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Solid polymer electrolytes (SPEs) based sodium metal batteries (SMBs) are promising mategial9 £6§9/05£800117J
next-generation lightweight energy storage, combining excellent processability with cost-
effectiveness. Transitioning from gel-state to all-solid-state sodium metal batteries (ASSMBs) is a
necessary step to enhance both safety and energy density. However, the removal of solvents or
unpolymerized monomers in SPEs often results in intrinsically low ionic conductivity (below 103
S cm’! at room temperature), low Na' transference numbers (ty,<0.3), and poor interfacial
compatibility with electrodes. Herein, a host-guest recognition strategy was designed for polymer
electrolytes by incorporating bimetallic metal-organic frameworks (MOFs) with abundant Lewis
acid sites into the polymer matrix. Tailoring the electronic configuration of the bimetallic MOFs
enables them to effectively capture TFSI™ anions and accelerate the dissociation—desorption of Na*
along the PEO chains. The unique system achieves an ionic conductivity of 1.37x10™* S cm™ at
30 °C, which ranks among the highest reported for all-solid-state polymer systems to date, and a ty,*
of 0.63, along with a wide electrochemical oxidation window. Specifically, the NVP//Na ASSMB
demonstrates a highly reversible capacity of 100.6 mA h g'! and a good cycling stability with 97.2%
capacity retention after 600 cycles at 1C. Furthermore, the all-solid-state sodium metal pouch cells
achieve an impressive initial discharge specific capacity of 113.4 mAh g™ and remained stable for

56 cycles at 0.1C. This work proposes a promising host—guest recognition strategy for SPEs to

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

enhance Na* transport, providing valuable insights for the design of next-generation all-solid-state

electrolyte systems with high energy density.
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Transitioning from gel to all-solid-state sodium metal batteries (ASSMBs) is essential for upgrading the energy density and

safety of flexible energy storage devices. Herein, a novel host-guest recognition strategy for all-solid-state composite
polymer electrolytes (CPEs) is proposed by introducing Fe-Ni bimetallic Metal-organic frameworks (MOFs) into the PEO
matrix. Fe-Ni MOF with various synergetic sites serves as a ‘host’ platform for CPEs to weaken the Coulombic interaction
between Na* and bis(trifluoromethysulfonyl)imide (TFSI'), thereby promoting the dissociation of sodium salt. They reduce
the Na* migration barrier and improve high-voltage stability. The optimized CPE achieves an ionic conductivity of 1.37x107*
S cm™ at 30 °C, and the Na* transference number increased threefold (from 0.23 to 0.63). The corresponding Na//Na
symmetric cells operate stably for 1150 h at 25 °C, and the Na// Na;V,(PO,); (NVP) cells demonstrate 97.2% capacity
retention after 600 cycles at 1C. Thanks to the high oxidation limit of the CPE (4.5 V), the Na3V,(PO,),F; (NVPF)-based ASSMBs
demonstrate stable cycling over 500 cycles within the voltage range of 2.5-4.3 V. Furthermore, the all-solid-state Na metal
pouch cell exhibits an high initial discharge specific capacity of 113.4 mAh/g and remains stable for 56 cycles at 0.1C. This
innovative host-guest recognition polymer electrolyte offers valuable insights for enhancing rapid ion transport and
contributing to the better understanding of the underlying Na* kinetics mechanisms.

dissolution of sodium salts. However, these strong interactions
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Introduction

Sodium metal has high theoretical specific capacity (1165 mAh/g)
and a low redox potential (-2.714 V vs standard hydrogen
electrode),! making sodium metal batteries (SMBs) an important
form of high-energy-density energy storage systems.? 3 Traditional
SMBs use organic liquid electrolytes, where the organic solvents are
highly flammable, prone to leakage, and susceptible to severe side
reactions with the chemically reactive Na metal.* Therefore, the
large-scale application of SMBs still faces significant challenges.
Consequently, substituting traditional liquid electrolytes with solid-
state electrolytes (SSEs) has been proven to be a viable strategy.”
Among various SSEs, solid polymer electrolytes (SPEs) have
significant advantages in improving battery safety, enhancing
mechanical properties, preventing uncontrolled dendrite formation,
and exhibiting high electrochemical stability.6 Polyethylene oxide
(PEO)-based SPEs have been extensively studied owing to their
excellent salt solubility.” The ether oxygen groups on PEO exhibit
strong coordination interactions with Na*, which is beneficial to the
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hinder the migration of Na*, resulting in low Na* transference
number (t*) leading to severe concentration polarization and thus
uneven sodium deposition and ultimately dendrite formation.®
Therefore, achieving a balance between high ionic conductivity and
t* while maintaining stable electrochemical performance is a key
challenge for all-solid-state sodium metal batteries (ASSMBs) based
on SPEs.

