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Abstract The widespread application of solid-state
polymer electrolytes (SPE) is impeded due to their limited
ionic conductivity, narrow electrochemical window, and
lithium dendrite problem.

In this work, Mg-MOF is incorporated into a
polyethylene oxide (PEO)-based polymer solid electrolyte,
leading to the in-situ formation of LiF and other compounds
at the electrolyte interface. This modification significantly
improves lithium ion transport capabilities and regulates
lithium deposition behavior, suppressing the formation of
lithium dendrites. Mg-MOF serves as a Lewis acid site,
facilitating anion adsorption and promoting the dissociation
of LiTFSI, while also providing additional sites for
complexation/decomplexation of lithium ions. As a result,
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symmetric Li//Li cells demonstrate stable plating/stripping
performance for over 3000 hours with a low overpotential of
35mV at 0.1 mA cm?. SPE@Mg-MOF exhibits high ionic
conductivity (5.2 x 10# S cm™ at 60 °C) and a high lithium
ion migration number (0.64). Consequently, Li/SPE@Mg-
MOF/LiFePO, full-cell demonstrates a high discharge
capacity of 169.4 mAh g'! at 0.1 C, a significantly improved
rate capability with 145.7 mAh g at 5 C, and an impressive

capacity retention rate of 80% after stable cycling for 500
cyclesat 1 C.

1 Introduction

Lithium-ion batteries (LIBs) have recently garnered great
attention due to their cost-efficiency and high energy density
[1-3] . It is expected that lithium metal batteries (LMBs)
with Li metal as anode are promising candidate in realizing
high energy density battery, owing to their high theoretical
capacity (3860 mAh g') and low standard electrode
potential (3.04 V vs. SHE) [4-12] . However, conventional
organic liquid electrolytes comprise flammable and volatile
solvents, exhibiting instability and safety concerns. In
contrast, Solid-state polymer electrolytes (SPEs) show
enhanced thermal and electrochemical stability, and are
therefore recognized as potential electrolyte candidates for
next generation lithium batteries [13-15] .

Polymer electrolytes, particularly those based on
polyethylene oxide (PEO) and polyvinylidene fluoride
(PVDF) have the advantages of cost -effectiveness,
processing versatility, and excellent interfacial wettability.
Nonetheless, their practical application are hindered by two
significant challenges: the low ionic conductivity and the
uneven lithium dendrite growth [16-21] . To address these
issues, numerous strategies have been developed, including
the incorporation of inorganic fillers [22-24] , the use of
organic plasticizers [25-27] , the design of topology-
enhanced polymers [28-30] , and the formation of stable
interfaces [31-33] . Among these, inorganic fillers have been
most extensively researched as they can enhance the
mechanical strength and inhibit lithium dendrite formation.
Common fillers include inert materials like Al,Os3 [34, 35],
Si0, [36, 37] , and TiO, [38] , as well as active fillers [39-42]
such as garnet-type LisM,Ln3O12 (M=W, Te), NASICON-
type Lii4Alo4Tii6(PO4)s, perovskite-type LizLazZr,O1s, and
other ceramics [43, 44] . However, the weak interaction
between inorganic fillers and the polymer matrix often
reduces the filler efficacy, leading to poor lithium ion
transport along the PEO-filler interface and unsatisfactory
ionic conductivity. Furthermore, inorganic fillers simply act
as physical barriers to prevent lithium dendrites from
piercing the separator, without addressing the root cause.

A pioneering study by Liu et al [45] . demonstrated the
use of composite SPEs containing metal-organic frameworks
(MOFs) in all-solid-state  lithium metal batteries
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(ASSLMBs), yielding outstanding electrochemical
performance and a stable electrolyte/electrode interface.
Their findings revealed that unsaturated metal sites on the
MOF surface function as Lewis acidic centers, preferentially
anchoring anions of lithium salt and the polymer. This
increases the lithium ion transference number (trir) and
enhances Li* mobility by promoting polymer segmental
dynamics. These improvements are attributed to the MOFs'
intrinsic porous structure, high surface area, periodic lattice,
abundant Lewis acidic sites, and tunable functional groups.
Consequently, various combinations of MOFs and metal
salts to form MOF-based solid polymer electrolytes (MSPEs)
have been studied to boost the ionic conductivity of solid-
state electrolytes and suppress lithium dendrite growth [46-
48] .

