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Unique flexible PVDF-based quasi-solid-state electrolytes (QSSEs) with PMMA-modified nanosilica addi-
tives were successfully prepared to enhance the safety, energy density, and cycling stability of lithium
oxygen batteries (LOBs). With 70 wt% of nanosilica additive (SP70), the membrane exhibited remarkable
Li* conductivity, electrolyte uptake and mechanical strength, hindering the shuttling of anions (I~ and 157)
and any harmful species, without any decline in physical flexibility. lodine was added to enhance the kine-
tics of the oxygen evolution reaction (OER) and expedite the decomposition of the discharge product,
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Li,O,. Furthermore, the cycle life of iodine-assisted LOBs was extended from 103 cycles with pristine
PVDF to 402 cycles with SP70 at 1.0 A g~* and 1000 mA h g™ charge/discharge testing conditions. The
full discharge capacity was improved to 45336 mA h g‘l, which was twice that of the LOB with the PVDF-
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1. Introduction

In recent years, conventional lithium-ion batteries (LIBs) have
been confronting with a “mileage anxiety” owing to their
insufficient energy density (200-300 W h kg™') for electric
vehicles."? Thus, other lithium metal batteries, such as
lithium-sulfur (ca. 2500 W h kg™') and lithium-oxygen bat-
teries (LOBs, ca. 3500 W h kg™"), have received enormous
attention because of their high energy densities,*® where the
latter are envisaged as ultimate energy storage devices.
However, various challenges remain for the practical appli-
cations of LOBs, such as the sluggish kinetics of oxygen
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reduction reaction (ORR) and oxygen evolution reaction (OER),
accumulation of discharge products, quick lithium metal con-
sumption and degradation of electrolytes.”

In particular, the LOB discharge product lithium peroxide
(Li»0,), which is formed by the ORR at the electrolyte/cathode
interface, is insoluble and insulative. Furthermore, the electro-
chemical decomposition of Li,O, in the OER is dependent on
the electron transfer at both the electrolyte/cathode and Li,O,/
cathode interfaces, making the complete decomposition of
Li,O, difficult during recharging and leading to the accumu-
lation of discharge products or even passivation of the
cathode. ORR or OER catalysts can prompt the kinetics in
short term but result in full coating with Li,O,. Therefore,
soluble redox mediators (RMs) are selected to effectively lower
the ORR and OER overpotentials, and several RMs have been
reported to be used in LOBs, including tetrathiafulvalene
(TTF), iron phthalocyanine (FePc), 2,2,6,6,-tetramethyl-
piperidinyl-oxyl (TEMPO), and dimethylphenazine
(DMPZ)."**® Lil has been the most extensively studied, and
iodide can be converted according to the two redox reactions
in DMSO, namely, I"/I;~ and I;7/1,,"”*® where both I, and I~
generated in the OER process (see eqn (1) and (2)) can react
with Li,O, (eqn (3) and (4)) as follows:

3 =137 +2e,

(1)

2137 — 312 =+ Zei,

(2)
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I3~ + L0, — 2LiT + 0, + 317, (3)

31, + Li,0p — 2LiT + 0, + 215" (4)

I;” is soluble and can diffuse across the separator to
corrode the Li anode. Therefore, constructing an impermeable
separator with high Li" ionic conductivity and very low shut-
tling of iodide ions is desired to diminish the detrimental
interplay between the cathode and anode processes in LOBs.

As a promising candidate for solid electrolytes, composite
polymer electrolytes combine the advantages of high ionic
conductivity, enhanced elastic modulus, sufficient flexibility,
adaptability to volume changes and interface compatibility
with electrodes owing to the interaction between inorganic
fillers and the polymer matrix, which endows LOBs and other
lithium metal batteries with superior electrochemical pro-
perties and safety.'®*® The introduction of inorganic fillers
can reduce the crystallinity of the polymer, promote the dis-
sociation of lithium salts, and establish new ion conduction
channels. TiO,, Al,0;, SiO, and other inert materials have
been widely used owing to their easy synthesis, controllable
particle size and excellent chemical stability.”’ >* Studies have
shown that the introduction of ceramic nanoparticles can
increase the Li* concentration at the interface; therefore, fillers
with Lewis acidic surfaces are more favorable to Li*.>*?®

