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Abstract 

Ionic covalent organic frameworks (iCOFs) are crystalline materials with stable porous 

structures. They hold great potential for ion transport, particularly as solid-state electrolytes 

(SSEs) for all-solid-state Lithium metal batteries (ASSLMBs). However, achieving an ionic 

conductivity of over 10−3 S cm−1 at room temperature using pure-iCOF-based SSEs, even 

adding additives such as lithium salts, is challenging as the voids work as strong resistances. 

Thus, highly conductive iCOFs typically require quasi-solid-state configurations with organic 



solvents or plasticizers. In this study, we prepared composites comprising iCOFs and poly(ionic 

liquid) (PIL) to make all-solid-state iCOFs electrolytes with an exceptional ionic conductivity 

up to 1.50 × 10−3 S cm−1 and a high Li+ transference number of > 0.80 at room temperature. 

Combined experimental and computational studies showed that the co-coordination and 

competitive coordination mechanism established between the PIL, lithium 

bis(trifluoromethanesulfonyl)imide (LiTFSI) and iCOFs enabled rapid Li+ transport while 

restricting TFSI− movement. ASSLMB cells, made of composite SSEs and LiFePO4 composite 

cathode, demonstrated an initial discharge capacity of 141.5 mAh g−1 at 1 C and r.t., with an 

impressive capacity retention of 87% up to 800 cycles. Overall, this work presents a 

breakthrough approach for developing advanced SSEs for next-generation high-energy-density 

ASSLMBs. 

 

Keywords: Lithium metal batteries; All-solid-state electrolytes; Covalent organic frameworks; 

Poly(ionic liquid)  

 

Introduction 

Developing next-generation lithium (Li) battery systems with a high energy density and 

improved safety is critical for energy storage applications, including electric vehicles, portable 

electronics, and power grids.1 For this purpose, all-solid-state Li metal batteries (ASSLMBs) 

are promising, as they not only have high safety by replacing flammable organic solvent 

electrolytes with solid electrolytes, but also offer high energy density – theoretical specific 

capacity is 3,860 mAh g–1.2, 3 In this context, solid-state electrolytes (SSEs), such as polymers 



and inorganic ceramics, e.g., oxides and sulfides, have been intensively investigated as critical 

components to meet the requirements of high-performance ASSLMBs.4-6 Compared with 

conventional liquid electrolytes, inorganic ceramic SSEs can achieve high ionic conductivity 

and Li+ transference number (𝑡𝑡𝐿𝐿𝐿𝐿+), while exhibiting Li dendrite suppression. However, they 

are characterized by poor interfacial contact between SSEs and electrodes and mediocre 

chemical stability.7 Polymer electrolytes show the advantages of making good interfacial 

contacts, ensuring Li dendrite suppression, and higher electrochemical stability. However, their 

further development is limited by low ionic conductivity and 𝑡𝑡𝐿𝐿𝐿𝐿+ at room temperature (r.t.).8  

Porous crystalline polymers (PCPs), a new generation of polymeric electrolytes, such as 

covalent organic frameworks (COFs), show great potential as solid electrolyte materials owing 

to their high stability, rapid and selective Li+ transport, and facile synthesis and scale-up.9-11 

Compared with inorganic ceramics, PCP-based SSEs have improved interfacial contact, 

ensured Li dendrite suppression, higher ionic conductivity and 𝑡𝑡𝐿𝐿𝐿𝐿+ , and improved 

electrochemical stability.12 Since the first report on the COF synthesis through reversible 

condensation reactions in 2005,13 studies have been conducted on COFs to develop their 

synthetic scopes, and the ones with ionic linkages were reported in 2015.14 Ionic COFs (iCOFs) 

have received significant attention for battery applications due to their outstanding 

electrochemical properties, enabling them stability and ensuring dendrite suppression,15, 16 and 

defined nanoscale channels,17, 18 endowing them with excellent conduction properties.19-21 

However, the first generation of iCOF-based SSEs containing pure-iCOFs exhibited high 

contact resistance, due to the presence of a large volume of voids between the COF powders, 

resulting in lower ionic conductivity (Fig. 1a). For example, sulfonated COF SSEs showed a 



conductivity of 2.70 × 10−5 S cm−1 at r.t.22 Another type of solution-processable COF SSE 

demonstrated a conductivity of 3.21 × 10−5 S cm−1 at 20 ℃.23 Some other studies have shown 

that the conductivity of pure-iCOF-based SSEs can be increased by filling the voids with ion-

conductive materials, such as polymers or metal oxides. For example, a composite SSE 

consisting of vinylene-linked iCOFs incorporating polyethylene oxide showed an improved 

ionic conductivity of 4.17 × 10−4 S cm−1 at 20 ℃.24 However, the ionic conductivity was still 

unsatisfactory for practical application, and the transference number remained low. 

Researchers have addressed this low conductivity issue by adding a notable amount, around 20 

wt.%, of organic solvents or plasticizers, such as propylene carbonate (Fig. 1b). This type of 

quasi-solid-state electrolyte have achieved high conductivity in the range of 10−4 to 10−3 S cm–

1 at r.t..25, 26 Using this method, imidazolate COFs obtained the high ionic conductivity of 7.20 

× 10−3 S cm−1 at 25 ℃.26 Our group has also made a notable advancement in terms of high 

conductivity, 9.80 × 10−3 S cm−1at r.t., and 𝑡𝑡𝐿𝐿𝐿𝐿+  , 0.92, from anthraquinone-based silicate 

COFs.21 This way of making quasi-solid-state electrolyte is a practical way for engineering 

applications. However, adding organic solvents keeps the safety concerns, and ideal solid 

electrolytes for ASSLMBs should be solvent-free for ultimate safety and long-term use. 

