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An integrated “rigid—flexible” strategy by side chain
engineering towards high ion-conduction cationic
covalent organic framework electrolytesy

*

Jian Song, Li Lin, Fengchao Cui, Heng-Guo Wang, ©2* Yuyang Tian

and Guangshan Zhu

In recent years, solid-state lithium metal batteries (SSLMBs) have become a new development trend, and it
has become a top priority to design solid-state electrolytes (SSEs) that can rapidly and stably transport
lithium ions in a variety of climatic environments. In this work, an integrated “rigid—flexible” dual-
functional strategy is proposed to develop a cationic covalent organic framework (EO-BIm-iCOF) with
well-defined flexible oligo(ethylene oxide) (EO) chains as an SSE for SSLMBs. As expected, the synergistic
effects of the rigid cationic framework and flexible EO chains not only promote the dissociation of LiTFSI
salts, but also greatly improve the transport of lithium ions, which endows LITFSIQEO-BIm-iCOF SSEs
with a high Li* conductivity of 1.08 x 107* S cm™ and ionic transference number of 0.69 at room
temperature. Besides, the molecular dynamics (MD) simulations have also elucidated the diffusion and
transport mechanism of lithium ions in LITFSIQEO-BIm-iCOF SSEs. Interestingly, the assembled SSLMBs
wherein LiFePOy is paired with LITFSI@QEO-BIm-iCOF SSEs display decent electrochemical properties at
higher and lower temperatures. This work provides a great development prospect for the application of
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Introduction

With the growing needs of high-energy-density and high-safety
rechargeable batteries, solid-state lithium metal batteries
(SSLMBs) have emerged.”™ Different from the conventional
lithium ion batteries, SSLMBs use lithium metal and solid-state
electrolytes (SSEs) to replace the graphite anode and organic
liquid electrolytes, respectively, thus resulting in high energy
density and high safety.>® Therefore, research in the field of
SSLMBs concentrates mainly on the development of SSEs and
the construction of compatible interfaces between the cathode
and anode. Solid polymer electrolytes (SPEs), typically poly(-
ethylene oxide) (PEO), poly(methyl methacrylate) (PMMA) and
poly(vinyl alcohol) (PVA), have been investigated widely."*""”
Their excellent processability, low cost, and tunable interfacial
compatibility provide opportunities for the realization of
SSLMBs. Unfortunately, the poor ion conductivity at ambient
temperature (<10~* S em™ '), lower cation transference number
(0.2-0.4), and oxidative decomposition at high potentials of
SPEs seriously prohibit their further application.>*®* Therefore,
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cationic COFs in solid-state batteries.

exploiting SSEs with fast ion transport ability remains highly
challenging in achieving high performance SSLMBs.

Covalent organic frameworks (COFs) are a class of rapidly
developing crystalline porous polymers, which have been
applied in many fields such as adsorption, separation, catalysis,
sensing, energy storage and conversion.”*® The high-porosity
structure and well-tailored channels of COFs could accommo-
date ions and offer a continuous transportation pathway.””*
Recently, a few COFs have been successfully demonstrated to be
lithium ion conductors and promisingly used as SSEs in the
SSLMBs.?**' However, most of the COFs still exhibit low ion
conductivity and cation transference number at ambient
temperature, which may lead to the problems of inadequate
long cycle performances and out of operation at lower temper-
atures for solid-state batteries. One critical problem in con-
structing advanced SSEs is the need to accelerate the effective
dissociation of ion pairs and promote the ion migration at room
temperature. Note that the free movement of the anions could
cause concentration polarization and dendritic growth, thus
accelerating the deterioration of lithium metal anodes.**** In
this context, single-ion conducting SSEs are developed by
decorating anions on the COF backbone, which can address the
issues caused by anion migration.*****” In addition, incorpo-
ration of flexible functional side chains in COFs could give rise
to strong lithium ion binding ability and flexible motion char-
acteristics, which can not only promote the dissociation of
lithium salts, but also provide rich and flexible jumping sites for
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lithium ions inside the channels during the transport
process.*#*3%1 The currently reported COFs either utilize
binding sites on the skeleton or perform ion conduction
through functional side chains in the channel, however,
simultaneously utilizing the functional features of both the
skeleton and the channel side chains to transport ions has been
less mentioned.

