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HIGHLIGHTS

A COF-based strategy is

proposed to construct a

lithiophilic host for a Li metal

anode

Lithiophilic B3O3 sites with precise

structure and uniform distribution

are achieved

A high-performance Li metal

anode is realized on the COF-

based host
A boroxine covalent organic framework (COF-1) is employed to construct a

lithiophilic host for Li metal batteries. The well-defined COF-1 structure enables

well-defined lithiophilic sites and homogeneous site distribution at the atomic

level, providing maximum efficiency and exposure of the lithiophilic sites.

Consequently, the COF-1-based anode exhibits superior electrochemical

performance with dendrite-free morphology.
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Progress and Potential

Lithium (Li) metal represents a

promising anode material for

constructing high-energy-density

rechargeable batteries but is

severely limited by uncontrolled Li

dendrite growth. Introducing a Li

host effectively relieves Li

dendrite growth, while precise

construction of the lithiophilic

sites is essential but insufficient

among the current strategies.

In this contribution, a covalent

organic framework is employed as

a Li host to precisely construct the

lithiophilic sites with well-defined

chemical structure and uniform
SUMMARY

Lithium (Li) metal represents one of the most promising anode ma-
terials for constructing high-energy-density rechargeable batteries.
However, uncontrolled Li dendrite growth induces limited lifespan
and safety hazards, impeding the development of Li metal batteries
severely. Introducing a Li host has been shown to effectively relieve
dendrite growth, while further construction of lithiophilic sites will
significantly facilitate uniform Li deposition for stably cycling Li
metal batteries. Herein, a boroxine covalent organic framework
(COF-1) is employed to construct a lithiophilic host for dendrite inhi-
bition in working Li metal batteries. The well-defined boroxine sites
demonstrate ideal lithiophilicity to reduce the Li nucleation energy
barrier, and the ordered framework structure of COF-1 affords a
uniform distribution of the lithiophilic sites. As a result, the COF-1-
based Li host affords a more than doubled lifespan of routine
anodes in both half- and full cells. This work demonstrates the
promising potential of applying advanced framework materials to
essential energy-related processes.
geometric distribution at the

atomic level. The precisely

constructed structure delivers

maximum efficiency and exposure

of the lithiophilic sites.

Consequently, the G@COF-1 host

reduces Li nucleation

overpotentials and favors

prolonged lifespan with uniform

deposition morphologies, and the

G@COF-1-Li composite anode

realizes stable cycling in LFP and

NCM full cells.
INTRODUCTION

The rapid development of modern society puts forward ever-growing demands for

rechargeable batteries with high energy density.1 Lithium (Li) metal affords an ultra-

high theoretical specific capacity (3,860 mAh g�1) and low reduction potential

(�3.04 V versus standard hydrogen electrode),2 providing lithium metal batteries

(LMBs) with theoretical energy density much higher than that of the current Li-ion

batteries based on graphite anodes.3 Therefore, LMBs constitute one of the most

promising candidates for next-generation energy storage systems.

Compared with the traditional graphite anode with stable Li ion intercalation during

cycling,4,5 the Li metal anode is intrinsically ‘‘hostless’’ and suffers from virtually infin-

ite volume fluctuations during Li plating/stripping.6,7 Due to the dramatic dimen-

sional change, uneven Li deposition and the resulting uncontrolled Li dendrites

lead to a short lifespan and even safety hazards, including internal short circuit

and thermal runaway, which severely limit the practical applications of LMBs.8–10

To address the above issues, host materials are introduced to regulate the Li plating/

stripping behaviors and are expected to alleviate the dimensional fluctuations and

inhibit the growth of Li dendrites.11–14 On this basis, lithiophilicity, referring to the

affinity between Li species and the host material, is indispensable and highly consid-

ered during host design.15 The lithiophilic hosts are expected to reduce the Li nucle-

ation energy barrier and guide uniform Li deposition owing to the strong
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interactions between the lithiophilic sites and the Li species,16 and thus dendrite

growth can be inhibited in Li metal anodes.17

In retrospect, tremendous effort has been put into developing lithiophilicity, such as

with heteroatom-doped carbon18,19 and composites of carbon andmetal,20,21 metal

oxide,22,23 and metal nitride.24 Nevertheless, it remains challenging to construct an

ideal lithiophilic host for dendrite-free Li metal anodes. On one hand, higher lithio-