For example, SiO, nanoparticles with Lewis acidic surfaces
can interact with anions,*® and the newly established hydrogen
bonds make the fillers become crosslinking centers of poly-
mers and anions, further disrupting the crystallinity of the
polymer matrix.>®*° Moreover, the large-scale fabrication of
SiO, nanoparticles is mature and cost-effective, and high-
loading of SiO, fillers allows the polymer nanocomposites to
approach the performance of inorganic solid electrolyte films,
such as Li;La;Zr,015,>" LijgGeP,S15,>% Lij 3Aly 5Tiq -(PO,)s>
and Li;YClg,>* which are known for their high elastic modulus
and superior ionic conductivity, but face the challenges of
inherent brittleness, poor interface contact with electrodes,
and high cost. Cui et al. developed a silica-aerogel reinforced
composite polymer electrolyte comprising a continuous SiO,-
aerogel network, which resulted in a notable enhancement in
the mechanical properties and ionic conductivity of the elec-
trolyte.>> Chen et al. employed an interfacial layer constituted
by ionic liquid adsorption on the surface of mesoporous silica
to attenuate the anionic binding of Li* and augment the con-
ductivity of the solid electrolyte to 1.4 mS ecm™'.*° Yin et al.
fabricated a series of SiO,-reinforced PVDF-HFP quasi-solid-
electrolytes (QSSEs) and found that there was an apparent
increase in Li" conductivity with the content of SiO,, and the
highest conductivity (107> S em™") was assigned to the QSSE
with 80 wt% SiO, because the dominant Li* conductance
mechanism changes from the bulk transport mechanism to
the interfacial transport mechanism.>®

Inspired by these studies, we systematically investigated the
effect of high loading fillers on the performance of the SiO,/
PVDF composites and further enhanced their flexibility by the
surface modification of SiO, with PMMA coating. The opti-
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mized composite membrane (SP70, 70 wt% SiO,) exhibited a
high ionic conductivity of 1.48 x 10~ S em ™", with a superior
Young’s modulus (12 GPa on average) and flexibility. SP70 also
had a high electrolyte uptake and could serve as a QSSE for
LOBs, which offered uniform Li* and inhibited Li dendrite
growth, and strengthened the PVDF matrix from chemical cor-
rosion by oxidative intermediates in battery reactions. More
importantly, the results demonstrated that the
SP70 membrane could effectively hinder the transfer of both I~
and I;~ across the membrane, and its ion-selective nature has
not been reported to the best of our knowledge. Consequently,
the lifespan of iodine-assisted LOBs was significantly
elongated from 103 cycles with pristine PVDF to 402 cycles
with SP70 at 1.0 A g~ and 1000 mA h g%, and the full dis-
charge capacity was approximately doubled from 24 277 mA h
g~ to 45336 mA h g'. The excellent performance and cost-
effectiveness of the high loading SiO,-reinforced nano-
composites provide a new design strategy for QSSEs for the
practical application of LOBs.

2. Experimental
2.1 Materials and chemicals

Tetraethyl orthosilicate (TEOS, 98%), ammonium hydroxide
(28%), 3-(trimethoxymethylsilyl)propyl methacrylate (MPS,
98%), sodium dodecyl sulfate (SDS, 99%), potassium persul-
fate (KPS), oxalic acid (>97%), ethanol (> 99.7%), N,N-di-
methylformamide (DMF, >99.5%) and methyl methacrylate
(MMA) were bought from Sinopharm Chemical Reagent Co.,
Ltd, China. PVDF (M,, = 600 000) was purchased from Arkema.
Multi-walled carbon nanotubes (MWCNTSs, >98%), dimethyl
sulfoxide (DMSO, 99.9%), propylene carbonate (PC, 99.7%),
lithium perchlorate (LiClO4, >99.99%), lithium iodide (Lil,
99.9%), and molecular sieves (4 A) were bought from Sigma-
Aldrich. Lithium flake (d = 14 mm) was purchased from
Tianjin Zhongneng Lithium Co., Ltd. Glass fiber separators
(GF, d = 18 mm, Whatman) were used as received.

LiClO, and LilI were dried in a vacuum oven at 120 °C for
more than 12 h and then used to prepare 1.0 mol L™ LiClO,/
DMSO and Lil/LiClO,/DMSO (with 1.0 mol L' LiClO, and
0.05 mol L™ Lil) electrolytes. Activated molecular sieves were
added to remove trace water from the electrolytes for one week
before use. The lithium flake was immersed in 0.1 mol L™
LiClO,4/PC solution for more than 3 days.