It is widely acknowledged that during charge/discharge,
the migration of electrons between the cathode and anode
prompts the movement of lithium salts, such as LiTFSI,
within the electrolyte. In this process, anions (TFSI)
migrate towards the anode, accumulating therein during
lithium deposition, leading to uneven lithium deposition on
the lithium metal surface and dendrite growth. Consequently,
immobilizing anions within the electrolyte emerges as a
promising strategy to mitigate lithium dendrite formation.
Pioneering work by Liu et al. introduced the utilization of
composite SPEs containing Metal-Organic Frameworks
(MOFs) in ASSLMBs, yielding enhanced electrochemical
performance and stable -electrolyte/electrode interfaces.
Their investigations elucidated that surface unsaturated
metal sites serve as Lewis acidic centers, preferentially
anchoring anions and polymers. This facilitates an increase
in tyi+ through efficient anion absorption and enhances Li*
mobility by promoting polymer segmental motion. These
advancements are attributed to the intrinsic porous structure,
high surface area, periodic crystal lattice, abundant Lewis
acidic sites, and tunable functional groups inherent to MOFs.

MOF-74 constitutes a porous material with diverse metal
clusters (Zn, Mn, Fe, Mg et al.), in conjunction with 2,5-
dihydroxyterephthalic acid. This compound exhibits one-
dimensional hexagonal channels and a dense array of open
metal sites. In this work, the effect of Mg-MOF-74 (Mg-
MOF) as an additive in SPE is presented. The exposed metal
sites on Mg-MOF catalyze anion adsorption via Lewis acid-
base interactions, thereby facilitating the dissociation of
lithium salts. Consequently, this process reduces the
crystallinity of the polymer matrix, thereby augmenting the
amorphous domain. The ordered porous architecture of Mg-
MOF ensures the uniform flux of lithium ions within the
composite electrolyte, thus promoting homogeneous lithium
deposition. The SPE@Mg-MOF has substantially enhanced
ionic conductivity (5.2 x 10* S cm! at 60 °C),
commendable Li+ transference number (0.64), and an
expanded electrochemical stability window (5.0 V). In
Li/Li symmetric batteries, SPE@Mg-MOF effectively
mitigates Li dendrite formation, attaining an extended cycle
life exceeding 3000 hours with minimal voltage hysteresis.

Notably, When SPE@Mg-MOF is utilized in a Li//LiFePO4
full cell, it exhibits outstanding cycling stability, maintaining
performance after 500 cycles at 60 °C and 1 C.

2 Experimental

Synthesis of Mg-MOF-74: 1.2 g of (CH3COO),Mg-4H,0
(Aladdin) and 0.4 g of 2,5- dihydroxyterephthalic acid were
dissolved into in a mixture of N, N-dimethylformamide,
ethanol, and deionized water (12 mL: 4 mL: 4 mL). The
mixture was subjected to ultrasonic treatment for 30 minutes
to obtain a homogeneous solution, and then heated at 125 °C
for 26 hours. After cooling, the resulting powder was
washed three times with methanol, and dried in a vacuum
oven at 60 °C for 24 hours.

Synthesis of SPEs: MOF-based polymer solid electrolytes
were prepared using a solution casting method. First,
polyethylene oxide (PEO, Mw=600, 000) and LiTFSI were
dissolved in anhydrous acetonitrile with an [EO]/Li" molar
ratio of 12. MOF fillers with different mass were then added
to the solution. The mixture was mechanically stirred in dry
air (humidity <40%) for 12 hours, followed by degassing
under vacuum for 30 minutes. The solution was cast onto
Teflon sheets and dried under vacuum at 65 °C for 12 hours
to obtain the MOF-based polymer solid electrolytes. In this
study, polymer solid electrolytes containing 0 wt%, 1 wt%, 5
wt%, and 10 wt% Mg-MOF are labeled as SPE, SPE@Mg-
MOF-1, SPE@Mg-MOF, and SPE@Mg-MOF-10,
respectively. The solid electrolytes containing 5 wt% of
other MOFs (Bi-MOF and Co-MOF) are named as SPE@Bi-
MOF and SPE@Co-MOF.