philicity is required for further facilitating the Li plating/stripping processes. On the

other hand, many of the reported Li host scaffolds offer a uniform distribution of lith-

iophilic nanoparticles at the micrometer scale,25,26 while the lithiophilic sites are ex-

pected to be homogeneously distributed at the atomic level rather than spatially

aggregated to guide uniform Li deposition. Therefore, precise construction of the

lithiophilic sites with the favored chemical structure and ordered geometric distribu-

tion is essential but insufficient among the current designing strategies. Covalent

organic frameworks (COFs) are a new class of materials with specific organic groups

covalently connected to a periodic network.27–36 These merits endow COFs with

precisely pre-designed chemical structures and provide opportunities to construct

well-defined highly lithiophilic sites with homogeneous distribution.37–40

In this contribution, a boroxine COF (COF-1) is employed to construct a lithiophilic

host for Li dendrite inhibition in working LMBs (Figure 1). According to previous

work, the boron-oxygen dipole is predicted to have higher lithiophilicity than other

doping structures,41 yet such structure is very difficult to precisely fabricate within

carbon skeletons.42,43 COF-1 felicitously addresses the above issue with well-

defined lithiophilic boroxine rings and uniform distribution of the boroxine rings

confined within its framework skeleton.44–46 Furthermore, COF-1 is composited in

situ with graphene (named G@COF-1) to construct the lithiophilic host to overcome

the inherent poor conductivity and bulk morphology of the COF materials. Conse-

quently, the G@COF-1 host demonstrates a stable coulombic efficiency (CE) of

98% within 240 cycles, and the G@COF-1-Li anode affords superior stability in full

cells with LiFePO4 (LFP) and LiNi0.5Co0.2Mn0.3O2 (NCM523) cathodes, both of which

exhibit dendrite-free morphologies.
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RESULTS AND DISCUSSION

G@COF-1 was synthesized following a solvothermal method with graphene (named

as G) as the template.47 The morphology of G@COF-1 was evaluated by scanning

electron microscopy (SEM) and transmission electron microscopy (TEM). The COF-

1 nanoflakes, with an average diameter of 30 nm, were uniformly distributed on

the G substrate without self-aggregation, ensuring the conductivity and full expo-

sure of the boroxine sites (Figures 2A, 2B, S1, and S2). Meanwhile, the N2 isothermal

of G@COF-1 also demonstrated enlarged specific surface area and abundant mes-

opores compared with pure COF-1 to efficiently guide Li deposition (Figure S3).

Elemental analysis indicated that the mass ratio of G:COF-1 was �1:4.5 by X-ray

photoelectron spectroscopy (XPS), combustion method, and yield analysis (Fig-

ure S4 and Tables S1–S3).

Further characterization was carried out by aberration-corrected high-angle annular

dark-field scanning transmission electron microscopy (HAADF-STEM) (Figure 2C).

The COF-1 nanoflakes afforded brighter contrast than the G substrate, with

morphology resembling that on the SEM and TEM images. The chemical composi-

tion of a COF-1 nanoflake was further confirmed by energy-dispersive X-ray spec-

troscopy with quantitative line-scan and mapping analysis (Figures 2C–2E). The
254 Matter 4, 253–264, January 6, 2021
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Figure 1. Schematic Illustration of Li Deposition on Different Li Hosts

COF-1 provides well-defined lithiophilic boroxine rings and uniform site distribution to guide

uniform Li deposition, thereby affording dendrite-free morphology.
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line-scan analysis afforded synchronous results for C, B, and O signals. Meanwhile,

the local mapping analysis demonstrated the atomic ratio of C:B:O to be �3:1:1,

in agreement with the theoretical value.

The structure of G@COF-1 was evaluated by Fourier transform infrared (FTIR)

spectrum, solid-state 13C NMR spectrum, and powder X-ray diffraction (XRD)

tests. Typical adsorption peaks of B3O3 rings were identified in the FTIR spectrum,

confirming the successful construction of the lithiophilic boroxine sites (Fig-

ure 2F).45 In addition, XRD patterns and NMR signals of G@COF-1 exhibited

characteristic peaks of COF-1, indicating the well-defined ordered framework ar-

chitecture of COF-1 on G (Figures 2G and S5).45,48 The highly crystalline COF-1

endows the lithiophilic boroxine sites with precise chemical structures and uniform

geometric positions. Thereby, uniformly distributed highly lithiophilic sites are

precisely constructed as Li host materials for Li dendrite inhibition in working

LMBs.