2.2 Pre-treatment of SiO, nanoparticles

SiO, nanoparticles were prepared by applying the modified
Stober method,*” with details in the ESLt MPS and SiO, were
dispersed into a mixed solution of ethanol and water with a
volume ratio of 3:1. The pH was adjusted to 3.5-4 with 0.1 M
oxalic acid, stirred in a water bath at 70 °C for 7 h, and the
MPS-modified SiO, nanoparticles were obtained after centrifu-
gal washing with ethanol and deionized water.>*

SiO,-PMMA nanoparticles were prepared by emulsion
polymerization according to previous studies.*®*° MPS-modi-
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fied SiO,, MMA, SDS and isopropanol were added in sequence
into deionized water, which were pre-emulsified and degassed
by N, for 30 min, followed by the initiation of polymerization
by the addition of KPS solution at 75 °C for 8 h. The product
was repeatedly centrifugally washed with deionized water and
then dried at 70 °C for 24 h, resulting in the PMMA-modified
SiO, nanoparticles, denoted as SiO,-PMMA.

2.3 Preparation of SiO,/PVDF composite membranes

SiO,-PMMA and PVDF were dissolved in DMF under ultrasonic
stirring at the weight ratios of 5:5, 6:4, 7:3 and 8:2 After
degassing, the solution was poured onto a glass plate, and the
thickness of the film was controlled to be 70 + 10 pm using a
home-made film scraper and finally kept at 40 °C overnight in
a vacuum oven, leading to the SiO,/PVDF composite mem-
branes, which were named SP50, SP60, SP70 and SP80 accord-
ing to the SiO, ratios in the composites, respectively. As a refer-
ence, a pristine PVDF membrane was fabricated for
comparison.

2.4 Characterizations

Morphological and structural analyses were performed by
applying a scanning electron microscope (SEM, Phenom LE,
Thermo Fisher Scientific). A high-resolution 3D X-ray micro-
scope (Zeiss Xradia 510 Versa) was applied to 3D imaging of
samples. A contact angle measuring instrument (DSA100S,
KRUSS) was used to measure the wettability of the membranes.

X-ray photoelectron spectroscopy (XPS, Thermo ESCALAB
a Y ;
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250XI), X-ray diffractometer (XRD, D/max 250 PC, Rigaku),
Raman spectrometer (532 nm, DXR2, Thermo), FT-IR spectro-
meter (FTIR, Thermo Scientific Nicolet iS5) and thermal analy-
zer (TG-DSC, PE STA8000) were also used to characterize the
samples. The Young’s modulus of the membranes was
measured by Atomic Force Microscopy (AFM) (Bruker
Dimension ICON). An electrochemical workstation (CHI660E,
Shanghai Morning China Instrument Co., Ltd) was used to
carry out EIS analysis, where the AC amplitude was 5 mV, and
the frequency varied in the range of 0.1 Hz-10° Hz. Detailed
electrochemical analysis and LOB testing are demonstrated in
the ESL.}

3. Results and discussion

3.1 Characterizations of the SiO,/PVDF composite
membranes

Fig. 1la schematically illustrates the synthesis of SiO,/PVDF
QSSEs with a high loading of SiO, nanoparticles. Fig. 1b
shows the morphology of SiO, nanoparticles prepared using
Stober’s method (with details in ESIt). The as-synthesized SiO,
nanoparticles are spherical with uniform particle sizes, which
are measured as 310 + 10 nm (N = 100), as shown in Fig. S1a.t
Fig. 1c illustrates the synthesis of SiO,-PMMA nanoparticles by
MPS modification and MMA grafting, where small dots appear
on the surface of SiO, nanoparticles.

FT-IR analysis of the SiO,-PMMA nanoparticles in Fig. S1bf
shows that absorption peaks appear at 1100 cm™' and

Grafting
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i
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Synthesis of SiO,-PMMA/PVDF QSSE (a); SEM images of pristine SiO; (b) and SiO,-PMMA (c); SEM images of the SP70 QSSE surface at low (d

