of the PL and PL-NSO1 electrolytes
were 40.7 % and 39.8 %, respectively (Fig. 4h — i). However, the PL-
NSN1 and PL-NSC3 electrolytes had lower crystallinities of 34.3 %
and 34.7 %, respectively, thus greatly improved the ionic transport
along the amorphous PEO chains. The combination with the above-
mentioned characterization and simulation results indicated that the
functionalized NSs demonstrate dual functionality in polymer electro-
lyte optimization, effectively inhibiting PEO crystallinity while simul-
taneously enhancing LiTFSI salt dissociation. This synergistic effect
originates from distinct hydrogen bonding: (1) between the functional
groups on the NSs and ether oxygen groups in PEO chains, and (2)
interfacial coordination with TFSI™ anions of lithium salt.

3.4. Electrochemical and mechanical properties of electrolytes

The high-voltage tolerance of the PL-NS electrolytes was assessed via
LSV at 60 °C (Fig. 5a). The PL electrolyte exhibited an onset oxidation
potential of 3.95 V. With the incorporation of the NSOs, the PL-NSO1
electrolytes demonstrated a broaden oxidation potential of 5.05 V.
The further enhanced oxidation stability of the PL-NSN1 (5.11 V) and
PL-NSC3 (5.14 V) electrolytes arises from the inhibited degradation of
PEO and TFSI™ at high voltages. This enhancement originates from the
established strong hydrogen bond interactions as discussed in section
3.3.

The mechanical characteristics of the PL-NS electrolyte were char-
acterized as well (Fig. 5b — d). The unmodified PL electrolyte had a
tensile strength of 0.14 MPa. Conversely, the incorporation of the NSOs,
NSNs and NSCs in the PEO-LiTFSI matrices resulted in enhanced tensile
strengths of 0.73 (PL-NSO1), 0.87 (PL-NSN1) and 1.08 MPa (PL-NSC3).
Moreover, the PL-NSO1 (0.78 MJ m ), PL-NSN1 (0.70 MJ m ) and PL-
NSC3 (1.47 MJ m~3) electrolyte membranes exhibited higher toughness
than the PL electrolyte membrane (0.24 MJ rn’s), because of the
hydrogen bonding between the functionalized NSs and the PEO matrix.
The improved mechanical properties of the composite electrolytes
would contribute to suppressing dendrite growth. Notably, the strength
of the PL-NSC3 electrolyte exceeds the ~ 1 MPa threshold required to
resist dendrite penetration, and meanwhile the high toughness mitigates
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fracture-induced failures [49,50]. This directly contributes to the su-
perior cycling stability and high critical current density demonstrated in
section 3.5.

Additionally, the thermostability of the PL-NS electrolyte was
assessed through observation of their shape changes and melting be-
haviors at various temperatures in ambient condition (Fig. 5e). The
pristine PL electrolyte disc soon melted at 60 °C, however, only a part of
the PL-NS electrolyte discs melted after 2 h at 60 °C. Upon elevating the
temperature from 60 to 100 °C, the PL-NS electrolyte discs still kept their
original shape and size, due to the high thermostability of the NSs and
the hydrogen bonding between the polymer matrices and the NSs.

3.5. Resistance against Li dendrites of electrolytes

The dendrite suppression capability of the electrolytes was initially
evaluated through critical current density (CCD) testing on Li| |Li cells at
60 °C (Fig. 6a — d). The cell employing the PL electrolyte showed a low
CCD of 0.15 mA em 2. With the addition of the NSOs, the cell utilizing
the PL-NSO1 electrolyte displayed higher CCD of 0.30 mA cm™ 2. Fur-
therly, the CCDs of the PL-NSN1 and PL-NSC3 electrolyte-based cells rise
to 0.55 and 0.65 mA cm ™2, respectively. Additionally, the Tafel plot
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analyses demonstrated that the PL-NSC3 electrolyte-based cell exhibited
a much higher exchange current density (1.11 x 1072 mA cm™?) than
the PL (5.26 x 10~% mA cm~2), PL-NSO1 (5.88 x 107> mA cm™?) and
PL-NSN1 (7.43 x 103 mA cm’z) electrolyte-based cells (Fig. 6e). These
notable improvements provided strong evidence that the NSC incorpo-
ration in the electrolytes not only enhanced the dendrite inhibition
ability but also facilitated the Li" transport kinetics and the electro-
chemical reactions [47,51].