Li nucleation overpotential was evaluated as an indicator to quantitatively charac-

terize the lithiophilicity of G@COF-1. Compared with bare G, the G@COF-1 elec-

trode demonstrates much lower nucleation overpotentials of 8.7, 19.8, and

38.8 mV at current densities of 0.5, 1.0, and 3.0 mA cm�2, respectively (Figures

3A and 3B). The reduced nucleation overpotentials indicate enhanced Li nucle-

ation kinetics owing to ideal lithiophilicity from the boroxine sites. Density func-

tional theory (DFT) calculations, including binding energy and differential charge

density analyses, further indicate that the boron-oxygen dipole structure in the

boroxine ring plays an important role in determining the lithiophilicity by

providing strong ion-dipole interactions with Li atoms (Figure S6). Moreover,

the lithiophilic advantages of the G@COF-1 host were probed in cycling half-cells.

The CE of the G@COF-1 electrode retains over 98% for more than 240 cycles,

while the control G electrode fails after only 75 cycles at the current density of

1.0 mA cm�2 and areal capacity of 1.0 mAh cm�2, with a cycling number

improved by 220% (Figure 3C). The voltage hysteresis of the G@COF-1 electrode

is also reduced compared with the G electrode as the cycle number increases
Matter 4, 253–264, January 6, 2021 255



Figure 2. Characterization of G@COF-1

(A–C) (A) TEM image of graphene (G); (B) TEM and (C) HAADF-STEM images of G@COF-1 with energy-dispersive X-ray spectroscopy mapping

corresponding to (C). B, boron; C, carbon, and O, oxygen.

(D and E) (D) Line scan and (E) local area scan across a COF-1 nanoflake (#1 and #2 as in C).

(F and G) (F) FTIR spectrum and (G) XRD patterns of G, COF-1, and G@COF-1.
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(Figure 3E). When the current density and capacity are elevated to 3.0 mA cm�2

and 3.0 mAh cm�2, respectively, the G@COF-1 electrode still exhibits stable

charge-discharge profiles and prolonged cycling lifespan of 50 cycles beyond

the G electrode lifespan of only 25 cycles (Figures 3D and 3F). XPS characteriza-

tion before and after cycling indicated that the lithiophilic boroxine sites were sta-

ble during cycling, where additional signals suggest the decomposition of the

electrolyte on a lithium metal surface (Figure S7). Therefore, the promoted stabil-

ity of Li plating/stripping with the G@COF-1 host is attributed to the uniformly

distributed lithiophilic boroxine sites, which provide abundant and dispersive

nucleation sites for uniform Li deposition.

The morphology of Li plating/stripping on different host materials was further

investigated by SEM characterization. When Li metal is deposited on the

G@COF-1 host at 1.0 mAh cm�2 and 1.0 mA cm�2, the electrode exhibits a dense

and smooth morphology, indicating that the Li metal is evenly plated within the

host (Figures S8 and 4A). After Li stripping, the G@COF-1 electrode recovers to

the pristine morphology without obvious remaining dead Li (Figure 4B). The thick-

ness of the G@COF-1 electrode is also stable around 26 mm after 10 cycles (Fig-

ures 4C, S9A, and S9B). In contrast, the G electrode shows distinct morphology

differences, with messy Li after plating/stripping and unmitigated volume expan-

sion from 21 to 47 mm in thickness (Figures 4D–4F, S9C, and S9D). With the
256 Matter 4, 253–264, January 6, 2021



Figure 3. Li Nucleation Overpotential and Electrochemical Evaluation in Half-Cells

(A and B) (A) Voltage-time profiles during Li nucleation on G or G@COF-1 electrodes and (B)

corresponding Li nucleation overpotentials.

(C–F) (C and D) Cycling CE of half-cells with G or G@COF-1 electrodes and (E and F) corresponding

voltage profiles.
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current density and capacity increasing to 3.0 mA cm�2 and 3.0 mAh cm�2,

respectively, the same trend can be observed, that the G@COF-1 electrode is su-

perior in morphology and dimensional stability (Figure S10). It is therefore

concluded that the lithiophilic G@COF-1 host guides uniform Li deposition to

render reduced volume expansion, relieved dendrite growth, and limited dead

Li, which are crucial for long-cycling LMBs.