) (inset: cross-section) and high magnifications (e); AFM topography and Young's modulus (f) and the flexibility of the SP70 QSSE (g).
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800 cm ™, corresponding to the asymmetric and symmetric
stretching vibrations of Si-O-Si, respectively.’® The peak
present at 1730 cm ™' corresponds to the C—=0 bond of PMMA,
and the peaks between 750 and 1350 cm™" can be attributed to
the stretching vibrations of the C-O-C bond.>* The broad peak
at 3437 em™' indicates that, even though PMMA is grafted
onto SiO,, hydroxyl groups are still present on its surface,
which can act as Lewis acids to promote the dissociation of
lithium salts and provide more free Li*.***° Fig. Sict illus-
trates that the weight loss of the SiO,-PMMA nanoparticles
near 100 °C is due to the evaporation of adsorbed water, and
the rapid weight loss at 300-400 °C is caused by the dehydro-
genation of PMMA. Thereafter, the surface PMMA decom-
posed, and at 800 °C, only SiO, remained, occupying ca.
75 wt% of the overall weight. Fig. S1d+ illustrates the XRD ana-
lysis, which exhibits little structural change between the as-
synthesized SiO, and SiO,-PMMA nanoparticles.

High filler loading results in apparent structural changes to
PVDF-based nanocomposites. Fig. 1d demonstrates the surface
and cross-section (inset) of the SP70 membrane, where the
SiO,-PMMA nanoparticles are close-packed to each other with
a thickness of approximately 75 pm, and the PVDF resembles a
binder rather than a matrix as some PVDF even appear in the
form of filaments (Fig. 1e), which implies that the inside SiO,-
PMMA nanoparticles form a continuous 3D framework across
the SP70 membrane available for ionic conductance based on
the interfacial transfer mechanism. Furthermore, Fig. S2at
depicts that the incorporation of SiO,-PMMA nanoparticles
effectively reduces the crystallinity of PVDF, which also favors
the ionic conductance of PVDF.*’ Fig. S2bt illustrates the FTIR
analyses of the PVDF and SP70 QSSEs. For the PVDF QSSE, the
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Fig. 2 XCT analysis of the SP70 QSSE (a); the ratios of electrolyte uptake
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bending vibration peaks of ~CF,, stretching vibration peaks of
-CF, and bending vibration peaks of -CH, are observed at 879,
1172 and 1405 cm™", respectively.’® For the SP70 QSSE, an
additional bending vibration of Si-O and antisymmetric
stretching vibration of Si-O-Si appear at 442 and 1050 cm™,
respectively, confirming the combination of SiO, nanoparticles
and PVDF.*?

It is worth mentioning that owing to the high filling of SiO,
nanoparticles, the average Young’s modulus increases rapidly
from less than 1 GPa for PVDF to as high as 12 GPa for SP70
according to the AFM analysis depicted in Fig. 1f, which meets
the demand of resisting the disordered production of Li den-
drites.*! Fig. 1g further displays that the SP70 exhibits remark-
able flexibility, which is very difficult for polymer composites
with high loading of inorganic nanofiller. As a reference, the
SP80 membrane with the SiO,-PMMA content of 80 wt%
resulted in the brittleness of the SiO,/PVDF composite mem-
brane (Fig. S3t). Fig. S4at shows that the SEM image of the
pristine SiO, nanoparticles is a reinforced PVDF nano-
composite with a content of 50 wt%, where the SiO, nano-
particles appear randomly aggregated and are not compatible
with the PVDF. Consequently, the membrane is also brittle
and easy to break, as shown in Fig. S4b,t showing the neces-
sity of PMMA surface grafting of SiO, nanoparticles.

To visualize the 3D morphology inside the sample, X-ray
computed tomography (XCT) was used to scan the SP70
QSSE.** Fig. 2a displays the cross-section images of the SP70
QSSE, where the internal SiO, nanoparticles were uniformly
distributed and densely stacked in the composite, confirming
the existence of a continuous SiO,-nanoparticle network in the
membrane available for ionic conductance. The well-incorpor-
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(b) and ionic conductivity (c) measured with SS||SS symmetrical cells for

different PVDF-based QSSEs; EIS analysis of the SP70 QSSE at 10 mV with a Li||Li symmetric cell (d); THz-TDS analysis of the dry (e) and DMSO
soaked (f) PVDF-based QSSEs; and schematic of Li* ion transfer mechanism at high-loading of SiO, hanoparticles (g).
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ated SiO,-PMMA nanoparticles significantly improves the
thermal stability of the SP70 compared with the PVDF mem-
brane, where the SP70 membrane exhibits little change when
it was heated to 200 °C for 1 h, as shown in Fig. S5, while the
pristine PVDF membrane significantly shrinks, highlighting
the stability and reliability of the SP70 membrane as a candi-
date QSSE for LOBs.