In recent years, development of single sodium ion conductive
SPEs by bonding anions to the main chain of polymers to suppress
anion migration has significantly improved the Na* transference
number.’® However, the ionic conductivity remains relatively low,
making battery operation difficult. Incorporating fillers into the
polymer matrix has been shown to be a promising approach to
enhance the ionic conductivity of SPEs.!! Metal-organic frameworks
(MOFs) have advantages including large pore volume, high surface
area, adjustable pore size, and diverse topological structures. They
provide a new method for the design of composite polymer
electrolytes (CPEs).12 The excellent specific surface area of MOFs
provides closely packed cation hopping sites reducing the activation
energy required for ion transfer and increasing ionic conductivity.3
The ordered porosity of MOFs can also regulate the uniform
deposition of Na* on the anode and suppress the dendrite
formation.’* Additionally, the strong coordination interaction
between the unsaturated metal sites exposed in MOFs after
removing solvent molecules and the anions in sodium salts can
balance the charge and maximize the Na* transference number.1®
Meanwhile, incorporating MOFs into polymer electrolytes can
effectively reduce polymer crystallinity, increase the amorphous
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fraction, and promote Na* transport through anion capture and
continuous migration channels.'®1° The utilization of MOFs as fillers
in SPEs has significantly influenced the development of CPEs, leading
to improved electrochemical performance.?’ However, the critical
role of MOFs in CPEs and their Na* migration mechanisms are not
fully understood.?! Therefore, further research is necessary to
improve our understanding of the critical role of MOFs in SMBs.?2

In this work, we propose a novel host-guest recognition MOFs-
CPE strategy for SMBs. A bimetallic Fe-Ni MOF with anion-trapping
effects was introduced into the PEO-based electrolyte for developing
a composite polymer electrolyte with the addition of 10% (CPE-10)
to selectively enhance Na* migration capabilities and achieving ultra-
stable ASSMBs. In CPE-10, the abundant Lewis-acid sites exposed on
the bimetallic Fe-Ni MOF can inhibit the migration of TFSI- through
strong anion-trapping effects. This unique structure, combined with
the synergistic effect of highly promoted sodium salt dissociation
provides a long-range, efficient, and continuous pathway for
selectively rapid Na* transport. This significantly enhances the ionic
conductivity (1.37x10* S cm™, 30 °C) and the Na* transference
number (0.63) of the CPE. Molecular dynamics (MD) simulations
elucidate that the Fe-Ni MOF has strong anion-trapping effects,
endowing CPE-10 with robust Na* transport capabilities and
coordination environments. The Na/Na cell demonstrates stable
cycling for 1150 h at 25 °C. Further, the Na3V,(PO,4); (NVP)/CPE-
10/Na cell exhibits excellent cycling stability and rate performance at
25°C and 60 °C. Moreover, the pouch cell delivers an initial discharge
specific capacity close to its theoretical capacity and maintains stable
cycling at a high loading of nearly 4 mg cm™2. This work lays the
foundation for long lifespan and large-scale ASSMBs.

Results and discussion

Design rationale of Fe-Ni MOF structure

In conventional PEO-based solid polymer electrolytes, strong O-Na*
coordination significantly impedes Na* migration, resulting in a low
t*. To address this issue, the Fe-Ni bimetallic MOF is introduced as
functional fillers to weaken O-Na* coordination, thereby significantly
accelerating the dissociation of Na salts. Following dissociation, it is
essential to inhibit the complexation of Na* with TFSI-to increase the
availability of active Na* (Figure 1a). To fulfill the requirements for
efficient "host" functionality, theoretical calculations were employed
to screen nine representative metal MOF materials for their
adsorption energy of TFSI- in sodium salts. This analysis covers the
adsorption energies of five monometallic MOFs and four bimetallic
MOFs, with ligands of trimesic acid. As depicted in Figure 1b, the Fe-
Ni bimetallic MOF exhibits the highest adsorption energy for TFSI-,
while the monometallic Fe MOF and Ni MOF show the lowest
adsorption energies. In the Fe-Ni MOF structure, the projected
density of states (PDOS) reveals that the d states of the Fe center are
closer to the Fermi level (E) than the Ni center (Figure 1c). This
indicates that the d-orbitals of Fe are the main active orbitals,
determining the adsorption strength of Na and the catalytic activity
of Fe-Ni MOF. It also demonstrates that the introduction of Fe into
the monometallic MOF(Ni) results in more electronic states within a
specific energy range, enhancing the opportunities for electron
exchange with reactants. Therefore, Fe-Ni bimetallic MOF was

2| J. Name., 2012, 00, 1-3
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ultimately chosen as the filler for the PEO matrix for the.fallowing
reasons: (1) In Fe-Ni bimetallic MOF, the d-bam@teiter o trE FeQités
is closer to the Fermi level compared to single-metal MOFs, which
significantly enhances the adsorption ability for F/O in TFSI-. Besides,
the d-band center of the Ni sites shifts upward, avoiding the issue of
difficult anion desorption seen in single Ni-MOF due to a deeper d-
band center. This synergistic electronic structure allows for
"moderate anion adsorption," meeting the ion adsorption-
desorption balance required for electrolyte fillers.?® (2) The unique
Fe-O-Ni-O-Fe bonding pathway creates an efficient electron transfer
channel. The Ni sites act as electron donors, continuously supplying
electrons to the Fe sites through the d-mt conjugation effect.?* This
charge distribution mechanism is not achievable in single-metal
MOFs. It enhances the Fe sites' adsorption capacity and prevents the
Ni sites from excessive electron localization, which could lead to
strong adsorption and poisoning of active sites. (3) The electron
delocalization effect in Fe-Ni bimetallic MOF effectively disperses the
negative charge of TFSI-, reducing steric hindrance, while maintaining
high ionic conductivity and ensuring strong adsorption.?> To sum up,
the synergistic effect of Fe and Ni sites in Fe-Ni bimetallic MOF
addresses the issues of anion adsorption-desorption balance found
in single-metal MOFs, making it the optimal choice.