Herein, we propose an integrated “rigid-flexible” dual-
functional strategy (Fig. 1a), that is, to design and construct
a rigid cationic COF skeleton, while uniformly introducing
functional flexible segments capable of transporting lithium
ions through side chain engineering. As a proof of concept, we
designed and synthesized a two-dimensional mesoporous COF,
named BIm-COF, by intentionally selecting 4,4’,4”,4"-(ethene-
1,1,2,2-tetrayl)tetraaniline (ETTA) and 4,4’-(1-methyl-1H-benzo
[d]limidazole-4,7-diyl) dibenzaldehyde (BImDB). By one-step
post modification, dual-functionalization including both the

cationic framework

BIm-COF

Fig. 1
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construction of cationization skeletons and the introduction of
flexible oligo(ethylene oxide) (EO) chains in the pores of cationic
COF has been achieved simultaneously, denoted as EO-BIm-
iCOF (Fig. 1b). Interestingly, the rigid cationic framework
traps anions by the coulombic interaction and the flexible EO
chains bind and transfer lithium ions through the segment
motion of chains, resulting in rigid-flexible cooperation that
promotes the efficient dissociation of lithium salts and fast
transport of lithium ions in the channels. As expected, the
LITFSI@EO-BIm-iCOF has a wide electrochemical window
(4.65 V vs. Li'/Li), higher lithium-ion conductivity (¢ = 1.08 x
10~*Sem ™! at 25 °C) and transference number (¢;" = 0.69) than
the original BIm-COF. Theoretical calculations further show
that LITFSI@EO-BIm-iCOF has a higher diffusion and transport
efficiency of lithium ions. Moreover, the assembled SSLMBs
wherein LiFePO, (LFP) is paired with the LITFSI@EO-BIm-iCOF
solid electrolyte display decent electrochemical properties in
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(a) Schematic illustration of the lithium ion transport process in COFs with the traditional bare channels and integrated “rigid—flexible”

strategy, respectively. (b) Synthetic scheme of the two-dimensional mesoporous BIm-COF and post-modified EO-BIm-iCOF, respectively.
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a wide temperature range. This strategy can also be applied to
other porous materials, providing a feasible method and theo-
retical basis for the design of SSEs.

Results and discussion
Material synthesis and characterization

BIm-COF was synthesized under solvothermal conditions at 120 °©
C for 3 days. Subsequently, we referred to the synthesis condi-
tions of methylimidazole ionic liquids and used the methyl-
imidazole groups on the COF skeleton for post-modification. To
ensure the success of post-modification, we first optimized
experimental conditions using 1-methylbenzimidazole as
a model compound (Fig. S11). Finally, the target product EO-BIm-
iCOF was obtained by replacing Br~ ions with bis(tri-
fluoromethylsulfonyl)imide (TFSI”) anions through the ion
exchange method. The chemical structures of as-synthesized
BIm-COF and post-modified EO-BIm-iCOF were characterized
using Fourier transform infrared (FT-IR) spectroscopy. The
appearance of a new C=N stretching vibration band around
1620 cm ™' confirms the successful formation of imine linkages
for COFs (Fig. S2t). EO-BIm-iCOF shows the characteristic C-O-C
stretching vibrations at 1100 cm™* and 1060 cm ™', and -CH; and
-CH, stretching vibrations at 2930 cm ' and 2875 cm™
respectively, which are derived from EO chains. Furthermore, the
stretching bands at 1350 cm™" and 1130 cm ™" correspond to the
-S0,, the bands at 1226 cm ™!, 1194 cm™* and 740 cm ™! should
correspond to the stretching and bending vibrations of -CF; from
the exchanged TFSI™ anions.*