Fig. 2b illustrates the electrolyte uptake rates of the PVDF-
based composite QSSEs, where the values increase apparently
with the loading of the SiO,-PMMA fillers.* Fig. 2¢ depicts the
same trend of ionic conductivity, which increases with an
increase in SiO, loading in PVDF nanocomposites based on
electrochemical impedance spectroscopic (EIS) analysis
(Fig. S6%), where the ionic conductivity of pristine PVDF is
measured as 3.1 x 107* S em™" and gradually increases with
the filler content to the maximum value of 1.48 x 107> S cm ™"
for SP70. The enhanced ionic conductivity can be attributed to
two effects. First, SiO, with the -OH group maximizes the
Lewis acid-base interaction with anions, increasing the Li salt
dissociation and thus forming a continuous highly conductive
pathway through the whole electrolyte film.*> Second, an aug-
mentation in the segmental motion of the polymer chains due
to a decrease in the crystallinity of PVDF was observed.

Fig. 2d shows that the highest lithium-ion transference
number (#;+) is also up to 0.64 in the SP70 QSSE because the
high-loading SiO, nanoparticles strengthen the Lewis acid-
base interactions with lithium salts, including hydrogen
bonds.**** The properties of ionic conductance and selectivity
(transferring Li* and blocking iodides) are closely associated
with the packing continuity and electrolyte wetting of SiO,
nanoparticles in QSSEs. Terahertz time-domain spectroscopy
(THz-TDS) is a non-destructive and highly penetrating analyti-
cal technique that offers an effective approach for investigating
the liquid absorption of composite materials.*>*” In contrast
to the SP10 and SP40 samples, the THz signals exhibit signifi-
cant attenuation in both dry (Fig. 2e) and DMSO-soaked
(Fig. 2f) SP70 QSSEs. Additionally, the terahertz absorption of
the DMSO-soaked SP70 demonstrates an apparently high level
compared to other samples, as illustrated in Fig. S7.f This
observation suggests that DMSO-soaked SP70 possesses a
notable capacity for electrolyte adsorption, thereby further
enhancing the rate of Li' ion transport. Fig. 2g illustrates the
mechanisms for Li* ion transfer, where the bulk transfer
pathway is attributed to the nanocomposites with low SiO,
loading, and the interfacial pathway is available for the nano-
composites with high SiO, loading.

More importantly, the SP70 membrane is observed to effec-
tively block the passthrough of iodide. It is known that the use
of redox intermediator Lil (I") in the organic electrolyte can
effectively promote the cathode reaction kinetics of LOBs, but
the crossover oxidized iodide (I;7) can corrode the Li anode.
Therefore, the QSSEs applied in iodide-assisted LOBs must
simultaneously have high Li* conductivity and a strong hin-
drance to I and I transfer. Fig. S81 shows the experiments
to test the blockage of iodides, in which the QSSEs are used as
separators of H-type containers with 1.0 mol L™ LiClO,/DMSO

14362 | Nanoscale, 2025, 17, 14358-14367
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in the left column and 0.05 mol L™" Lil (or Lil + I, = I;7)/
1.0 mol L™ LiCl0,/DMSO in the right column. For the transfer
of 1", Fig. S8af illustrates that the pristine PVDF membrane
cannot effectively hinder the transfer of I", where the solution
in the left column appears light blue only after 1 h owing to
the reaction with the amylum. In contrast, there is no color
change after 48 h in the left-column electrolyte when the
SP70 membrane was employed. For the transfer of 157,
Fig. S8bt depicts that the SP70 membrane can also block the
passthrough for 48 h, but the pristine PVDF membrane can
impede only the transfer within 1 h. This blockage effect is
likely due to the rich hydroxyl surface of close-packed SiO,
nanoparticle frameworks inside SP70, which can resist the I™
and I;~ anions by electrostatic repulsion. Fig. S9t displays that
the contact angle of the pristine PVDF with a water droplet is
93°, and the incorporation with 70 wt% of SiO,-PMMA (the
SP70) increases the angle to 130°. In contrast, the composite
PVDF membrane with 70 wt% pristine SiO, nanoparticles
yields a smaller contact angle of 60°, demonstrating that the
modification of PMMA enhances the resistance to the cross-
over of humidity in the electrolyte of the PVDF-based compo-
site QSSEs when used in LOBs.