The introduction of Fe-Ni MOF into the PEO-based electrolyte
creates a homogeneous structure, providing a continuous linear path
for rapid ion transport, thus reducing the activation energy required
for Na* migration, referred as CPE-10 (Figure 1d). Additionally, the
increase in amorphous regions within the PEO matrix in CPE-10,
induced by the interaction between the numerous metal sites in the
MOF and the ether oxygen bonds in PEO, leads to the opening of
polymer chains. This improves ionic conductivity and synergistically
facilitated rapid Na* transport within the system. On the other hand,
the numerous metal sites in the Fe-Ni MOF act as Lewis-acid sites
which can constrain TFSI- to accelerate sodium salt dissociation and
balance charges while increasing the free state of Na* that can
participate in complexation. This results into the increase of Na*
transference number, and reducing concentration polarization and
ohmic polarization within CPE-10 due to uneven ion distribution.?®
Consequently, CPE-10 is expected to achieve both high ionic
conductivity and high Na* transference number, therefore enabling
ultralong cycle life in ASSMBs (Figure 1e).

Design and characterization of host—guest recognition electrolyte

Scanning electron microscopy (SEM) and the transmission electron
microscopy (TEM) were used to observe the morphology of Fe-Ni
MOF. As shown in Figures 2a (SEM) and 2b (TEM), the Fe-Ni MOF is
composed of uniformly stacked three-dimensional cauliflower
shaped structure arranged in a lamellar stack. This uniform and well-
ordered nanostructure facilitates sufficient contact between the
electrolyte and the MOF, thereby providing more effective migration
pathways for Na* and enhancing ionic conductivity. Energy dispersive
X-ray spectroscopy (EDS) results confirmed the uniform distribution
of Fe, Ni, C, and O elements on the surface of the Fe-Ni MOF (Figure
$1). The uniform distribution of elements ensures that the Lewis acid
sites are evenly distributed across the MOF surface, which helps
uniformly capture TFSI anions and optimize Na* migration pathways
and transference number. The Fe-Ni MOF is featured by its high

This journal is © The Royal Society of Chemistry 20xx
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Figure 1. (a) Detailed depiction of the dissociation and adsorption mechanisms of NaTFSI. (b) Theoretical calculations that screen the adsorption energy of TFSI- on reported and
representative single-metal and bimetallic MOFs. (c) DFT-calculated the DOS of MOF(Fe—Ni). (d) Schematic diagram of CPEs synthesis. (e) Schematic illustration of Fe-Ni MOF

enhanced structure of CPEs with selective and rapid Na*transport.

Lewis acidity, which makes it a promising solid catalyst.?’ Therefore,
these Fe-Ni MOF nanocrystals enable the exposure of more active
sites, leading to a more sufficient interaction with C-O-C segments,
which are considered as Lewis-base centers in PEO chains.?®
Brunauer-Emmett- Teller (BET) results indicated that the Fe-Ni MOF
has a large specific surface area (284.0 m? g) (Figure S2a).?° The
micropore structure of the Fe-Ni MOF can selectively restrict the
passage of TFSI, thus enhancing the Na* transference number
(Figure S2b).3° The larger specific surface area provides more
accessible active surfaces and microporous spaces, offering
additional migration pathways for Na* and thereby enhancing the
ionic conductivity of the electrolyte. To highlight the advantages of
Fe-Ni bimetallic MOF, we synthesized Fe-MOF and Ni-MOF using the
same experimental methods and tested their specific surface areas
and porosity (Figure S3). The results showed that the specific surface
area of the Fe-Ni bimetallic MOF is more than three times that of Fe-
MOF and 28 times that of Ni-MOF. This indicates that the design of
the bimetallic MOF optimizes its structure, significantly increasing
the specific surface area and the number of exposed Lewis-acid sites.
This enhancement is beneficial for optimizing the host functions of
the bimetallic MOF and strengthening its effective recognition of
guest molecules. While all metal MOFs can ensure the presence of
Na* within their microporous structures, the bimetallic MOF system

This journal is © The Royal Society of Chemistry 20xx

releases more dissociated Na*, effectively facilitating the rapid
migration and diffusion of Na*. Furthermore, the X-ray diffraction
(XRD) spectrum of the Fe-Ni MOF exhibited peaks at positions
consistent with the standard Fe-Ni MOF XRD pattern, with
characteristic diffraction peaks at 7.7° and 10.6° (Figure 2c).
However, both peaks exhibited a slight low-angle shift, possibly due
to the nanoscaling and defect doping of Fe-Ni MOF.?” The crystallinity
of Fe-Ni MOF was also enhanced, attributed to the loss of organic
components during the hydrothermal process. This results in slight
growth of the three-dimensional cauliflower shaped structure of Fe-
Ni MOF and exposing more effective Lewis-acid sites on the surface
of the nanosheets material, thus facilitating better interaction with
the PEO-based electrolyte components.3! X-ray photoelectron
spectroscopy (XPS) was used to determine the surface composition
and chemical states of elements in the Fe-Ni MOF. The C 1s spectrum
was fitted with three peaks centered at 284.8 eV, 286.3 eV and 288.4
eV, corresponding to C-C, C-O, and C=0 bonds, respectively.3? The O
1s spectrum revealed the presence of -OH peaks at 531.7 eV and C=0
bonds at 532.8 eV. Furthermore, the Fe 2p XPS curve showed two
chemically distinct substances, including metallic iron and oxidized
iron states.33 The Ni 2p spectrum identified peaks at 855.5 eV and
873.2 eV belonging to the oxidized state of Ni (Figure $S4).3* The
transition metals are successfully anchored onto the organic

J. Name., 2013, 00, 1-3 | 3

Please do not adjust margins



http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5eb00117j

Open Access Article. Published on 16 September 2025. Downloaded on 9/24/2025 1:48:35 AM.

This articleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Pleasendli=/=¢:

ARTICLE

iy

Journal Name

View Article Online
DOI- 10 1039/DSFBO0117J

(o)

Fe-Ni bimetallic MOF

Intensity (a.u.)

Simulation

10 20

59.5 nm

PEO
= . —_ -
E -CF, 3 3
& 2.55% K =
P ! ~ ~
= z Z
g 1 = ‘7
o) | s | P 5
< |CPE:10 2 |CPE-10 i Na®-TFSI” ! 2
- | = AR | =
= L]
1 |
-C¥, | NaF
2.45%  3.50% ' 18.95%

294 292 290 288 286 284 282
g Binding Energy (eV)

280 694 692 690 688
Binding Energy (eV)

686 684 682 680 174 172 170 168 166 164 162 160
Binding Energy (eV)

Figure 2. (a) SEM image and (b) TEM image of as-prepared Fe-Ni MOF powder. (c) XRD patterns of Fe-Ni MOF and simulation Fe-Ni MOF. (d) SEM images of PEO and CPE-10.
(e) Surface morphologies of PEO and CPE-10 obtained by AFM. High-resolution XPS spectra of (f) C 1s, (g) F 1s and (h) S 2p for PEO and CPE-10 membranes. (g) Optical

photographs of the states of PEO and CPE-10 membranes at 25, 60, 90, 120 and 150 °C.

framework. The optical photograph of the CPE-10 prepared by the
solution casting method is shown in Figure S5. The resulting brown
film exhibits excellent flexibility, undergoing significant inelastic
deformation when manually stretched. The stress-strain curve
indicates that CPE-10 also possesses good mechanical strength and
tensile performance (Figure S6), with a Young’s modulus as high as
35.0 MPa at room temperature, which helps to suppress the
penetration of sodium dendrites. SEM analysis results show that the
surface of CPE-10 is smoother and denser than that of PEO, which is
beneficial for improving the interfacial contact between the
electrolyte and the electrode (Figure 2d). Such improved interface
uniformity facilitates more efficient Na* transport across the
electrode-electrolyte interface, and thus enhances the overall ionic
conductivity and electrochemical performance of the cell. Atomic
force microscopy (AFM) tests also revealed that the surface
roughness did not change significantly after the introduction of

4| J. Name., 2012, 00, 1-3

inorganic fillers, indicating good dispersion and compatibility of the
Fe-Ni MOF in the PEO matrix (Figure 2e). This uniform dispersion
helps Na* migrate efficiently, improving ionic conductivity and
electrochemical performance.

Figure 2f presents the C 1s, F 1s, and S 2p XPS spectra of PEO
and CPE-10 for comparative analysis. In the C 1s spectra of both
electrolytes, four peaks were observed corresponding to C-C,
C-0-C, C=0 and —CFs. The changes in peak area ratios indicate the
interaction between PEO and Fe-Ni MOF, leading to the
disentanglement of polymer electrolyte chains in the PEO-based
system. Furthermore, in the S 2p spectrum of CPE-10, the intensity
of the -SOx peak decreased, suggesting the suppression of TFSI-
decomposition into -SO,, which further demonstrates the high
stability of the CPE-10 electrolyte. Additionally, in CPE-10, the Na-F
peak area ratio decreased from 36.87% to 18.95%. With the
incorporation of Fe-Ni MOF, compared to PEO, more ion pairs

This journal is © The Royal Society of Chemistry 20xx
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Figure 3. (a) TGA curves and (b) XRD patterns of PEO and CPE-10. (c) lonic conductivity of CPE with different mass fractions of Fe-Ni MOF at room temperature. (d) lonic conductivity of
CPE with varying content. (e) Arrhenius plots of the ionic conductivity of CPEs. (f) LSV curves of PEO and CPE-10. (g, h) AC polarization curves of Na//Na cells using CPE-10 and PEO, with
EIS (inset) before and after polarization. (i) Tafel plot comparison of Na//Na cells based on CPE-10 and PEO after 30 h of cycling.

formed after NaTFSI dissociation (Na*-TFSI) are formed in the
system. This is likely due to the strong electrostatic interaction
between the Fe-Ni metallic MOF and TFSI, which facilitates the
dissociation of NaTFSI and enhances the mobility of Na*. CPE-10
maintains a stable shape with better mechanical properties even at
high temperatures over 150°C, highly improving the safety
application potential of PEO even if the temperature is over 90 °C
(Figure 2g).

Figure 3a shows the thermogravimetric analysis (TGA) of CPE-
10 and PEO. The addition of the Fe-Ni MOF increased the
decomposition temperature of the electrolyte, effectively raising it
from 200 °C to 304 °C. Due to the high thermal stability of the Fe-Ni
MOF, the residual mass of the composite electrolyte remains as high
as nearly 10% even at temperatures close to 600 °C. This residual
proportion is consistent with Fe-Ni MOF content. XRD analysis results