3 Results and discussion

Mg-MOF synthesized via hydrothermal methods
comprises Mg?* metal ion nodes and 2,5-
dihydroxyterephthalic acid organic ligands. Fig. la shows
the preparation process of SPE@Mg-MOF (synthetic
method detailed in the Supporting Information). Scanning
electron microscopy (SEM) (Fig. 1b) reveals Mg-MOF
particles with a size of approximately 1 pm, and a uniform
morphology ideal for polymer solid electrolyte preparation.
The cross-sectional SEM image of SPE@Mg-MOF (Fig. 1c)
exhibits an even thickness of about 70 pm, with energy
dispersive spectroscopy (EDS) showing the uniform
distribution of Mg, N, F, and S elements. While pure SPE
surfaces have cracks and pores, SPE@Mg-MOF surfaces
appear smoother. This is attributed to the hydroxyl groups of
Mg-MOF, capable of forming hydrogen bonds with ether
oxygen bonds and terminal hydroxyl groups on the PEO
segment, while the steric hindrance of Mg-MOF groups
prevents agglomeration. With increasing Mg-MOF content,
agglomeration on the SPE substrate increases, leading to
cracks on the surface of SPE@Mg-MOF-10 (Figs. S1, S2).
Moreover, EDS analysis (Fig. 1g) further validates the
effective dispersion of Mg-MOF in the polymer solid
electrolyte substrate.



The phase structures of Mg-MOF, SPE, SPE@Mg-
MOF-1, SPE@Mg-MOF, and SPE@Mg-MOF-10
electrolytes were investigated using X-ray diffraction
(XRD), as illustrated in Fig. 2a. The intensities of several
characteristic peaks of Mg-MOF increase as a result of
changes in mass fraction. Notably, compared to SPE, the
characteristic peaks of PEO and Mg-MOF in SPE@Mg-
MOF-1, SPE@Mg-MOF, and SPE@Mg-MOF-10
electrolytes are distinctly observable, indicating a good
mixing between additives and the polymer substrate. Strong
intermolecular interactions were examined in detail using
atomic force microscopy (AFM) to assess their influence on
surface micromorphology. Figs. 2b, S3 reveal that PEO-
LiTFSI exhibits a heterogeneous morphology characterized
by severe particle aggregation and surface cracks. In
contrast, SPE@Mg-MOF (Figs. 2c, S3) displays a smooth
surface with a significant reduction in the size of the PEO
crystal region, facilitating the construction of a continuous
ion diffusion pathway.

Fourier transform infrared (FT-IR) spectroscopy was
employed to examine the coordination environment of
SPE@Mg-MOF. As illustrated in Fig. 2d, the asymmetric
sum of -CF;3 in LiTFSI is evident at 1182 cm™ and 1215 cm
! accompanied by symmetrical stretching vibration peaks
and the bending vibration peak of -CF; at 840 cm™'. Upon
introducing 5% Mg-MOF into the PEO matrix, the
characteristic peak of -CF; exhibits a notable weakening.
With a subsequent increase in the Mg-MOF content, the
intensity of this characteristic peak gradually increases. This
observation suggests that at lower concentrations, Mg-MOF
disperses readily within the PEO matrix, serving as a Lewis
acidic center to adsorb TFSI', thereby facilitating the
dissociation of LiTFSI. However, at higher Mg-MOF
concentrations, agglomeration occurs within the PEO matrix,
leading to reduced TFSI" adsorption on the Mg-MOF
surface and consequently, an increase in peak intensity [49] .

Further analysis using Raman spectroscopy were
conducted to investigate the alterations in the chemical
milieu encompassing lithium ions within SPE@Mg-MOF.
As shown in Fig. 2e, Gaussian-Lorentz fitting of the Raman
spectra delineates wavelengths at 736-740 c¢cm’' as "free
uncoordinated TFSI™ and at 744-747 cm? as "TFSI”
coordinated with Li*™". The ratio of free lithium salt anions
was calculated using the following equation:

[ fiee TFSI™]= Alfree) —

A(free)+ A(TFSI ™ coordinated with Li")
By integrating filler materials endowed with Lewis acid
properties and fostering Lewis acid-base interactions
between the filler and LiTFSI, we observed that the
dissociation degree of SPE@Mg-MOF surged to 903%,
surpassing the 71.7% dissociation observed in LiTFSI
within the PEO electrolyte (Fig. S4).

The homogeneous dispersion of Mg-MOF within the
SPE provides robust mechanical reinforcement, crucial for
mitigating lithium dendrite formation. The mechanical
properties of the resulting polymer electrolyte were assessed
via stress-strain curves, depicted in Fig. 2f and g. Notably,
the fracture elongation of the SPE@Mg-MOF membrane

x100%

reaches 1500%, significantly surpassing that of the SPE
(500%). These curves can be classified to three distinct
regions: pre-necking, necking, and strain hardening. In the
pre-necking phase, stress escalates rapidly with strain in both
SPE variants, attributable to alterations in polymer bond
length and angle, facilitating reversible elastic behavior.
Subsequently, in the necking phase, stress stabilizes as strain
increases, primarily due to polymer chain mobility.
Transitioning to the strain hardening phase, stress rises
linearly with strain, accompanied by polymer chain
alignment in the stretching direction. The heightened
mechanical resilience is ascribed to the interaction between
the active surface of Mg-MOF and PEO chains, culminating
in the formation of physical cross-links. Under external
mechanical loads, Mg-MOF acts as pivotal cross-linking
points, effectively dispersing stress and redistributing it
across other polymer chains,thereby impeding the growth of
lithium dendrites.