Here, we report a breakthrough by making a solid-state composite of iCOFs with ion-

conductive polymers. This approach enabled increased ionic conductivity and improved 

interfacial contact, chemical stability, and electrochemical stability significantly in a balanced 

manner compared with pure iCOFs. We used poly(ionic liquid) (PIL) as an ion-conductive 

polymeric matrix and iCOFs as fillers for the composite system. PIL refers to a class of ionic 

liquid polymers with ionic groups incorporated into the polymer backbone.27 The PIL is 



expected to enhance Li+ conduction by anchoring the bis(trifluoromethanesulfonyl)imide 

anions (TFSI−) to the cationic sites on the PIL, enabling the free movement of Li+. This co-

coordination mechanism is known to enable rapid and selective transport of counter ions.28, 29 

Moreover, when Li+ and TFSI– enter the iCOFs’ pores, a coordination interplay occurs between 

Li+, the anionic part of iCOFs, and TFSI−, to reject the entrance of TFSI−, thus selectively 

transporting Li+ (Fig. 1c). We demonstrate this co-coordination mechanism for the first time in 

the all-solid-state using a model system of TpPa-SO3Li as iCOF fillers (Fig. 1d, a type of Li+ 

coordinating sulfonate COFs; Tp and Pa mean 1,3,5-triformylphloroglucinol and 1,4-

phenylenediamine, respectively22) and p(BVIm-TFSI) as the PIL matrix (Fig. 1f; poly(1-butyl-

3-vinylimidazolium) with bis(trifluoromethanesulfonyl)imide)). We chose imidazolium-based 

polyethylene as PIL in this study as it is easy to be synthesized, has a wide synthetic scope, and 

have outstanding chemical and electrochemical stability.30, 31 To show the generality of this 

composites’ co-coordination mechanisms, we also present another composite system based on 

DMTHA-Si-Li (Fig. 1e, a type of Li+ coordinating silicate COFs; DMTHA means 9,10-

dimethyl-2,3,6,7-tetrahydroxyanthracene).  



  
Figure 1. Overall scheme of the ionic covalent organic frameworks (iCOFs) and poly(ionic 

liquids) (PIL) design. a-c, Schematic of Li+ transport in previous generations of iCOF-

based electrolytes and our design. a, iCOFs-only structure showing a large volume of voids, 
making high contact resistance. b, iCOFs with solvent or plasticizers showing improved 
conduction while remaining as quasi-solid-state electrolytes. c, iCOFs/PIL composite showing 
rapid Li+ conduction and high selectivity, working as safe all-solid-state electrolytes. d-f, 

Chemical structures of TpPa-SO3Li iCOFs, DMTHA-Si-Li iCOFs, and p(BVIm-TFSI) PIL, 
respectively. 

 

With optimized composite conditions (See Fig. 3 and Supporting Information (SI) for 

detailed conditions and related properties.), we obtained a high ionic conductivity of > 1.30 × 

10−3 S cm−1 at r.t. and near single-ion conductive 𝑡𝑡Li+  > 0.8, which are the highest among 

solvent- and plasticizer-free COF-based SSEs. The mechanisms underlying such high 



electrochemical properties were unveiled by 7Li solid-state magic-angle-spinning (MAS) 

nuclear magnetic resonance (NMR) characterization and molecular dynamics (MD) 

simulations. Then, we fabricated ASSLMB coin cells with the iCOFs/PIL composite SSEs 

paired with composite LiFePO4 cathodes. The cells with TpPa-SO3Li/p(BVIm-TFSI) and 

DMTHA-Si-Li/p(BVIm-TFSI) SSEs showed initial discharge capacities of 138.5 and 141.5 

mAh g−1 at 1 C and r.t., and 81 and 87% of them were retained after 800 cycles, respectively. 

In the following sections, we thoroughly present comprehensive characterizations, mechanism 

investigation, and device performances. 

 

Results and discussion 

First, TpPa-SO3Li, a type of sulfonate COFs, was synthesized through a Schiff-base 

condensation reaction using 1,3,5-triformylphloroglucinol and 1,4-phenylenediamine-2-

sulfonic acid, followed by cation exchange from H+ to Li+ (Fig. 1d; See Section 2. Synthesis 

and fabrication in the SI for detailed synthetic procedures). The formation of the 

characteristic keto-enamine linkage in TpPa-SO3Li was confirmed by the characteristic Fourier 

transform infrared (FT-IR) spectrum.22, 32 The spectrum exhibited prominent peaks at 1568 

cm−1 corresponding to the C=C stretch and at 1223 cm−1 corresponding to the C–N stretch, 

confirming the presence of the keto-enamine linkage (Fig. S6). X-ray photoelectron 

spectroscopy (XPS) results showed the formation of Li–O coordination, indicating Li+ existed 

near the COFs (Fig. S7). DMTHA-Si-Li, a type of silicate COFs, was synthesized via a 

condensation reaction involving DMTHA monomer and silicon dioxide at 180 ℃ for 4 days. 