This journal is © The Royal Society of Chemistry 20xx

show that the Fe-Ni MOF did not alter the crystal structure of PEO
(Figure 3b). The peaks at 19° and 23° correspond to the crystalline
regions of PEO, and their reduced intensity in CPE-10 indicates a
decrease in crystallinity. The Fe-Ni MOF disrupts the regular packing
of PEO chains through steric hindrance, weakening interchain van
der Waals interactions and increasing the amorphous region, which
provides more accessible Na* migration pathways. Additionally, the
MOF’s porous structure and Lewis acid sites interact with NaTFSlI,
capturing and dispersing anions and locally enriching Na*, while also
helping form continuous migration channels that lower the Na*
migration energy barrier. Together, these effects synergistically
enhance the overall ionic conductivity of CPE-10.3° Figure S7 shows
the DSC thermal curves of CPE-10 and PEO electrolytes in the
temperature range of -60-100 °C, with the corresponding glass
transition temperature (Tg), melting temperature (Ty), melting
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enthalpy (AH.,), and crystallinity (xc) listed in Table S1 (the method
for calculating crystallinity can also be found in the Supporting
Information). For CPE-10, the synchronous decrease of T, Ty, and
AH,, (Table S1) indicates an expansion of the amorphous region. The
XRD and DSC results demonstrate that the introduction of Fe-Ni MOF
with abundant unsaturated metal sites can disrupt the crystalline
regions of the polymer, promote segmental chain motion, and thus
inhibit the crystallization of the PEO matrix. To evaluate the
effectiveness of Fe-Ni MOF developed in CPEs on Na* migration, the
ionic conductivities at room temperature of various CPEs were
measured (Figure 3c and Figure S8). It is found that CPE-10 exhibited
the highest ionic conductivity, reaching 5.75x10° S cm?, almost an
order magnitude higher than that of PEO, Fe-MOF CPE and Ni-MOF
CPE. Figure 3d shows the ionic conductivity of different Fe-Ni MOF
content’s (0-15 wt%) CPE-X (X=0, 3, 5, 7, 10, 15) at different
temperatures. With an increase in Fe-Ni MOF content, the ionic
conductivity of CPEs initially increased and then decreased, reaching
a maximum at 10 wt%. Specifically, the ionic conductivity of the CPE-
10 achieves 1.37x10* S cm™ at 30 °C and 7.96x10* S cm™ at 60 °C,
which is much higher than that of PEO, Fe-MOF CPE and Ni-MOF CPE
(Table S2). The Arrhenius plots of CPEs with different Fe-Ni MOF
content and the single metal MOF’s CPEs are shown in Figure 3e.
When the content of Fe-Ni MOF was insufficient or excessive in CPE-
X (X=0, 3, 5, 7, 15), Fe-MOF CPE and Ni-MOF CPE, the Arrhenius plots
show a turning point around 50 °C. This indicates higher activation
energy below the turning point (greater than 1.0 eV) and lower Na*
conductivity within the temperature range of 30-50 °C. When the
temperature exceeded the polymer melting point (48 °C), the
activation energy became very small (approximately 0.3-0.4 eV),
activating the diffusion behavior of Na*. The Arrhenius plot of the
optimized CPE-10 showed a nearly linear relationship across the
entire temperature range with an activation energy of 0.50 eV.
Therefore, the high ionic conductivity behavior can be extended to
lower temperature regions. The increase in ionic conductivity is
attributed to the transfer of Na* between the amorphous PEO
domain and the Fe-Ni MOF interface ensuring uninterrupted high-
speed migration of Na*. Furthermore, linear sweep voltammetry
(LSV) was adopted to evaluate the electrochemical stability of CPE-
10 and PEO electrolytes (Figure 3f). The results indicate that CPE-10
exhibits higher electrochemical stability within the voltage range of
1-4.5 V with no detectable decomposition current below 4.5 V (vs
Na*/Na), indicating excellent antioxidative properties, 3¢ while PEO
electrolyte showed a decomposition current at 3.75 V, indicating
poorer antioxidative properties. 37 Besides, the migration of anions
during cycling can lead to severe concentration polarization, causing
sodium dendrite growth and interface side reactions, hindering the
normal operation of the cell at high current densities. Therefore,
electrolytes with high Na* transference number are ideal for reducing
concentration polarization and suppressing side reactions, thereby
contributing to excellent energy storage performance. The Na*
transference number of CPE-10 is 0.63, nearly three times that of
PEO (0.23) (Figures 3g and 3h), 38 which is significantly higher than
that of the single metal Fe-MOF (t*=0.47) and Ni-MOF (t*=0.48)
(Figure S9, S10 and Table S3). It highlights the recognition function
of the bimetallic MOF as the host molecule for the guest molecule
TFSI-. The bimetallic MOF can effectively recognize and confine the
anions, thereby increasing the mobility of the cations. Figure 3i
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presents a comparison of Tafel plots, showing enhangedoNas
transport kinetics at the Na/polymer interfac®fl CPEL10PARESOH 6F
cycling, as evidenced by a significant increase in the exchange current
density (6.45x102 mA cm). In contrast, the exchange current
density of PEO is 3.80x102 mA ¢cm, nearly double that of CPE-10.
However, at 0 h of cycling, the initial exchange current density of PEO
is an order of magnitude higher than that of CPE-10, and the
exchange current density of CPE-10 remains almost unchanged
before and after cycling, indicating a more stable interface (Figure
$11). This demonstrates that symmetric cells using CPE-10 exhibit
faster mass transfer kinetics at the Na/polymer interface.