Thermal stability assessment of the electrolyte was
conducted using thermogravimetric analysis (TGA). As
depicted in Fig. 2h, within the temperature range of 300 °C
to 400 °C, approximately 80% weight loss was observed for
SPE, SPE@Mg-MOF-1, SPE@Mg-MOF, and SPE@Mg-
MOF-10, primarily attributed to the decomposition of PEO
and LiTFSI. Upon further heating to 600 °C, the residual
amounts for SPE@Mg-MOF-1, SPE@Mg-MOF, and
SPE@Mg-MOF-10 were approximately 3.5 wt%, 6.0 wt%,
and 11.0 wt%, respectively, correlating with the additive
mass. In contrast, the SPE began decomposing around
200 °C, with a final residual mass of approximately 2.5 wt%.
These results underscore the improved thermal stability
induced by the inclusion of Mg-MOF in the SPE matrix.

The electrochemical stability window at 60 °C was
assessed using linear sweep voltammetry (LSV)
measurements, with the results depicted in Fig. 3a.
Compared to SS/SPE/Li, SS/SPE@Mg-MOF/Li exhibited a
broader electrochemical window (5.0 V), rendering it
compatible with most cathode materials. Li/SPE@Mg-
MOF/Li symmetric cell was employed to assess the mobility
of Li* ions within the electrolyte. A high lithium ion
transference number is advantageous for minimizing
polarization and suppressing side reactions. Conversely, a
low lithium ion transference number represents a
fundamental drawback of traditional lithium battery
electrolytes, as an excess of mobile anions can elevate
electrode polarization and spur interface side reactions [50] .
As illustrated in Fig. 3b, DC polarization testing revealed a
tui+ of 0.64 for SPE@Mg-MOF. This elevated tri+ can be
ascribed to the interaction between the abundant active sites
on the surface of Mg-MOF and TFSI-, effectively impeding
anion movement and augmenting Li* migration. Moreover,
electronic conductivities for SPE, SPE@Mg-MOF-1,
SPE@Mg-MOF, and SPE@Mg-MOF-10 were measured to
be 1.7x10%4, 1.9x10%, 5.2x10* and 2.31x10* S cm’,
respectively (Fig. S5, S6). The introduction of Mg-MOF into
PEO-based electrolytes widens the electrochemical
operating window, enhances ionic conductivity, and elevates
the Li* migration number, collectively improving the
performance of solid-state lithium metal Dbatteries.



Furthermore, we also conducted a comparative analysis
involving classic MOFs (ZIF67, Bi-BTC) from different
series in this study (Figs. S7-S11). Remarkably, under
equivalent addition amounts, SPE@Mg-MOF exhibited
superior ionic conductivity (Fig. 3c). Additionally, we
assessed the proportion of free lithium salt anions via
Raman spectroscopy and FT-IR absorption spectroscopy
(Figs. S12, S13), with SPE@Bi-MOF demonstrating a
dissociation degree of 77% and SPE@Co-MOF of 83%. As
depicted in Fig. 3d, S14, symmetrical cells assembled using
SPE@Mg-MOF delivered stable Li plating/stripping over
3000 hours at current densities of 0.1 mA ¢cm™ and 0.1 mAh
cm?, with an overpotential of merely 35 mV. This
exceptional performance is attributed to the outstanding
mechanical properties, rapid ion transmission, and uniform
lithium ion flux facilitated by SPE@Mg-MOF, surpassing
that of SPE@Bi-MOF and SPE@Co-MOF.