The powder X-ray diffraction (PXRD) experiment and theo-
retical structural simulation have been performed to determine
the crystalline structure of the as-synthesized BIm-COF. The
experimental PXRD patterns (Fig. 2a) of BIm-COF exhibit a set of
intense peaks at 26 = 1.90°, 3.28°, 3.80°, 5.71°, 7.58°, 9.54° and
20.0°, which are assigned to the Bragg diffraction of (100), (110),
(200), (300), (400), (330) and (001) planes, respectively. Structural
models based on the eclipsed (AA) and staggered (AB) stacking
conformations with the kgm topology were built and optimized by
using Materials Studio (Fig. 2b and S3-S47). The experimental
data well match the simulated PXRD patterns of the AA stacking
model (@ =50.85 A, b = 56.07 A, c = 4.53 A, = =90°, and y =
120° with the factors of R, = 3.93% and R, = 5.67% according to
Pawley refinement). Furthermore, the transmission electron
microscopy (TEM) image demonstrates that BIm-COF has a long-
range ordered highly crystalline structure. In the high-resolution
TEM (HR-TEM) image and inverse fast Fourier transform of HR-
TEM (IFFT-HR-TEM) image, numerous continuous hexagonal
channels have been clearly observed, which basically match the
simulated AA stacking structure of BIm-COF along the [001]
direction (Fig. 2c—e and S5t). For post-modified EO-BIm-iCOF,
the crystallinity is greatly diminished from PXRD patterns since
abundant EO chains and more bulky TFSI  anions are intro-
duced,** and no obvious lattice fringes are observed in TEM
images (Fig. S6 and S77).

Permanent porosities of BIm-COF and EO-BIm-iCOF were
measured by nitrogen sorption isotherms at 77 K. As shown in
Fig. 2f, BIm-COF displays a typical combination of type I and
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type IV isotherms, indicating the coexistence of micropores and
mesopores in the as-synthesized COF. The Brunauer-Emmett-
Teller (BET) surface area is calculated to be 256 m* g~ " with the
total pore volume of 0.34 cm® g~ *. The low surface area may be
attributed to the presence of a small amount of oligomers
within the pores, or the local structure is defective. Further-
more, the existence of large methylimidazole groups on the side
wall of the material structure will also reduce the specific
surface area to a certain extent.**** According to the calculation
of Quenched Solid Density Functional Theory (QSDFT) equi-
librium model, the pore size distribution of BIm-COF is mainly
at 13.0 A, 19.0 A, and 34.0 A, respectively, which is well in
agreement with the three theoretical pore sizes of ~11.0 A, 16.0
A, and 37.0 A deduced from the AA stacking model (Fig. 2g). In
addition, the nitrogen sorption isotherm of EO-BIm-iCOF
shows an extremely low BET surface area of 30 m* g '
(Fig. S8t), suggesting that a large number of EO chains and TFSI
anions have successfully modified and occupied the pores of
COF. Elemental analyses, solid-state '*C cross-polarization
magic angle spinning nuclear magnetic resonance (CP/MAS
NMR), and X-ray photoelectron spectroscopy (XPS) were also
utilized to demonstrate the successful modification of the
flexible EO chains and complete anion exchange (details in the
ESI, Fig. S9 and S10t). Scanning electron microscopy (SEM)
shows that both BIm-COF and EO-BIm-iCOF exhibit the small
block morphology (Fig. S11f). TEM image and the corre-
sponding elemental maps clearly demonstrate the homoge-
neous distribution of C, N, O, S and F throughout EO-BIm-iCOF
(Fig. 2h), revealing the uniform introduction of EO chains and
TFSI anions in the COF. Thermogravimetric analysis (TGA)
further reveals that BIm-COF and EO-BIm-iCOF possess good
thermal stability up to 200 °C under an air atmosphere
(Fig. S127). The stability study of the materials has been con-
ducted via PXRD. The results show that BIm-COF maintains the
crystallinity and stability after 100 °C heat treatment (Fig. S137).