(Fig. 1e; See Section 2. Synthesis and fabrication in the SI for detailed synthetic procedures). 



XPS analysis of DMTHA-Si-Li iCOFs showed the formation of connecting networks through 

Si–O bonds, and the detection of Li–O bonds indicated the incorporation of Li+ into the COF 

(Fig. S8). Furthermore, powder X-ray diffraction (PXRD) and scanning electron microscopy 

(SEM) results demonstrated the high crystallinity and uniform nanoplatelet morphology of 

DMTHA-Si-Li iCOFs (Fig. S9), consistent with the findings from previous studies.21, 33 The 

as-synthesized TpPa-SO3Li iCOFs exhibited strong characteristic peaks at 4.6 and 26.7°, 

corresponding to a 2D layered structure and π–π stacking interactions among the layers, 

respectively (Fig. 2a). Similarly, the synthesized DMTHA-Si-Li iCOFs displayed a high level 

of crystallinity, as indicated by characteristic peaks consistent with previously reported 

results,33 thereby validating the layered crystalline structure of the 2D COFs. For the composite 

sample, containing 15.6 wt.% of TpPa-SO3Li and 12.8 wt.% of DMTHA-Si-Li, the 

characteristic peaks were decreased owing to the scattering of incident light by the polymer 

matrix. The SEM images of TpPa-SO3Li and DMTHA-Si-Li iCOFs also displayed their 

crystalline and uniform morphology (Figs. S9 and S10). TpPa-SO3Li and DMTHA-Si-Li 

iCOFs exhibited a Brunauer–Emmett–Teller surface area of 320 m2 g−1 and 956 m2 g−1, 

respectively (Fig. 2b). 



  
Figure 2. Characterization of the iCOF/PIL composites. a, Powder X-ray diffraction (PXRD) 
patterns of TpPa-SO3Li, TpPa-SO3Li/p(BVIm-TFSI) composite, DMTHA-Si-Li, and 
DMTHA-Si-Li/p(BVIm-TFSI) composite. b, Nitrogen gas sorption isotherms measured at 77 
K for TpPa-SO3Li and DMTHA-Si-Li iCOFs. c, Thermogravimetric analysis curves of 
p(BVIm-TFSI), TpPa-SO3Li, DMTHA-Si-Li, the TpPa-SO3Li/p(BVIm-TFSI) composite, and 
the DMTHA-Si-Li/p(BVIm-TFSI) composite. d, Photographic images of the composites. 
Insets are digital images with cross-sectional views. e–f, Scanning electron microscopy (SEM) 
images of the TpPa-SO3Li/p(BVIm-TFSI) composite, and the DMTHA-Si-Li/p(BVIm-TFSI) 
composite, respectively. g, Photographic images of ignition test on the TpPa-SO3Li/p(BVIm-
TFSI) and DMTHA-Si-Li/p(BVIm-TFSI) composites. h, Fourier-transform infrared (FT-IR) 
spectra of the TpPa-SO3Li/p(BVIm-TFSI) and DMTHA-Si-Li/p(BVIm-TFSI) composites 
before and after the ignition test. 

 

The p(BVIm-TFSI) PIL was synthesized through a radical polymerization method using 

1-butyl-3-vinylimidazolium, followed by ion exchange (See Section 2. Synthesis and 

fabrication in the SI for detailed synthetic procedures). XPS results confirmed the successful 



ion exchange, with TFSI− identified as the counterion (Fig. S11). The resulting p(BVIm-TFSI) 

featured a sufficiently high molecular weight to function as a composite matrix. We measured 

the viscosity of p(BVIm-TFSI) as it was not soluble in common solvents used for gel 

permeation chromatography, and it was obtained as 7.54 dL g−1 (Fig. S12). For comparison, 

p(BVIm-Br) (with Br− as the counterion of the PIL) exhibited a slightly lower viscosity of 7.31 

dL g−1 (Fig. S13). A high viscosity, typically exceeding 4 dL g−1, plays a significant role in 

enhancing the formation of free-standing membranes and improving their stability.34 Thermal 

stability is essential for SSEs in high-safety ASSLMBs, as it ensures that the SSEs maintain 

their original chemical structure and compositions during long-term charge–discharge 

processes. Although imine-linked COFs are characterized by excellent chemical stability, their 

thermal stability is not as high as expected. Thermogravimetric analysis showed that the TpPa-

SO3Li iCOF lost 14.9 and 23.0% of its weight when heated up to 100 and 300 ℃, respectively. 

DMTHA-Si-Li iCOF exhibited a weight loss of 2.9 and 17.0% upon heating up to 100 and 

300 ℃, respectively (Fig. 2c). However, the p(BVIm-TFSI) PIL, an imidazolium-

functionalized polyethylene, showed excellent thermal stability owing to carbon–carbon single 

bond backbone and stable imidazolium groups. It exhibited only a 0.7% weight loss when 

heated up to 300 ℃. Thus, the TpPa-SO3Li/p(BVIm-TFSI) and DMTHA-Si-Li/p(BVIm-TFSI) 

composites demonstrated significantly improved thermal stability compared to pure iCOFs. 