The stability between the PL-NS electrolyte and lithium electrodes
was then assessed through a constant-current measurement on Li||Li
cells at 60 °C (Fig. 6f). When cycled under 0.10 mA cm ™2 (areal capacity:
0.10 mAh cm™2), the cell employing the PL electrolyte soon short-
circuited in 295 h on account of lithium dendrite propagation and
penetration in the electrolyte. On the contrary, the PL-NSO1 and PL-
NSN1 electrolyte-based Li||Li cells kept stable cycling without short-
circuiting for 1215 and 2347 h, respectively. Especially, the cell utiliz-
ing the PL-NSC3 electrolyte could stably cycle for 3000 h, again veri-
fying the significantly improved dendrite resistance of the PL-NSC3
electrolyte. The EIS spectra of the cells after the 100 h cycling further
showed the less increase of the interfacial resistance of the cell utilizing
the PL-NSC3 electrolyte (from 358 to 404 Q), owing to the improved
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reported in open literatures [52-60]. More details are given in Table S3.
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dendrite resistance and interface stability (Fig. S5).

The corresponding SEM images of the electrochemically cycled Li
electrodes from the Li||Li cells were taken to observe the lithium
deposition situation (Fig. 6g — j). There are a lot of deposited dendrites
on the Li electrodes from the cell employing the PL electrolyte, while the
Li electrodes paired with the PL-NSO1 and PL-NSN1 electrolytes have
much less lithium dendrites. In particular, the Li electrodes paired with
the PL-NSC3 electrolyte are smoother without lithium dendrites, further
confirming the higher lithium dendrite inhibition ability of the PL-NSC3
electrolyte and the positive effect of the carboxyl-functionalized NSCs.

The components of solid-state interphase (SEI) on the electrochem-
ically cycled Li electrodes were investigated via XPS. As revealed by the
C 1 s spectra in Fig. 6k, the intensity of the C — O vibration-related peak
at ~ 286.7 eV was weaker in the samples with the PL-NSN1 and PL-NSC3
electrolytes, and the C=0 vibration-related peak was absent in the
samples with the PL-NSN1 and PL-NSC3 electrolytes, revealing the
effective suppression of the generation of carbonate species when using
the PL-NSN1 and PL-NSC3 electrolytes [61]. The Li — F peak intensity
(at ~ 685.7 eV) area ratios of the Li electrodes paired with the PL-NSN1
(44 %) and PL-NSC3 (51 %) electrolytes was much higher than those of
the electrodes paired with the PL (22 %) and PL-NSO1 (30 %) electro-
lytes (Fig. 61), indicating the formation of LiF-rich SEI layers with the
assistance of the NSNs and NSCs. Moreover, there were obvious Li,S and
LigN-related peaks (at ~ 161.1 and ~ 398.2 eV) on the Li electrodes
paired with the PL-NSN1 and PL-NSC3 electrolytes. The peak area ratios
of Li5S and LisN were 18 % and 51 % for the Li electrodes paired with the
PL-NSN1 electrolyte, and 15 % and 60 % for those paired with the PL-
NSC3 electrolyte, respectively (Fig. S6). No peaks related to Sy~ spe-
cies were detected on the Li electrodes paired with the PL-NSC3 elec-
trolyte [62]. In short, the SEI layers on the Li electrodes paired with the
PL-NSC3 electrolyte possessed abundant inorganic components (e.g.,
LiF, Li»S and LigN) with high mechanical modulus, surface energy and
ionic conductivity [16,63], and thus inhibiting the dendrite propagation
for the stable Li||Li battery cycling.

The optimized Li||Li cell performance of the PL-NS electrolyte is
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subsequently compared with existing literatures (Fig. 6m and Table S3).
The room-temperature ionic conductivity and Li* transference number
of the PL-NSC3 electrolyte demonstrates significant enhancement,
compared to those of other PEO-based solid-state electrolytes (Fig. 6m).
The Li||Li cell cycle stability at 0.10 mA cm ™2 (areal capacity: 0.10 mAh
cm™2) is also higher than the previous reports.