Lithium ion conduction properties

The ion conductivities (o) of LITFSI@COFs were measured
based on the electrochemical impedance spectroscopy (EIS) of
stainless steel||LITFSI@COFs||stainless steel symmetric cells.
According to the Nyquist plots (Fig. 3a), LITFSI@EO-BIm-iCOF
exhibits a high ion conductivity of 1.08 x 10™* S em™" at 25 ©
C, much higher than the pristine LITFSI@BIm-COF of 2.98 x
107® S em™' (Fig. S16%). The Li* ion conducting activation
energies (E,) were calculated through a set of Nyquist plots
measured at various temperatures ranging from 25 °C to 85 °C.
As shown in Fig. 3b, the activation energy of LITFSI@EO-BIm-
iCOF is 0.19 eV from the linear Arrhenius plot, which is lower
than 0.25 eV of LITFSI@BIm-COF (Fig. S177), indicating the low
energy barrier for Li" transport in LITFSI@EO-BIm-iCOF. This is
mainly attributed to the continuous flexible EO chains modified
in the channels as lithium ion hopping sites, promoting the
dissociation of lithium salts, and forming the continuous ion
transport pathways in the LITFSI@EO-BIm-iCOF.

The Li" transference numbers (t1;") of LITFSI@COFs were
tested by direct current (DC) polarization and alternating

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(@) PXRD patterns of as-synthesized BIm-COF and the corresponding AA stacking structure, experimental (black), refined (red), their

difference plot (green), simulated (blue), and the positions of the Bragg reflections (purple). The inset shows enlarged experimental PXRD
patterns. (b) Crystal structure of BIm-COF in AA-stacking mode. (c) TEM images of BIm-COF, inset: HRTEM images (d), and IFFT-HR-TEM images
and the matched AA stacking structure (e). (f) N, adsorption (filled symbol) and desorption (open symbols) isotherm curves of as-synthesized
BIm-COF measured at 77 K. (g) Pore-size distribution profile of BIm-COF accorded with the structural theoretical pore size. (h) TEM and EDS

mapping images of post-modified EO-BIm-iCOF.

current (AC) impedance measurements of Li|| LITFSI@COFs||Li
symmetric cells at room temperature. According to the Bruce—
Vincent-Evans (BVE) technique, the Li' transference number of
LITFSI@EO-BIm-iCOF can be calculated as 0.69 (Fig. 3c), which
is higher than that of LITFSI@BIm-COF (¢.;" = 0.41) (Fig. S181)
and traditional PEO-based SPEs (t1;" < 0.2).° This result further
illustrates that the positively charged framework and flexible EO
chains immobilized in channels can efficiently dissociate the
lithium salts and trap the anions to accelerate the transport of
Li* in LITFSI@EO-BIm-iCOF. Moreover, the electrochemical
stability of LITFSI@COFs was investigated by performing linear
sweep voltammetry (LSV) at a sweep rate of 1 mV s~ at room
temperature. The LSV graphs suggest that both LITFSI@EO-

© 2024 The Author(s). Published by the Royal Society of Chemistry

BIm-iCOF and LITFSI@BIm-COF possess a wide window of
electrochemical stability, wherein no significant current flow
corresponding to electrolyte decomposition is observed up to
4.65 V and 5.35 V, respectively (Fig. 3d and S197). Compared to
traditional PEO-based polymer electrolytes,**>* the higher
stability of EO chains is attributed to the shielding of porous
frameworks. The ultrahigh electrochemical stability of
LITFSI@EO-BIm-iCOF as the SSEs allows reversible operation in
cooperation with the Li-metal anode and high-voltage cathodes
for high energy density LMBs. Furthermore, the symmetrical
Li||LITFSI@EO-BIm-iCOF||Li cell has also been assembled for
the constant current electrochemical plating/stripping cycle test
at 30 °C and the current density was 0.25 mA cm ™ > to investigate
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Fig. 3

(a) The EIS spectra and (b) Arrhenius plots of LITFSI@QEO-BIm-iCOF at 25 °C to 85 °C. (c) Chronoamperometry curves of a Li||LITFSIQEO-