The TpPa-SO3Li/p(BVIm-TFSI) and DMTHA-Si-Li/p(BVIm-TFSI) composite showed 7.3 

and 3.6% weight decrease when heated up to 300 ℃, respectively, which are above-satisfactory 

for thermally stable solid electrolytes. These decreases were minimal and even less than that 

observed in one of the most thermally stable benzoxazole COFs.35  



The synthesized iCOFs and PIL were used to create composite pellets with a uniform 

dispersion of the iCOF powders (Fig. 2d–f). SEM images of the samples, TpPa-

SO3Li/p(BVIm-TFSI) and DMTHA-Si-Li/p(BVIm-TFSI), show the composite morphology, 

containing polymer matrix and fillers (Figs. 2e, f, and S14). For composite preparations, 

p(BVIm-TFSI) was first dissolved in acetonitrile, and then TpPa-SO3Li or DMTHA-Si-Li 

iCOFs were added to the mixture under stirring conditions to ensure the uniformity of the 

composite (See SI for detailed procedures). The high uniformity of the composite was 

confirmed by performing energy dispersive X-ray (EDX) mapping (Figs. S15 and S16). As one 

of the first steps of important tests in SSEs, we conducted ignition tests to demonstrate the 

thermal stability of both TpPa-SO3Li/p(BVIm-TFSI) and DMTHA-Si-Li/p(BVIm-TFSI) 

composites. The composites exhibited non-flammability when exposed to a torch flame for 10 

s and remained intact after the test (Fig. 2g). Additionally, we analyzed the chemical structure 

and properties of the torched composite SSEs. Our findings revealed that the FT-IR spectra of 

the SSEs before and after the ignition test were nearly identical, indicating the stability of the 

SSEs and the preservation of their chemical bonds (Fig. 2h). Moreover, the composite’s 

properties examined before and after the ignition tests, such as ionic conductivity, will be 

expounded upon in subsequent analyses and discussions. 

For the optimized iCOFs/PIL composites, 15.6 wt.% of TpPa-SO3Li showed an ionic 

conductivity of 1.32 × 10−3 S cm−1 at r.t. and 𝑡𝑡Li+ of 0.82, and 12.8 wt.% of DMTHA-Si-Li 

showed an ionic conductivity of 1.50 × 10−3 S cm−1 at r.t. and 𝑡𝑡Li+ of 0.80 (Note that we used 

composites with these fractions for most experiments unless otherwise stated. See Fig. 3a and 

3b for systematic studies of conductivity depending on the iCOF weight fraction.) Expectedly, 



as the iCOF contents increased, the conductivity decreased significantly. For instance, pure 

TpPa-SO3Li COFs exhibited a conductivity of 2.70 × 10−5 S cm−1 at r.t. with a 𝑡𝑡𝐿𝐿𝐿𝐿+  of 0.90; 

and DMTHA-Si iCOFs, even with the inclusion of 60 wt.% solvent (ethylene carbonate/diethyl 

carbonate, v/v = 1:1), exhibited a low ionic conductivity of 1.30 × 10−4 S cm−1 at r.t.25 Of course, 

a pure PIL sample without LiTFSI was almost non-conductive (Fig. S17). These conductivity 

behaviors showed that pure iCOF SSEs have lower conductivity as the interfaces of crystalline 

COF powders work as strong resistance, while p(BVIm-TFSI) ion conductive polymer works 

for sealing the voids and helping Li+ transport. Thus, our composite showing two orders of 

magnitude higher conductivity than pure samples is a breakthrough that can be widely used in 

all-solid-state devices. Furthermore, after the ignition test, TpPa-SO3Li/p(BVIm-TFSI) and 

DMTHA-Si-Li/p(BVIm-TFSI) composite SSEs maintained high ionic conductivities of 1.10 × 

10−3 and 1.29 × 10−3 S cm−1 at r.t., which are 84.0 and 87.2% of the original samples, 

respectively (Figs. 3c, S18, and S19).  



 

Figure 3. Ionic conductivity and transference number of the iCOF/PIL SSEs, and the 

mechanism of fast Li+ transport. a, b, Ionic conductivities of TpPa-SO3Li/p(BVIm-TFSI)  
and DMTHA-Si-Li/p(BVIm-TFSI) composite SSEs with various iCOF contents, respectively. 
c, Comparison of ionic conductivities of TpPa-SO3Li/p(BVIm-TFSI) and DMTHA-Si-
Li/p(BVIm-TFSI) SSEs before and after the ignition test. d, e, Nyquist plots of electrochemical 
impedance spectroscopy (EIS) measurements at various temperatures for TpPa-
SO3Li/p(BVIm-TFSI) and DMTHA-Si-Li/p(BVIm-TFSI), respectively. Insets are zoomed-in 
Nyquist plots. f, Activation energies of TpPa-SO3Li/p(BVIm-TFSI) and DMTHA-Si-
Li/p(BVIm-TFSI) SSEs. g, h, Chronoamperometry profiles of Li|TpPa-SO3Li/p(BVIm-
TFSI)|Li and Li|DMTHA-Si-Li/p(BVIm-TFSI)|Li symmetric cells, respectively. Insets are 
Nyquist plots of EIS measurements before and after polarization. i, Comparison of ionic 
conductivities and 𝑡𝑡𝐿𝐿𝐿𝐿+  for different all-solid-state, without any plasticizers, iCOFs-based 
SSEs. References: TpPa-SO3Li at r.t.,22 DMA@LiTFSI-mediated COF at r.t.,36 Polyethylene 