3.2 LOBs with PVDF-based composite QSSEs

The pristine PVDF or SP70 QSSEs with saturated absorption of
1 mol L' LiClO,/DMSO anolyte were positioned on Li plates;
then, the MWNT cathode was placed on top of the QSSEs with
an addition of 0.05 mol L™" LiI/1 mol L™" LiClO,/DMSO catho-
Iyte before encapsulating the holed coin cells (as illustrated in
the inset of Fig. 3a). The assembled LOBs were first analyzed
by EIS, as shown in Fig. 3a, and the solution resistance (R, ref.
the equivalent circuit in the inset) of SP70 (12 Q) is lower than
that of PVDF (46 Q), indicating that SP70 can effectively
improve the ion migration rate and cycle life. The charge trans-
fer resistance (R.) using the SP70 QSSE (red) is measured as
29 Q, which is apparently lower than that using the PVDF
QSSE (blue, 78 Q). This reduction can be attributed to the
enhanced ion conductivity resulting from the increased seg-
mental motion of the polymer chains and the enhanced ion
transfer at the SiO,/polymer interfaces.*®

The performance of the iodide-assisted LOBs was tested.
Fig. 3b shows that the full discharge capacity of the SP70 QSSE
is determined as 45336 mA h g~', which is approximately
double that of the pristine PVDF QSSE (24277 mA h g™").
Fig. 3c and d compare the cyclic performance of the LOBs,
demonstrating that the SP70 QSSE enables a long lifespan of
402 cycles with a low charge/discharge potential gap of 0.80 V
in the first cycle, while the PVDF QSSE enables only 103 cycles
with a larger initial potential gap of 0.87 V at 1 A g~ with a
fixed capacity of 1000 mA h g™'. Fig. 3e compares the charging
and discharging terminal potentials of the cells with the SP70
and PVDF QSSEs, where the former appears smaller and more
stable than the latter. Fig. S107 shows that the LOBs with SP60
and SP50 QSSEs can operate for 237 and 136 cycles, respect-
ively, which are in the middle between the pristine PVDF and
SP70 QSSEs. Fig. 3f shows the rate performance of the LOBs at

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Nyquist plots (a) and full-discharge capacities (b) of the LOB cells with the SP70 and PVDF QSSEs; cyclic performance of the LOBs with the
SP70 (c) and PVDF QSSEs (d); cut-off voltages at different cycles (e) and rate performance (f) of the LOBs with the SP70 and PVDF QSSEs.

the current densities of 3, 5 and 10 A g~ " with a fixed capacity
of 1000 mA h g™, where the SP70 QSSE is allowed to cycle for
188, 123 and 68 rounds, and the PVDF QSSE cycles for only 72,
56 and 32 rounds, respectively.

As illustrated in Fig. 4a-d, the Li anode in the cell with the
pristine PVDF QSSE appears much rougher than the one with
the SP70 QSSE after the 1st cycle, and the difference becomes
more significant when the Li anode protected by the pristine
PVDF after 103 cycles is compared with the one by the SP70
after 402 cycles. The SEM images of the pristine Li and the
anodes after 50 cycles with the PVDF and after 50 and 100
cycles with the SP70 are displayed in Fig. S1la-d.f As illus-
trated in Fig. S12,f the XRD analysis of the white powder
deposits on the surface of the lithium wafers revealed that they
consisted of lithium hydroxide (LiOH). Moreover, Fig. 4e and f

PVDF-1st PVDF-103rd

Fig. 4 SEM images of Li anodes with the PVDF (a and b) and SP70 (c and d
with the PVDF (e and f) and SP70 (g and h) at different LOB cycles.

This journal is © The Royal Society of Chemistry 2025

depict that the MWCNTs in the LOB with the PVDF QSSE are
clearly visible after the 1st cycle. However, the surface is fully
covered by the discharge product after 103 cycles. The pristine
MWCNTSs and their morphology after 50 cycles are depicted in
Fig. S13a and b, respectively. In contrast, Fig. 4g and h illus-
trate that the MWCNTSs remain exposed after the 1st cycle and
are thoroughly coated with discharge product after 403 cycles,
where the morphological evolution after 100 and 200 cycles is
present in Fig. S13c and d,T respectively. Fig. S14af shows that
the PVDF QSSE is damaged after 102 cycles. The results indi-
cate that battery failure can be ascribed to cathode passivation
because the Li anodes of the LOBs with both PVDF and SP70
QSSEs are present until battery failure. Fig. S14b and ct depict
that SP70 remains intact after 100 cycles and is damaged after
403 cycles in connection with the failure of the LOB.