Fig. 4a—c displays SEM images of the lithium surface
before and after cycling with SPE, and after 50 cycles,
respectively. In the SPE-assembled battery, the lithium
surface exhibits uneven dendrite deposition, forming island-
shaped "dead lithium." Conversely, the surface of the
SPE@Mg-MOF remains smooth and flat, indicating a
uniform lithium deposition. To elucidate the mechanism
underlying the excellent electrochemical performance, the
stability of the interface between the electrolyte and
electrode was investigated. XPS analysis of SPE@Mg-MOF
before and after Li//Li symmetric battery cycling was
conducted to determine the composition of its solid
electrolyte interphase (SEI) film. The Cls spectrum (Fig. 4d)
reveals signals corresponding to five components: C-C, -
COR, -COOR, -CF2, and -CFs, at 284.8 eV, 286.4 ¢V,
287.8 eV, 289.6 eV, and 292.7 eV, respectively, indicating
the coexistence of organic and inorganic compounds in the
SEI layer [51] . The appearance of -CF, after etching
suggests the dissociation of -CF3. Additionally, the binding
energies of the Fls spectra at 684.8 eV and 688.7 eV
correspond to LiF and C-F (including -CF,, -CF3),
respectively, as shown in Fig. 4e. The Fl1s spectrum of C-F
originates from TFSI-, while LiF constitutes the main
inorganic component of the SEI. Moreover, the XPS
spectrum reveals the signals of Li,CO3, LiS, and Li,O on the
contact side with SPE@Mg-MOF (Fig. 4f), which are
common passivation products of Li anodes. The formation
of a stable interface with a lithium-rich SEI is conducive to
inhibiting the growth of lithium dendrites in Li/SPE@Mg-
MOF/Li batteries.

To verify the practical feasibility of SPE@Mg-MOF,
Li/SPE@Mg-MOF/LiFePO4 full-cells (Fig. 5a) were
assembled and assessed. As shown in Figs. 5b, S15, the
LFP/SPE@Mg-MOF/Li  battery  delivers  discharge
capacities of 169.4, 168.9, 168.3, 167.9, 163.3, and 145.7
mAh g at rates of 0.1 C, 02 C,05C,1C,2C, and 5 C,
respectively. It exhibits notable capacity retention upon
reverting to a 0.5 C discharge rate. In contrast, the
LFP/SPE/Li batteries exhibit inferior rate performance,
yielding discharge capacities of 134.5, 132.3, 123.7, 87.1,
46.7, and 21 mAh g”!, respectively, at rates of 0.1 C, 0.2 C,
0.5C,1C,2C,and5 C. The charge-discharge curves in Fig.
5¢ demonstrate a consistent voltage plateau for the

LFP/SPE@Mg-MOF/Li battery, indicative of minimal
polarization effects. Furthermore, the LFP/SPE@Mg-
MOF/Li battery exhibits robust cycle stability, retaining
80% of its capacity even after 500 cycles at 1 C. Notably,
the electrolyte has shown substantial improvements in ionic
conductivity, transference number and cycling stability
compared to recently reported literatures (Table S1, S2).

4 Conclusion

In this work, we successfully prepared Mg-MOF
modified PEO-based SPE with outstanding mechanical
properties and high ionic conductivity. The Mg-MOF
modified SPE exhibits excellent mechanical performance,
effectively inhibiting the growth of lithium dendrites. The
polar functional groups on the organic ligands in Mg-MOF
interacted with the PEO chains greatly enhance the Li*
transport. Compared to the Bi-MOF and Co-MOF, Mg-MOF
shows a stronger adsorption capacity for TFSI.
Consequently, SPE@MgMOF demonstrates high ionic
conductivity and a wide electrochemical stability window
(1.0-5.0 V). As a result, it exhibits an ultra-long cycle life of
over 3000 hours in lithium symmetric cells. Furthermore, a
full cell paired with LFP cathode displays a excellent rate
capability and cycling performance. This study firstly
demonstrates a new MOF material introduced in PEO-based
ASSLMBs with outstanding cycling and rate performance.
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Fig. 1 a Schematic iIIutration of the synthetic route of SPE@Mg-MOF electrolytes; b SEM images of Mg-MOF; ¢ Cross-sectional
SEM image of SPE@Mg-MOF; d EDS mapping obtained from Fig. 1c, e SEM images of SPE; f SEM images of SPE@Mg-MOF; g
EDS mapping obtained from Fig. 1f.
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Fig. 2 a XRD patterns of SPE, Mg-MOF, and SPE@Mg-MOF. b AFM of SPE@Mg-MOF. ¢ AFM of SPE. d FT-IR spectrum of SPE,
and SPE@Mg-MOF. e Raman spectrum of SPE@Mg-MOF. f Optical image of the SPE@Mg-MOF membrane during stress-strain
measurement. g Stress-strain curves of PEO-based electrolyte. h TGA curves.
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Fig. 3 a LSV curves of SPE and SPE@Mg-MOF. b Li/SPE@Mg-MOF/Li cells after a perturbation of 10 mV direct current pulse. Inset:
impedance spectra of the cells before and after the dc polarization at 60 °C. ¢ Arrhenius plots of ionic conductivity. d Charge/discharge
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