oxide@TpPa-SO3Li at 60 °C,37 Li-CON-TFSI COF at 30 °C,38 PVDF/H-COF-1@10 at r.t.,39 
PEG–Li+@EB-COF-ClO4 at 30 °C,40 Im-COF-TFSI@Li at 30 °C,41 dCOF-ImTFSI-60@Li at 
30 °C,42 LiCON-3 at r.t.,23 Zwitt-COF at r.t.,43 COF-MCMC at 30 °C.44 j–l, 7Li solid-state 
magic-angle-spinning (MAS) nuclear magnetic resonance (NMR) spectrum comparison of 
LiTFSI and p(BVIm-TFSI)/LiTFSI (j), TpPa-SO3Li/p(BVIm-TFSI) and TpPa-SO3Li/LiTFSI 
(k), and DMTHA-Si-Li/p(BVIm-TFSI) and DMTHA-Si-Li/p(BVIm-TFSI)/LiTFSI (l). 

 

 To understand such high conductivity values from solvent- and plasticizer-free all-solid-

state iCOF-based electrolytes, we looked at the synergy between PIL and iCOFs. We initially 

measured the conductivity of p(BVIm-TFSI)/LiTFSI without the presence of iCOFs, and found 

that these cases exhibited very low ionic conductivities, with the highest value being 2.30 × 

10−6 S cm−1 at r.t. (Fig. S20 and Table S1). Afterward, we obtained Nyquist plots of TpPa-

SO3Li/p(BVIm-TFSI) and DMTHA-Si-Li/p(BVIm-TFSI) at various temperatures (Figs. 3d, 

3e, S21, and S22) to learn that activation energies are 0.13 and 0.25 eV, respectively (Figs. 3f, 

S23 and S24). In contrast, pure-TpPa-SO3Li SSE showed an activation energy of 0.18 eV.22 

The DMTHA-Si-Li SSE, incorporating 60 wt.% solvent (ethylene carbonate/diethyl carbonate, 

v/v = 1:1), exhibited an activation energy of 0.15 eV.25 Previous studies showed that pure iCOFs 

have single-ion conductive 𝑡𝑡𝐿𝐿𝐿𝐿+, often > 0.9. Our TpPa-SO3Li/p(BVIm-TFSI) and DMTHA-

Si-Li/p(BVIm-TFSI) composites SSEs showed comparable 𝑡𝑡𝐿𝐿𝐿𝐿+  of 0.82 and 0.80, 

respectively (Fig. 3g, 3h). Overall, the composites succeeded in boosting the conductivities 

while minimally sacrificing the 𝑡𝑡𝐿𝐿𝐿𝐿+. Of course, p(BVIm-TFSI)/LiTFSI exhibited a very low 𝑡𝑡𝐿𝐿𝐿𝐿+ value of 0.02 (Fig. S25). The comparison of the ionic conductivities and 𝑡𝑡𝐿𝐿𝐿𝐿+ values of 

iCOF-based SSEs, which are solvent- and plasticizer-free all-solid-state electrolytes, 

demonstrated that our sample exhibited the best performance (Fig. 3i). All the previous 

literature reported ionic conductivities below 10−3 S cm−1. Furthermore, we prepared TpPa-



SO3Li/LiTFSI and DMTHA-Si-Li/LiTFSI SSEs without p(BVIm-TFSI) as control groups. The 

TpPa-SO3Li/LiTFSI and DMTHA-Si-Li/LiTFSI SSEs showed ionic conductivities of 4.20 × 

10−4 and 4.80 × 10−4 S cm−1 and 𝑡𝑡𝐿𝐿𝐿𝐿+ values of 0.63 and 0.60, respectively (Figs. S26 and 

S27). All these analyses and control experiments indicate that the synergy between iCOF and 

PIL components, not by any single components, in achieving high ionic conductivity and a 𝑡𝑡𝐿𝐿𝐿𝐿+ value is critical. 

Thus, we looked at Li+-TFSI−-PIL+ co-coordination assemblies in the iCOF/PIL SSEs as 

a key factor in achieving such exceptional performance. For this, we analyzed 7Li solid-state 

MAS NMR spectrum of samples and conducted MD simulations. First, we noted that a Li+-

TFSI−-PIL+ co-coordination arrangement would be formed when LiTFSI salts were added to 

p(BVIm-TFSI). As the PIL is cationic and TFSI− is already coordinated to PIL+, it is logical to 

picture that Li+ is coordinated to TFSI− to form a co-coordination arrangement. This co-

coordination structure immobilized TFSI− to the PIL backbone while allowing Li+ to move 

freely around the SSE.28, 29 As the Li salt content increased within a certain range, the 

conductivity also increased, attributable to the “polymer in salt” mechanism.45, 46 This 

mechanism differs significantly from that associated with conventional polymer electrolytes, 

highlighting the unique role of cationic polymer electrolytes. We observed those less-bound 

Li+ from 7Li solid-state MAS NMR. Pure LiTFSI showed a highly shielded environment for 

Li, while p(BVIm-TFSI)/LiTFSI showed a significant downshift of 1.84 ppm to be 0.78 ppm. 