In situ Raman characterization of host—guest interaction and ionic
transport mechanisms in CPE-10

In-situ Raman spectra reveal that the peak intensity of TFSI- (739
cm™) in PEO initially increases and then decreases during the
charging process, with only a very small amount of sodium salt
dissociating in the initial charging phase, indicating a higher degree
of anion mobility within the system. In contrast, the peak intensity
remains relatively stable in CPE-10 (Figures 4a and 4b). This stability
suggests that the bimetallic MOF in CPE-10 acts as a host to recognize
the salts within the system, thereby restraining the anions. Besides,
ex-situ Raman spectra measurements were performed on CPE-10
and PEO (Figure S12). There are two main states of TFSI- anions in
PEO-based electrolytes, namely dissociated (uncoordinated) TFSI-
and ion clusters (two TFSI- coordinated with Na*). 3° The percentage
of free TFSI- in PEO is 66.8%, whereas in CPE-10, it reaches 87.7%.
This proves that Fe-Ni MOF as a Lewis-acid induces better
decomposition of Na-[TFSI], ion clusters. Fourier transform infrared
(FTIR) spectra of Fe-Ni MOF, PEO, and CPE-10 are shown in Figure 4c.
The introduction of the Fe-Ni MOF filler also affects the vibration of
CH,, resulting in weakening of peaks corresponding to symmetric
stretching and bending vibrations of CH, at 2881 cm™ and 1463 cm-
1, respectively.®® The vibration at 1340 cm™ of CH, weakens due to
the strong vibration of the C-O-C group and its chain effect.*! The
abnormal decrease in vibration intensity at 1096 cm™ (related to
symmetric stretching of C-O-C) is likely due to the strong interference
from the Lewis-acid centers of Fe-Ni MOF.*? The peak at 842 cm!
corresponds to the stretching vibration of CH,CH,0. FTIR results
indicate that the strong interactions between Fe-Ni MOF and PEO
chains promote the vibration of C-O-C groups, facilitating the
establishment of highly conductive interfaces between polymer
chains and fillers.*3 FTIR results indicate that the strong interactions
between Fe-Ni MOF and PEO chains promote the vibration of C-O-C
groups, facilitating the establishment of highly conductive interfaces
between polymer chains and fillers. This enhanced interaction
improves Na* transport across the polymer-filler interface,
contributing to higher ionic conductivity and better electrochemical
performance of the electrolyte. Furthermore, molecular dynamics
simulations (MDs) were used to assess the diffusion dynamics of Na*
in the two electrolytes, as shown in Figures 4d and S13. In the PEO
electrolyte, the simulation results indicate that the polymer chains
are randomly dispersed, and the transport of Na* follows a hopping
mechanism within these chains. Na* moves from one coordination
site to another, facilitated by the motion of polymer chain segments,
leading to a random and anisotropic migration process for Na* in
PEO, posing challenges for achieving rapid Na* migration. In contrast,

This journal is © The Royal Society of Chemistry 20xx
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within PEO chains in the CPE-10 system.

in the CPE-10 electrolyte, the MD results show that the introduction
of Fe-Ni MOF promotes the directional and orderly migration of
Na*.** From the coordination number (n(r), dashed line) and radial
distribution function (g(r), solid line) shown in Figure 4e, for the PEO
system, the interaction probability of Ors...Na at 2.3 A and 4.5 A
indicates higher interactions between Na* and TFSI- suggesting a
lower concentration of free Na* in the system. However, in CPE-10,
the coordination effect of Ors...Na is weaker compared to that of
PEO, so that the addition of Fe-Ni MOF promotes the dissociation of
NaTFSI, consistent with the Raman spectroscopy results.
Additionally, the mean square displacement (MSD) analysis
qualitatively assesses the diffusion rate of Na* in solid electrolyte
systems. Figure 4f shows the MSD curves for CPE-10 and PEO. The

This journal is © The Royal Society of Chemistry 20xx

results indicate that CPE-10 significantly enhances the diffusion rate
of Na*, reaching up to 2.12x10® cm? S, an order of magnitude
higher than that of PEO (4.9x107 cm? S), demonstrating the
outstanding ability of CPE-10 to facilitate rapid Na* transport. To
substantiate the host role of the Fe-Ni bimetallic MOF, we conducted
theoretical calculations to explore the microscopic interactions
between NaTFSI and the Fe-Ni MOF (Figure 4g). The Fe-Ni MOF leads
to lower binding energy between Na* and TFSI, indicating a higher
dissociation degree of NaTFSI and enhanced Na* mobility. Moreover,
the Fe-Ni MOF exhibits a higher adsorption energy for TFSI, enabling
effective recognition of TFSI. Meanwhile, the binding energy
between TFSI- and Fe-MOF is -0.27 eV, and the binding energy
between TFSI-and Ni-MOF is -0.55 eV (Figure S14), both of which are
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significantly weaker than that of the Fe-Ni bimetallic MOF, aligning
with its lower Na* transference number. Additionally, electrostatic
potential results indicate that introducing the Fe-Ni bimetallic MOF
into the PEO system weakens the binding energy between EO bonds
and Na*, while enhancing the binding energy between TFSI- and the
Fe-Ni bimetallic MOF, achieving a unique "killing two birds with one
stone" effect (Figure $S15). The mechanism of fast sodium ion
transport was revealed by calculating the migration energy barriers
(Figure 4h). In PEO, the energy barrier for Na* migration from the
initial Na site to the final Na site is relatively high, at 5.10 eV.
Conversely, in CPE-10, the migration energy barrier from the
asymmetric initial Na site to the intermediate Na site is 0.73 eV, while
the barrier from the intermediate Na site to the final Na site is only
2.29 eV. This indicates that in the Fe-Ni MOF-modified electrolyte,
Na* is more likely to undergo rapid migration along the disentangled
PEO chain segments.