SP70-1st

) QSSEs at different LOB cycles and SEM images of the MWCNT cathodes

Nanoscale, 2025, 17, 14358-14367 | 14363
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3.3 Composite PVDF QSSE with high SiO, loading on battery
reactions

Cyclic voltammetry (CV) analysis in Fig. S151 shows that the
equilibrium potential of 17/I;™ is 3.3 V (vs. Li'/Li), and the next
equilibrium potential of about 3.85 V (vs. Li'/Li) corresponds
to the conversion of I;7/I, under an oxygen atmosphere.'®*°
The redox potentials are all higher than that of the O,/Li,0,
redox pair (E° = 2.96 V). Therefore, both oxides (I;~ and I,) of
the iodine redox pair can react with Li,O,, accelerating the
decomposition of the products and effectively reducing the
charging overpotential. The performance of LOBs is closely
connected to the valence states and the local concentration of
iodides at the cathode.

In situ Raman analysis was performed on the MWCNT
cathode during the cycling of the LOB with the SP70 QSSE.
Fig. 5a illustrates that the absorption peak at 785 cm™" corres-
ponds to the discharge product Li,O,, which increases with
discharge time, reaching its maximum after 60 min (the green
bands in the left column).>>*" Fig. 5b displays the Raman
spectra in battery charging, where the peak of Li,O, decreases
with time (left column), and new characteristic peaks appear
at 110 and 165 cm ™" (the red bands in right column), which
are assigned to I;~ and I, stretching vibrations, respectively,
indicating the conversion from I” to I;~ and I,.>> The charac-
teristic Raman peaks of LiOH (at 485 cm™') are not observed
during battery cycling (Fig. S161) in line with previous
studies.”® The results illustrate the effect of iodides in the
battery reactions, where Li,O, is formed in discharging and is

a
60min Discharge
Li,0,
840 800 76 3000 2500 2000 1500 1000
b Wavenumber (cm™)
Li,0,
60min Recharge
50min
40min
30min
20min |
\AA.« Omin
840 800 760 3000 2500 2000 1500 1000
Wavenumber (cm™)
Fig. 5 In situ Raman spectra of the MWCNT cathode during discharge

(a) and recharge (b) processes at 0.3 mA cm™2.
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decomposed in recharging with the oxidation from I" to I37/I,.
The blockage of the SP70 QSSE keeps the iodide concentration
stable in the catholyte, and in comparison, the iodides easily
overcome the weak resistance of the pristine PVDF QSSE,
resulting in a decrease in iodide concentration and lowering of
cathode reactions.

The use of SP70 QSSE also improves the anode processes in
the cycling of iodide-assisted LOBs, except for protection from
corrosion to the Li anode, owing to the effective blockage of
the iodides by the SP70 QSSE. Fig. 6 illustrates the role of the
QSSEs in homogenizing lithium stripping/plating processes.
Fig. 6a depicts the total profiles of the Li||Li symmetrical cells
with the pristine PVDF and SP70 QSSEs cycled in 1 mol L™*
LiClO,/DMSO electrolyte at the current density of 0.1 mA
cm 2. The voltage gap in the Li||Li symmetrical cell with the
pristine PVDF QSSE (0.185 V) is much higher than the one
with the SP70 QSSE (0.022 V) in the initial 10 h (Fig. 6b) owing
to enhanced ionic conductivity by high loading SiO,, and after
100 h, the former rapidly increases to 2.2 V, indicating the
failure of the cell due to the quick pulverization of Li electro-
des. In contrast, the latter remains stable after 600 h of
cycling, where the potential gaps are 0.028 V after 200 h, 0.062
V after 400 h and 0.158 V after 600 h (Fig. 6¢c—e), indicating the
uniform Li" flux during the Li stripping/plating conducted by
continuous SiO, frameworks through the SP70 QSSE.

Moreover, the incorporation of high loading SiO, nano-
particles is observed to effectively stabilize the composite
QSSEs. The total XPS spectra for the pristine PVDF and SP70
QSSEs before and after 10 cycles in the LOBs are displayed in
Fig. S17.} Fig. 7a compares the fitting results of the resolved
C,s signal of the pristine PVDF QSSE. Before cycling, three
peaks at 284.8, 286.33 and 290.72 eV are assigned to the C-C,
C-0 and C-F groups, respectively, which agrees with previous