Additionally, a smaller full width at half maximum (FWHM) value from p(BVIm-

TFSI)/LiTFSI, 104.8 Hz, was obtained (Fig. 3j; Note that the pure LiTFSI has FWHM of 192.3 

Hz). This downfield shift and smaller FWHM indicate a reduction in the electron cloud 



surrounding the Li+ nucleus, promoting the dissociation of Li+ from the coordination sites and 

enhanced mobility of Li+.44, 47 Notably, the iCOFs/PIL composites showed a downfield shift 

compared to the iCOFs/LiTFSI complex, indicating that composite SSEs can enable a faster 

Li+ conduction than the iCOFs/LiTFSI complex. For example, the TpPa-SO3Li/p(BVIm-TFSI) 

and DMTHA-Si-Li/p(BVIm-TFSI) composite SSEs showed a downfield shift of 0.31 and 0.33 

ppm over their counterparts of TpPa-SO3Li/LiTFSI and DMTHA-Si-Li/LiTFSI SSEs, 

respectively (Fig. 3k and 3l). In addition, the composite SSEs exhibited a smaller FWHM value, 

e.g., 219.6 and 629.0 Hz for TpPa-SO3Li/p(BVIm-TFSI) and DMTHA-Si-Li/p(BVIm-TFSI), 

while the iCOFs/LiTFSI complex showed 238.6 and 644.6 Hz, respectively.  

With experimental evidence of the co-coordination mechanism, we performed MD 

simulations for the TpPa-SO3Li/p(BVIm-TFSI) system (Fig. 4). First, an interface model 

between TpPa-SO3Li iCOFs and p(BVIm-TFSI) PIL was constructed by placing a 

conformationally relaxed PIL block on top of a stack of iCOFs (Fig. 4a). Following a 20 ns 

NPT (constant-temperature, constant-pressure ensemble) simulation at 473 K and 1 bar, TFSI− 

were found to have a greater propensity to penetrate the pores of iCOFs compared with PIL. 

To illustrate this trend more clearly, we provided the spatial distribution along the z-direction 

of the iCOF region for each species (PIL, TFSI−, and Li+), where N represents the number of 

molecules in each scanned region (with a bin size of 4 Å), and H is the height. While the PIL 

chains did not pass through the iCOF pores, a significantly larger number of TFSI− were 

distributed uniformly across the pores, suggesting TFSI− and Li+ were the dominant species 

filling the iCOFs’ pores in the composite electrolyte system, which should be related to the 

conductivity enhancement. To further investigate this effect, a series of MD simulations were 



conducted, in which TFSI− and Li+ were inserted into iCOFs at different number ratios (R) of 

LiTFSI to iCOFs (Fig. 4b). For the pure iCOFs, R was zero. As R increased, the self-diffusion 

coefficient of Li+ (𝐷𝐷𝐿𝐿𝐿𝐿+) increased almost linearly, while the self-diffusion coefficient of TFSI− 

(𝐷𝐷𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇−) remained low. Specifically, when R reached 0.424, 𝐷𝐷𝐿𝐿𝐿𝐿+ was almost 10 times 𝐷𝐷𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇− 

(Table S2). The pronounced increase in Li+ diffusivity was a major contributor to the overall 

conductivity improvement of the composite electrolyte. Furthermore, the large disparity 

between 𝐷𝐷𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇− and 𝐷𝐷𝐿𝐿𝐿𝐿+ may be a probable reason for the high transference number of the 

electrolyte. The Li+ conductivity could potentially be even higher at larger R values. However, 

the iCOF volume increased when more LiTFSI molecules were inserted, i.e., when R > 0.424. 

These higher-R cases were not explored in this study. To provide mechanistic insights into the 

calculated self-diffusion coefficients, we calculated the radial distribution functions (RDFs) of 

Li+ in relation to negatively charged atoms in SO3
− and TFSI− (Fig. 4c). When LiTFSI 

molecules were added to the system, the RDFs featured peaks of Li+ close to peaks associated 

with TFSI− and SO3
−. Compared with the RDF of pure iCOFs, the pores of which were filled 

by more TFSI− and Li+ than those of the composite system, the RDFs of the composite system 

featured lower and wider peaks, indicating SO3
−/TFSI− co-coordination. This competitive 

relationship between SO3
− and TFSI− facilitated Li+ dissociation and potentially introduced 

more metastable states along the hopping path of Li+, creating a fast track for Li+ diffusion. 

This computational study agree with the results obtained from 7Li solid-state MAS NMR 

spectroscopy (Fig. 3k). 

 



  

Figure 4. Molecular dynamics simulations of the TpPa-SO3Li/p(BVIm-TFSI) composite 

SSE system. a, Molecular distribution of p(BVIm-TFSI) PIL, TFSI−, and Li+ in the TpPa-
SO3Li iCOF. b, Variation trend of diffusivities of TFSI− and Li+ in the iCOFs/LiTFSI system 
with different LiTFSI-to-iCOF ratios (R). c, Radial distribution functions of Li+ in relation to 
negatively charged atoms in SO3

− and TFSI− at a series of R values. 
 

With our mechanistic understanding, we moved on to using the composites as SSEs and 

fabricating cells to measure electrochemical properties. The TpPa-SO3Li/p(BVIm-TFSI) 

composite SSE showed an oxidation potential exceeding 4.5 V vs. Li/Li+ at a scan rate of 1 mV 

s−1 (Fig. 5a). Likewise, the DMTHA-Si-Li/p(BVIm-TFSI) exhibited a higher oxidation 

potential of approximately 4.8 V. In comparison, TpPa-SO3Li and DMTHA-Si-Li individually 

displayed relatively lower oxidation potentials of approximately 4.0 V and 4.7 V, respectively. 