Na metal compatibility and Interfacial analysis of Na metal

To examine the electrochemical stability of CPE-10 with the sodium
anode, galvanostatic charge-discharge cycling test was conducted on
Na/Na symmetrical cells. Figure 5a demonstrates the periodic
charge-discharge curves at 0.05 mA cm? and 25 °C, where the
symmetrical cells assembled with CPE-10 exhibited relatively flat
polarization curve and were able to cycle stably for over 1150 h. In
contrast, the cell assembled with PEO short-circuited in less than 5 h,
revealing superior interfacial stability of CPE-10 with Na anode.
Meanwhile, the symmetric cells assembled with CPE-10 can also
cycle stably for 1200 h at 60 °C and a current density of 0.1 mA cm
(Figure S16). Furthermore, rate cycling at different current densities
also showed that CPE-10 has a better ability to resist dendrite
formation compared to PEO (Figure S$17). Figure 5b and 5c exhibits
the SEM images of Na/CPE-10/Na and Na/PEO/Na symmetrical cells
after 50 h of cycling. The sodium surface of the PEO-based cell
exhibited dendrites, an uneven surface, and signs of instability. On
the other hand, the sodium surface of Na/CPE-10/Na cell remained
smooth and flat at both large and small scales, confirming uniform
sodium deposition and thus greater stability for the sodium anode.
To analyze the composition of the sodium surface after cycling, ex-
situ XPS measurements were performed on the sodium anode, as
shown in Figure 5d and 5e. The C 1s spectrum of the PEO system
consists of a C-C/C-H peak at 284.8 eV, C-O peak at 286.7 eV, C=0
peak at 288.2 eV, and Na,CO3 peak at 289.3 eV, as the etching time
increased from 60 s to 120 s, the Na,CO; peak gradually intensified.*®
However, in the CPE-10 system, the Na,CO3 peak did not appear, and
the C-O peak increased. With the introduction of Fe-Ni MOF as Na*
modulator, the Na,COjs signal was absent in the O 1s spectrum, while
the Na,O peak at 531.4 eV gradually intensified with etching time.*®
The F 1s spectrum also showed that in the CPE-10 system, the NaF
peak at 684.0 eV gradually intensified, and the TFSI- peak at 688.8 eV
gradually attenuated, almost completely disappearing after etching
for 120 s.#’ Conversely, in the PEO system, the NaF peak was
relatively weak, and there was a significant presence of TFSI. The S
2p spectra showed similar results, with the Na,S peak at 159.9 eV in
the PEO system gradually decreasing as the etching depth
increased.*® The results indicate that the residual Na,COs3, captured
TFSI,, and its decomposition products passivated the interface of the
PEO system, resulting in poor cycling performance (Figure 5f).
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However, the Fe-Ni MOF as Na* modulator could better.adsarbJkSk
, allowing it to diffuse to the sodium anode. Theréfof&STHhe B3 aohs
at the end of the PEO segment near the sodium metal tend to
become sodiated, forming Na,O and retaining the C-O groups. The
capture and degradation of TFSI" on the sodium anode were
mitigated and no additional carbon source was provided for the
conversion of Na,O to Na,CO;. Meanwhile, it has been found that
Na,0 and NaF exhibit excellent affinity for sodium ions. Their
abundant presence in the SEI layer promotes the formation of
smooth, non-dendritic sodium deposition, whereas a deficiency or
insufficient content leads to rough, moss-like accumulation on the
sodium surface, facilitating dendrite growth. Moreover, NaF is more
effective than Na,O in suppressing vertical dendrite formation, and
its high interfacial energy promotes lateral migration of sodium along
the interface, enhancing the SEI's dendrite-suppressing capability.
Sodium ions also migrate more easily in Na,O and NaF, while
migration in Na,CO; is hindered and electronically insulating;
excessive Na,COz can cause SEl instability and increased cell
impedance.® 46 4% Taken together, constructing an organic-inorganic
gradient SEI rich in Na,O, NaF, and Na,S with a small amount of
Na,CO; can simultaneously facilitate sodium ion transport and
improve long-term cycling stability. (Figure 5g).

Electrochemical performance and compatibility of CPE-10 with
various cathodes

The full-cells were assembled using Na3V,(PO,); (NVP) as the cathode
and sodium as the anode to further evaluate the cell performance.
As shown in Figure 6a, the all-solid-state NVP/CPE-10/Na cell exhibits
an initial discharge capacity of 91.37 mAh/g at 0.2C and 25 °C. After
350 cycles, the capacity retention rate is as high as 95.06%, with
minimal polarization observed in the later cycles (Figure 6b). In
contrast, the full battery based on PEO cannot cycle normally at room
temperature due to its low ionic conductivity. Figure 6¢c compares
the rate performance of NVP/CPE-10/Na and NVP/PEO/Na cells.
Compared to the NVP/PEO/Na cell, the NVP/CPE-10/Na cell exhibits
superior rate performance. At 60 °C, the discharge capacities at
current densities of 0.3C, 0.5C, 1C, 1.5C, and 2C are 90.4 mAh/g, 90.3
mAh/g, 88.2 mAh/g, 87.4 mAh/g, and 85.6 mAh/g, respectively
(Figure S18). Notably, the capacity can recover to its initial value
when the current density returns to 0.3C, indicating high
electrochemical reversibility of the NVP/CPE-10/Na cell. During
cycling at 0.2C and 60 °C (Figure S19), the initial discharge specific
capacity of NVP/CPE-10/Na cell is 80.6 mAh/g, with a lower capacity
at the early stage. However, as cycling progresses, the discharge
specific capacity gradually increases and reaches a stable value of
112.8 mAh/g due to interface activation and stabilization. After 210
cycles, the discharge specific capacity is still 111.4 mAh/g, with a
capacity retention rate of 98.8%. This performance is significantly
better than that of the NVP/PEO/Na cell, which exhibits lower
discharge specific capacity at 0.2C and experiences overcharging
after 123 cycles, resulting in battery failure (Figure $20). The rate
performance of the full-cells based on CPE-10 at 0.2C surpasses any
relevant electrolyte level reported to date (Figure 6e and Table S4).
When the current density is increased to 1C (Figure 6d), the initial
discharge specific capacity is 100.6 mAh/g for the NVP/CPE-10/Na
cell, and after 600 cycles, the capacity retention rate is still as high as
97.2%. SMBs assembled with Fe-MOF CPE and Ni-MOF CPE as