3.6. Lithium metal battery performance

The electrochemical performance of PL-NS composite electrolytes
was evaluated in Li||LiFePOy4 cells using galvanostatic cycling tests at
60°C under multiple current densities (Fig. 7a — ¢ and S7). As illustrated
in Fig. 7a, the PL-NSC3 electrolyte-based cell demonstrated superior rate
capability with much higher capacities of 162, 160, 158, 151 and 92
mAh g ! than the PL (119, 63, 6, 0 and 0 mAh g 1), PL-NSO1 (148, 144,
138, 120 and 14 mAh g ) and PL-NSN1 (151, 150, 146, 73 and 0 mAh
g 1) electrolyte-based cells at 0.1C to 1.0C respectively, respectively.
Upon reverting to 0.1C after 25 cycles, the Li||LiFePOy cell utilizing the
PL-NSC3 electrolyte maintained a high capacity of 160 mAh g7},
compared to the cells utilizing the PL (105 mAh g’l), PL-NSO1 (147
mAh g~!) and PL-NSN1 (149 mAh g~}) electrolytes. Owing to the high
ionic conductivity coupled with a superior 71, of the PL-NSC3 electro-
lyte, the cell based on it exhibited small polarization, as evidenced by
the voltage plateaus at various C rates (Fig. 7b — ¢ and S7).

The impedance evolution of the Li||LiFePOy4 cells in the pre-cycling
and post-cycling states was further measured. (Fig. S8). Compared to
the PL (457 and 1228 Q), PL-NSO1 (213 and 1203 ) and PL-NSN1 (382
and 1123 Q) electrolyte-based Li||LiFePOy4 cells, the PL-NSC3 electro-
lyte-based Li||LiFePOy4 cell exhibited lower charge transfer resistance
(R¢y) values (232 and 610 Q) before and after the cycling of rate per-
formance testing. This was identical with the results in Fig. 6e k — n and
S6, again verifying the enhanced charge transfer kinetics by the
carboxyl-functionalized NSCs.

The cycling durability of Li||LiFePOy4 cells was evaluated at 60 °C
(Fig. 7d and S9). The cell utilizing the PL electrolyte exhibited an initial
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capacity of 114 mAh g™}, but its capacity rapidly declined to 9 mAh g!
within 30 cycles at 0.3 C with a merely 8 % capacity preservation. The
capacity retentions increased to 49 % (66 mAh g~!, PL-NSO1) and 10 %
(16 mAh g’l, PL-NSN1) with the incorporation of the NSs in the elec-
trolytes. In comparison, the PL-NSC3 electrolyte-based cell maintained
87 % capacity retention (117 mAh g1) after 210 cycles. Moreover, the
charge-discharge potential profiles revealed that the utilization of the
PL-NSC3 electrolyte greatly decreased the polarization (Fig. S9).

The optimized Li||LiFePO4 cell performance of the PL-NS electrolyte
is subsequently compared with existing literature (Fig. 7e and Table S3).
Notably, compared to the previous reports, the PL-NSC3 electrolyte-
based Li||LiFePOy cells exhibit superior performance (Fig. 71).

4. Conclusions

In summary, porous silica NSs with hydroxy, amino or carboxyl
groups were incorporated to boost the comprehensive properties of PL
electrolytes, and the role of the functional groups of the NSs was dis-
closed. Because of the hydrogen bonding between the functional groups
and the ether oxygen groups of PEO and the TFSI™ anions of LiTFSI, the
functionalized NSs effectively suppressed the PEO crystallization and
facilitated the LiTFSI decomposition, thus resulting in the significant
enhancement in ionic conductivity (8.9 x 10 °vs. 7.5 x 10 °Sem L at
30 °C), mechanical toughness (1.47 vs. 0.24 MJ m’g), thermal stability
and oxidization stabilization potential (5.15 vs. 3.95 V). Moreover, the
incorporation of the functionalized NSs effectively inhibited the lithium
dendrite growth with the CCD increase from 0.15 to 0.65 mA cm 2 and
the Li||Li cell cycling life increase from 295 to 3000 h. The NS-modified
electrolyte-based Li||LiFePOy4 cells also displayed superior rate perfor-
mance than the cells employing the PL electrolytes, and delivered 87 %
capacity retention at 0.3 C after 210 cycles. This work offered a facile
road to realize comprehensively-updated electrolytes by constructing
hydrogen bond networks for high-performance LMBs.
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