Notably, p(BVIm-TFSI)/LiTFSI had a high oxidation potential of approximately 5.0 V, 

indicating stable nature of carbon–carbon single bond backbone. This discrepancy suggests 

that the incorporation of p(BVIm-TFSI) contributes to the high electrochemical stability to the 

composite SSEs. Such high oxidizing potential showed the promise of our composite SSEs 

under high voltage working conditions. To investigate the compatibility of the composite SSEs 

with Li metal electrodes and their ability to suppress Li dendrite formation, Li symmetric coin 

cells, denoted as Li|TpPa-SO3Li/p(BVIm-TFSI)|Li and Li|DMTHA-Si-Li/p(BVIm-TFSI)|Li, 

were fabricated and tested via galvanostatic charging and discharging at a current density of 

0.3 mA cm−2 for 2 h per cycle. Li|TpPa-SO3Li/p(BVIm-TFSI)|Li exhibited stable Li 

plating/stripping profiles at r.t., with no significant increase or fluctuation in overpotential for 

up to 1,200 h (Fig. 5b). In contrast, the Li|p(BVIm-TFSI)/LiTFSI|Li and Li|TpPa-SO3Li|Li 

cells exhibited significant overpotentials up to 5 and 4.2 V over the time of 45 and 176 h, 

respectively. This failure should be due to inefficient transport of Li+ through the single 

component, either iCOFs or PIL, SSEs. Similarly, the Li|DMTHA-Si-Li/p(BVIm-TFSI)|Li 

cells displayed stable Li plating/stripping profiles at r.t., with no noticeable increase or 

fluctuation in overpotential for up to 1200 h (Fig. 5d). In comparison, the Li|DMTHA-Si-Li|Li 

cell demonstrated a considerable overpotential of 3.1 V for 250 h. 



 

Figure 5. Electrochemical stability window of the composite SSEs, and the 

electrochemical performance of Li|SSE|Li symmetric coin cells and Li|SSE|LiFePO4 coin 

cells. All the measurements were conducted at r.t. a, Electrochemical stability window of the 
TpPa-SO3Li, DMTHA-Si-Li, p(BVIm-TFSI)/LiTFSI, TpPa-SO3Li/p(BVIm-TFSI), and 
DMTHA-Si-Li/p(BVIm-TFSI) SSEs. b, Cyclability of the Li|TpPa-SO3Li|Li, Li|p(BVIm-
TFSI)/LiTFSI|Li, Li|TpPa-SO3Li/p(BVIm-TFSI)|Li symmetric coin cells, tested under the 
current density of 0.3 mA cm−2. c, Comparison of the PXRD patterns of TpPa-SO3Li and 
DMTHA-Si-Li before and after the 600 cycle tests. d, Cyclability of the Li|DMTHA-Si-Li|Li 
and Li|DMTHA-Si-Li/p(BVIm-TFSI)|Li symmetric coin cells, tested under the current density 



of 0.3 mA cm−2. e–h, SEM images of Li anode surfaces of symmetric cells using SSEs of TpPa-
SO3Li/p(BVIm-TFSI) (underwent 600 cycles), DMTHA-Si-Li/p(BVIm-TFSI) (underwent 600 
cycles), TpPa-SO3Li (underwent 88 cycles), and DMTHA-Si-Li (underwent 125 cycles), 
respectively. The scale bar for all four images is placed in the upper right corner of (h). i, Rate 
performance of the Li|TpPa-SO3Li/p(BVIm-TFSI)|LFP and Li|DMTHA-Si-Li/p(BVIm-
TFSI)|LFP cells. j, k, Charge–discharge profiles of the Li|TpPa-SO3Li/p(BVIm-TFSI)|LFP and 
Li|DMTHA-Si-Li/p(BVIm-TFSI)|LFP cells at different C rates, respectively. l, Cycling 
performance of the Li|TpPa-SO3Li/p(BVIm-TFSI)|LFP and Li|DMTHA-Si-Li/p(BVIm-
TFSI)|LFP cells at 1 C. m, n, Charge–discharge profiles of the Li|TpPa-SO3Li/p(BVIm-
TFSI)|LFP and Li|DMTHA-Si-Li/p(BVIm-TFSI)|LFP cells up to 800 cycles operated at 1 C, 
respectively.  

 

We conducted a stability assessment of the iCOFs by removing the other components of 

the composites through washing and drying after the cycling test. A comparison of the PXRD 

patterns of TpPa-SO3Li and DMTHA-Si-Li before and after the 600 cycle tests indicates that 

the iCOFs maintain their high crystallinity (Fig. 5c). The retention of high crystallinity in the 

PXRD patterns suggests that the structural integrity and ordered arrangement of the iCOFs 

fillers remain intact, after undergoing hundreds of cycles. Furthermore, we examined the 

surface of the Li metal anode subjected to charge–discharge cycles (Fig. 5e–h). The SEM 

images showed Li dendrite-free morphologies for the Li|TpPa-SO3Li/p(BVIm-TFSI)|Li and 

Li|DMTHA-Si-Li/p(BVIm-TFSI)|Li symmetric coin cells, indicating that both of the TpPa-

SO3Li/p(BVIm-TFSI) and DMTHA-Si-Li/p(BVIm-TFSI) exhibited excellent suppression of 