This journal is © The Royal Society of Chemistry 20xx
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at the surface of cycled sodium metal anode based on (f) PEO and (g) CPE-10.

electrolytes can both cycle normally at 1C, but their discharge polarization during cycling (Figure S$21). The NVP/Fe-MOF CPE/Na
specific capacities are relatively low, and they exhibit significant cell shows overcharging after 107 cycles, while the NVP/Ni-MOF
CPE/Na cell can cycle normally for 300 cycles, but its interface is
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highly unstable, with fluctuating curves, and the capacity after 300
cycles is only 15.9 mAh/g. Therefore, SMBs assembled with CPEs
based on single-metal MOFs exhibit poor performance, mainly
because single metals are less stable during cycling compared to
bimetals, and their lower ion transport capacity leads to severe
concentration polarization, resulting in unstable interfaces.
The cycling impedance test at 1C revealed that the interface
impedance stabilized after 50 cycles (Figure $22). When the current
is increased to 2C, the cell can still operate stably for 3000 cycles,
with an initial discharge specific capacity of 83.6 mAh/g (Figure S23).
After interface activation, its highest discharge specific capacity can
reach 91.8 mAh/g with no significant polarization during cycling
(Figure S24). Additionally, the NVP/CPE-10/Na cell also exhibits good
cycling performance at 45 °C (Figure $25). These findings indicate
that the prepared CPE-10 electrolyte is expected to be used at room
to high temperatures, enabling ASSMBs to be used over a wider
temperature range. Given its electrochemical window reaching up to

10 | J. Name., 2012, 00, 1-3

4.5V, a high-voltage sodium cell was assembled using NazV,(PO,),F3
(NVPF) as the cathode and CPE-10 as the electrolyte. The long-cycle
performance at a rate of 0.5C was tested (Figure 6f and 6g). The
initial discharge specific capacity was 95.8 mAh/g, with the highest
discharge specific capacity reaching 119.9 mAh/g. After 300 cycles,
the capacity retention rate was still 77.8%. No short-circuit or
overcharging occurred during the cell cycling process. The all-solid-
state NVPF-based sodium cell assembled with CPE-10 as the
electrolyte exhibited excellent electrochemical performance, laying
a foundation for subsequent high-voltage sodium batteries.
Considering potential practical applications, solid-state sodium
metal pouch cells were assembled using CPE-10 as the electrolyte
and tested under various mechanical abuses (Figure 7d). Their
overall superior performance enabled the fabrication of a foldable
all-solid-state pouch cell. The cell could continuously light a bulb
when folded and even when the entire battery was repeatedly
folded. Besides, the all-solid-state pouch cell with a cathode loading

This journal is © The Royal Society of Chemistry 20xx
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Figure 7. (a) Cycling performance of pouch-type all-solid-state NVP/CPE-10/Na cell at 0.1C with a cathode loading of 2.1 mg cm™. (b) Corresponding charge-discharge curves of
pouch-type NVP/CPE-10/Na cell at different cycling stages. (c) Cycling performance of pouch-type all-solid-state NVP/CPE-10/Na cell at 0.1C with a cathode loading of 4.0 mg cm™.

(d) Lighting test of the NVP/CPE-10/Na pouch cell under repeated bending and folding.

of 2.1 mg cm2 could stably cycle for 56 cycles at 0.1C (Figure 7a), with
an initial discharge specific capacity of 113.4 mAh/g. The charge-
discharge curves of the first three cycles exhibit a high degree of
overlap (Figure 7b). Even the pouch cell assembled with a higher
cathode loading of 4.0 mg cm2 could steadily cycle for 30 cycles at
0.1C, with a capacity retention of up to 97.8% (Figure 7c).

In conclusion, the proposed CPE-10 in ASSMBs exhibits high
safety and excellent electrochemical performance, demonstrating
promising application potential in future high-energy-density storage
systems.

Conclusions

In summary, we demonstrated ultra-stable ASSMBs using a
composite polymer electrolyte enhanced by a bimetallic MOF
structure that selectively promotes rapid Na* transport. Our results
confirm that the bimetallic MOF reduces the Na* diffusion energy
barrier by decreasing the polymer crystallinity and providing
continuous Na* transport pathways. In-situ Raman spectroscopy and
molecular dynamics simulations further confirm the strong Lewis
acid-base interactions between the bimetallic MOF and TFSI,
thereby enhancing the Na* migration capability. Consequently, the
Na* transference number significantly increases (from 0.23 to 0.63),
enabling the symmetric cell to operate stably for 1150 h. Based on
the bimetallic MOF-enhanced PEO-based polymer electrolyte, the
ASSMBs combined with an NVP cathode exhibit significantly
enhanced cycle stability, excellent rate capability, and outstanding
wide-temperature performance. The pouch cell remains functional
and continues to power a bulb under mechanical abuse, and its

This journal is © The Royal Society of Chemistry 20xx

capacity stays stable over long cycles even with a high cathode
loading of 4.0 mg cm2, demonstrating the potential of CPE-10 for
practical applications. This work promises to provide meaningful
insights into the design of high-performance polymer electrolytes for
practically feasible all-solid-state sodium metal batteries.
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