BIm-iCOF||Li symmetric cell under 10 mV polarization at room temperature. Inset: EIS spectra before and after polarization, respectively. (d) LSV
curve of LITFSIQEQ-BIm-iCOF. (e) Li plating/stripping test of the Li||LITFSIQEQ-BIm-iCOF||Li symmetric cell at 0.25 mA cm™2. (f) MSD of Li* in
LITFSIQEO-BIm-iCOF and LITFSI@BIm-COF. (g) RDF of LITFSIQEO-BIm-iCOF and LITFSI@BIm-COF. (h) Li* humber density of LITFSI@BIm-

COF. (i) Li* number density of LITFSIQEO-BIm-iCOF.

the stability of the interface between the lithium foil and the
LITFSI@EO-BIm-iCOF electrolyte. As observed in Fig. 3e, the
Li|| LITFSI@EO-BIm-iCOF||Li cell shows a stable plateau after
plating/stripping for 2200 h under stable voltage polarization.
This indicates that the LITFSI@EO-BIm-iCOF can alleviate the
concentration polarization generated during the charge-
discharge processes of the battery, and effectively reduce the
generation of lithium dendrites to improve the stability and
safety of the SSLMBs.

Mechanism study of lithium ion conduction

The “Li solid-state NMR spectra have been tested to further
study the local chemical environments and dynamics of Li* ions
in pure LiTFSI salts, LITFSI@BIm-COF, and LiTFSI@EO-BIm-
iCOF. As shown in Fig. $20,} the Li' ions in the pure LiTFSI
salt are in a strongly bound state and appear in a high field state
(—0.18 ppm) due to the large number of electrons formed near
the Li" ions. By contrast, the chemical shift of LITFSI@BIm-COF
and LiTFSI@EO-BIm-iCOF drastically changes to the lower field
state (0.46 ppm and 0.40 ppm, respectively), which generally
means that Li" ions are dissociated from the LiTFSI salts.>*>*
Moreover, a slight upfield shift in LIiTFSI@EO-BIm-iCOF

1484 | Chem. Sci, 2024, 15, 1480-11487

indicates a stronger binding ability between Li" ions and EO
chains. The XPS spectra of pure LiTFSI, LiTFSI@BIm-COF, and
LiTFSI@EO-BIm-iCOF also show that the binding energy peak
of Li 1 s changes to a certain extent from 56.5 eV to 56.1 eV and
56.3 eV, respectively (Fig. S217), indicating the existence of the
interaction. To bring a better insight into the high Li" ion
conductivity and transference number of the LITFSI@EO-BIm-
iCOF material as an SSE for SSLMBs, the molecular dynamics
(MD) simulations of LITFSI@BIm-COF and post-modified
LITFSI@EO-BIm-iCOF were performed to understand the
diffusion dynamics of lithium ions. Theoretical stimulation
snapshot (Fig. S227) results show that the diffusion of Li" in
LITFSI@EO-BIm-iCOF is remarkably faster than that in
LITFSI@BIm-COF. Moreover, the mean-squared displacement
(MSD) was carried out to simulate the quantitative character-
ization of lithium-ion mobility during the transport process. As
shown in Fig. 3f, LITFSI@EO-BIm-iCOF exhibits a higher
diffusion coefficient (Dy;" = 3.5 x 10~° em® s ), surpassing the
one of LITFSI@BIM-COF (Dy;* = 2.4 x 10~% em® s™ "), which is
consistent with the high Li" conductivity of LITFSI@EO-BIm-
iCOF. This MSD result should be attributed to the synergistic
effect of the introduction of flexible EO chains and the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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cationization of skeletons. The radial distribution function
(RDF) results show a dominant peak of Li-O (EO) at 2.3 A
(Fig. 3g), indicating a very strong interaction of Li" with EO
chains in LITFSI@EO-BIm-iCOF, which significantly exceeds
those of Li" with TFSI™ anions and COF skeletons. It further
reveals that the flexible EO chains can indeed enhance Li"
dissociation and transport in LITFSI@EO-BIm-iCOF. In addi-
tion, we also simulated the Li" number density of the two COF
materials. The results show that the density distribution of Li"
LITFSI@BIm-COF (Fig. 3h) is relatively concentrated and
mainly distributed near the COF skeleton, while the distribu-
tion in LITFSI@EO-BIm-iCOF (Fig. 3i) is relatively loose, indi-
cating that Li" in LITFSI@EO-BIm-iCOF diffuses faster and has
a wider diffusion range. This is mainly due to the segment
motion and ion transport of abundant EO chains inside the
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COF channels, so that lithium ions are not bound around the
skeleton. The above MD calculation results fully show that the
introduction of EO flexible chains significantly improves the
lithium ion transport efficiency of COF as the solid electrolyte,
which is also the key to the smooth transport of lithium ions in
a low temperature environment, and further verifies the feasi-
bility of the integrated rigid-flexible strategy in the design of
SSEs.