~ a
g 16 SP70
a2 12 ——PVDF
2 08
E 04 200h 0.028V 400h 0.062V 600h 0.158V
= 00h 0 Oh 0. O 0.
£ 0.0 zzz == g
2 -04
& | T T v T . v T
0 100 200 300 400 500 600 700
Time (h)
o b = €
o SP70 | i~ 03 SP70
= ——pPvDF| S 031 ——PVDF
s 0.1 3
g 4
z Zz 0.04
£l £ 03
2 =
= 88 90 92 94 96 98 100
e Time (h)
= SP70)
=~ 5 0.10
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” 4
2 0.00 20004
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% -0.04 E_O'w 4
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Time (h) Time (h)

Fig. 6 Cycling in the Lil|lLi symmetric cells at 0.1 mA cm™2 with the
SP70 and PVDF QSSEs (a) and zoom-in plots at different stages (b—e).
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Oy (€), and Fyg (f) signals of the SP70 QSSE before and after 10 cycles.

studies.”® After 10 cycles, four peaks are observed at 284.8,
286.49, 288.43 and 289.87 eV, corresponding to C-C, C-O,
Li,CO; and C-F, respectively.”*> Fig. 7b illustrates the fitting
of the O, signal, where only the C-O peak appears at 531.96
eV before cycling. After 10 cycles, two peaks occur at 531.75
and 532.78 eV corresponding to C-O and Li,CO3, respectively.
Fig. 7c shows the fitted F, signal, where only one peak is
exhibited at 687.8 eV, corresponding to C-F. After 10 cycles,
two peaks at 684.84 and 688.28 eV are observed, which are
attributed to Li-F and C-F groups.*" The results indicate that
Li,CO; and Li-F bond appear after cycling in lithium-oxygen
batteries, where the former suggests the decomposition of the
PVDF QSSE and the latter is associated with the reaction with
Li anode and the formation of F-rich SEI layer due to the close

This journal is © The Royal Society of Chemistry 2025

contact, explaining the quick damage of the pristine PVDF
QSSE after 102 cycles, as shown in Fig. S14a.t

Fig. 7d illustrates the fitting of the resolved C,¢ spectrum of
the SP70 QSSE, where three peaks are observed at 284.8, 286.3
and 290.73 eV before cycling, representing C-C, C-O and C-F
groups, respectively. After 10 cycles, three peaks at 284.8,
286.28 and 290.71 eV are attributed to C-C, C-O and C-F,
respectively. Fig. 7e displays the fitting of the resolved O
signal, where the C-O peak occurs at 531.95 eV before cycling.
After 10 cycles, the peak appears at 531.92 eV, corresponding
to the C-O group. Fig. 7f shows the fitted F,¢ signal, where a
peak at 687.55 eV corresponds to the C-F group before cycling.
After 10 cycles, two peaks occur at 684.86 and 688.76 eV, which
are assigned to Li-F and C-F, respectively. Fig. S181 depicts

Nanoscale, 2025, 17, 14358-14367 | 14365
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the fitted Si,, signal, where only the Si-O group is observed
before and after battery cycling. The results indicate that the
addition of SiO, nanoparticles significantly improves chemical
stability because only Li-F appears in the SP70 QSSE after LOB
cycling, which is consistent with the SEM analysis shown in
Fig. S14b and c.t

4. Conclusion

We successfully synthesized a robust and flexible PVDF-based
QSSE with high-loading PMMA-modified SiO, nanoparticles.
The optimized SP70 QSSE (70 wt% of SiO,) exhibited excellent
Li* conductivity of 1.48 x 107> S cm™" and resistance to the
shuttling of iodides (I" and I;7) and other harmful species,
together with superior Young’s modulus (12 GPa on average)
and flexibility to prevent possible Li dendrite penetration.
Investigations showed that the interfacial ion transfer mecha-
nism was predominant by continuous SiO, nanoparticle net-
works across the SP70 QSSE. Furthermore, the incorporation
of SiO, significantly enhances the thermal stability and chemi-
cal resistance of PVDF-based QSSEs. The intimate interfacial
contact between the SP70 QSSE and the Li anode formed an
F-rich SEI layer on the Li surface and facilitated the uniform
stripping/plating of Li. Consequently, the lifespan of iodine-
assisted LOBs was extended from 103 cycles with the pristine
PVDF QSSE to 402 cycles with the SP70 QSSE at 1.0 A ¢~* and
1000 mA h g', and the full discharge capacity was also
approximately doubled from 24277 to 45336 mA h g™'. The
excellent performance and cost-effectiveness of the composite
QSSE provide a prospective pathway for the practical appli-
cation of LOBs.
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