Li dendrite formation. In contrast, pure iCOFs SSEs, both TpPa-SO3Li and DMTHA-Si-Li, 

could not suppress the growth of Li dendrites. The dendrites had probably grown to go through 

the voids of the pure iCOFs SSEs.48 This should be why the symmetric cells from pure iCOFs 

failed after around 100 cycles. The ASSLMB coin cells were assembled using either the TpPa-

SO3Li/p(BVIm-TFSI) or DMTHA-Si-Li/p(BVIm-TFSI) as SSEs in combination with LiFePO4 

(LFP) composite cathodes, denoted as Li|TpPa-SO3Li/p(BVIm-TFSI)|LFP and Li|DMTHA-Si-



Li/p(BVIm-TFSI)|LFP. Note that we made composite cathodes by blending LFP and our SSEs 

to reduce the interfacial resistance between the cathode and composite SSEs (See Preparation 

of coin cells (CR 2032) in the SI for the detailed procedure) and applied them in all the cells in 

this study.49 To further minimize the interfacial resistances between the composite cathode and 

composite SSEs, the assemblies were hot-pressed at a temperature of 60 ℃ and pressure of 

20.6 MPa for an hour to be used in the battery cells. 

Specific capacity and cyclic stability are the two most critical parameters for ASSLMBs 

evaluation. Thus, we first tested the rate performance of Li|TpPa-SO3Li/p(BVIm-TFSI)|LFP 

and Li|DMTHA-Si-Li/p(BVIm-TFSI)|LFP at different C rates for every five cycles within a 

voltage range of 2.5–4.0 V (1 C = 170 mAh g−1). The Li|TpPa-SO3Li/p(BVIm-TFSI)|LFP 

delivered discharge capacities of 157.9, 149.6, 138.4, 126.6, and 86.4 mAh g−1 at the rates of 

0.2, 0.5, 1, 2 and 5 C, respectively (Fig. 5i). Similarly, the Li|DMTHA-Si-Li/p(BVIm-

TFSI)|LFP exhibited discharge capacities of 159.8, 152.3, 140.8, 130.4 and 91.2 mAh g−1 at 

the rates of 0.2, 0.5, 1, 2 and 5 C, respectively. The charge-discharge profiles of the Li|TpPa-

SO3Li/p(BVIm-TFSI)|LFP and Li|DMTHA-Si-Li/p(BVIm-TFSI)|LFP at different C rates were 

demonstrated in Fig. 5j and 5k, respectively. The cyclic stability of the Li|TpPa-

SO3Li/p(BVIm-TFSI)|LFP and Li|DMTHA-Si-Li/p(BVIm-TFSI)|LFP were evaluated at a rate 

of 1 C at r.t. for 800 cycles. Li|TpPa-SO3Li/p(BVIm-TFSI)|LFP and Li|DMTHA-Si-

Li/p(BVIm-TFSI)|LFP cells demonstrated initial discharge specific capacities of 138.5 and 

141.5 mAh g−1. After 800 cycles, those respective cells showed capacity retentions of 81 and 

87%, and Coulombic efficiencies remained as 99.7% and 98.9% (Fig. 5l). The charge-

discharge profiles of Li|TpPa-SO3Li/p(BVIm-TFSI)|LFP and Li|DMTHA-Si-Li/p(BVIm-



TFSI)|LFP cells up to 800 cycles are presented in Fig. 5m and 5n. Such high capacities and 

capacity retention, > 80% up to 800 cycles, are highly desirable for the practical utilization of 

ASSLMBs operating at 1 C and r.t. Although several ASSLMBs employing COF-based SSEs 

have been reported, our cells from iCOFs/PIL composite stand out (Table S4). For the first 

time, we demonstrated stable operation, > 80% retention, at a higher rate, 1 C, for longer cycles, 

800.  

 

Conclusion 

We present a strategy for fabricating solvent- and plasticizer-free SSEs with exceptional 

ionic conductivity exceeding 10−3 S cm−1 at r.t. with high 𝑡𝑡𝐿𝐿𝐿𝐿+  > 0.80 using composites 

comprising anionic COFs, TpPa-SO3Li or DMTHA-Si-Li, and cationic PIL, p(BVIm-TFSI). 

We found that the co-coordination and competitive coordination structures between Li+, TFSI−, 

anionic part of iCOFs, and polycation promoted rapid transport of Li+ while rejecting TFSI– as 

confirmed by 7Li solid-state MAS NMR analyses and MD simulation studies. Also, the 

composite SSE method and the co-coordination mechanism are generalizable as can be seen 

from the cases of sulfonate COFs and silicate COFs. Both the TpPa-SO3Li/p(BVIm-TFSI) and 

DMTHA-Si-Li/p(BVIm-TFSI) composite SSEs demonstrated remarkable suppression of Li 

dendrite formation, leading to stable plating and stripping up to 1,200 hours. Remarkably, the 

Li|DMTHA-Si-Li/p(BVIm-TFSI)|LFP coin cell exhibited an initial discharge capacity of 141.5 

mAh g−1 at r.t. and 1 C, along with an impressive capacity retention of 87% after 800 cycles. 

The high-performance composite SSEs hold great potential for practical applications in high-

energy-density and high-safety ASSLMBs. In the future, the iCOF/PIL concept will be further 



expanded to include iCOFs with advanced designs and PILs with different polymer structures 

and charges. 
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