Assembly and testing of solid-state LiFePO, || LITFSI@EO-BIm-
iCOF||Li cells

Encouraged by the above-mentioned results, LFP||LITFSI@EO-
BIm-iCOF]||Li cells were assembled to prove the actual operation
performances of LITFSI@COFs as the SSEs. As shown in Fig. 4a
and b, the SSLMB based LITFSI@EO-BIm-iCOF exhibits
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excellent cycling performance with a high specific capacity of
156 mA h ¢ at 100 mA g~ and a capacity retention of 98.8%
for over 400 cycles, respectively. The Coulomb efficiencies are
kept close to 100%. A higher specific capacity of 164 mA h g™*
can be observed at 50 mA g~ " at 30 °C (Fig. $231). The power
density of LFP||LITFSI@EO-BIm-iCOF||Li cell is shown in Table
S1.7% The rate performance is also investigated at different
current densities of 100 mA g~', 200 mA g~ ', 500 mA g,
1Ag ' and 2 Ag ", respectively. Fig. 4c shows that LITFSI@EO-
BIm-iCOF exhibits a more robust rate performance than as-
synthesized LITFSI@BIm-COF, which can still run smoothly
under the high current density of 2 A g . In order to further
investigate the potential application of LITFSI@EO-BIm-iCOF
as the SSE under a variety of climatic temperatures, we tested
the cycling performances of the battery at high and low
temperatures, respectively. The excellent cycling performance
shows that the battery can still operate smoothly and maintain
the high battery specific capacities of 162 mA h g~ " at 60 °C and
100 mA h g~ " at —10 °C, respectively (Fig. 4d and e). Surpris-
ingly, the battery can still run smoothly for over 500 cycles while
placed in the extremely cold climate of —40 °C (Fig. S24+). It
shows that LITFSI@EO-BIm-iCOF SSEs has a very good appli-
cation prospect. At the same time, the feasibility of this inte-
grated “rigid-flexible” strategy for the construction of efficient
and stable lithium ion transport path has been fully verified.

Conclusions

In summary, an integrated “rigid-flexible” dual-functional
strategy is proposed and proved according to the well-
designed LITFSI@EO-BIm-iCOF SSE that consists of the rigid
cationic COF skeleton and functional flexible segments. The as-
prepared LITFSI@EO-BIm-iCOF SSE exhibits higher ion
conductivity (1.08 x 10™* S cm™") and Li* transference number
(0.69) as well as ultrahigh electrochemical stability than its
LITFSI@BIm-COF SSE counterpart. Theoretical calculations
also indicate that the introduction of the EO chain into the rigid
cationic COF skeleton greatly promotes the smooth and fast
transport of lithium ions. Moreover, SSLMBs assembled with
the LITFSI@EO-BIm-iCOF SSEs show excellent long cycling and
rate performances with a capacity of up to 164 mA h g~
Inspiringly, it also operates smoothly and maintains satisfac-
tory performances at 60 °C and at —10 °C, respectively. This
fully demonstrates the feasibility of the rigid-flexible dual-
functional strategy for SSEs, which will further promote the
development of COFs and other porous framework SSEs for
SSLMBs.
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