To explore the feasibility of G@COF-1 for practical applications, G@COF-1-Li an-

odes were fabricated and evaluated in full cells with LFP and NCM523 cathodes. Ul-

trathin Li foils (33 mm) andG-Li anodes were employed as the control anodes with the

same anode capacity. A low negative/positive electrode ratio of 4.4 was applied in

order to approach practical conditions. The cycling performance of the LFP full cells

at 1.0 C (1 C = 170mAg�1) is shown in Figure 5A. The LFP full cell with the G@COF-1-

Li anode stably performed 60 cycles at the benchmark of 80% retention of the initial

capacity; meanwhile, the shorter lifespan of the G anode indicates that routine host

materials with limited lithiophilicity cannot afford stably cycling LMBs. For the cell

with the G@COF-1-Li anode, the voltage gap between the charge and the discharge

plateaus of the first cycle is 88 mV, almost half that of the ultrathin Li anode (160 mV)
Matter 4, 253–264, January 6, 2021 257



Figure 4. Morphology Characterization of Li Hosts at 1.0 mA cm�2 and 1.0 mAh cm�2

Top-view SEM images of (A) G@COF-1 and (D) G after Li plating, and (B) G@COF-1 and (E) G after Li

stripping. (C and F) Cross-sectional SEM images of (C) G@COF-1 and (F) G before cycling and after

10 cycles. (A–C) The G@COF-1 electrode, (D–F) the G electrode.
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(Figure 5B). The voltage gap remains stable toward the 45th cycle with the G@COF-

1-Li anode, while it dramatically increases with the ultrathin Li anode. These results

are attributed to the lithiophilic sites in COF-1 and the stable electronic paths pro-

vided by the high-surface-area G skeleton.

Furthermore, morphology evolution of the anodes in LFP full cells was performed.

Notably, all of the pristine anodes share the same thickness of 33 mm and exhibit

similar smooth surfaces (Figure S11). After 60 cycles, the G@COF-1-Li anode was still

dendrite free, with a denser surface morphology and an increase in thickness to

143 mm. In contrast, both the G-Li anode and the ultrathin Li anode demonstrated

massive Li dendrites and more severe volume change to 180 and 270 mm, respec-

tively (Figures 5C, 5D, and S12). The above results indicate that the G@COF-1

host effectively inhibits Li dendrite growth in practical full cells and stabilizes Li

plating/stripping over a long lifespan.

When matched with a high-voltage NCM523 cathode, the G@COF-1-Li anode

also demonstrated promising cycling stability. The G@COF-1-Li | NCM523 full

cell exhibits a comparable initial capacity of 155 mAh g�1, superior capability

retention (80% after 80 cycles), and dendrite-free morphology at 0.4 C (1 C =

180 mA g�1), whereas the Li | NCM523 or the G-Li | NCM523 full cells undergo

rapid capacity fade after 40 or 55 cycles, respectively (Figures S13 and S14).

The good rate performance of the G@COF-1-Li | NCM523 cell also reveals that

the lithiophilic G@COF-1 host can support rapid Li plating/stripping at higher cur-

rent densities (Figure S15). Moreover, the G@COF-1-Li anode can stably afford

100 cycles with an elevated cathode capacity of 2.0 mAh cm�2 where no obvious

capacity decay is observed when changing the electrolyte from ethylene carbon-

ate/diethyl carbonate (EC/DEC) (v/v = 1/1) to 4-fluoro-1,3-dioxolan-2-one/

dimethyl carbonate (FEC/DMC) (v/v = 1/4) (Figure S16), further confirming the po-

tential of the COF-1-based lithiophilic Li host to construct stable LMBs. In addi-

tion, symmetric cell evaluation was performed to confirm the performance
258 Matter 4, 253–264, January 6, 2021



Figure 5. Electrochemical Performance in LFP Full Cells

(A–D) (A) Cycling performance and (B) charge-discharge profiles of LFP full cells at 1.0 C. (C) Cross-

sectional and (D) top-view SEM images of G@COF-1-Li, G-Li, and ultrathin Li anodes after 60 cycles.
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improvements contributed by the G@COF-1-Li anode. As shown in Figure S17,

the G@COF-1 anode affords stable Li plating-stripping cycles for 300 h with a

reduced overpotential of �30 mV and surpasses the ultrathin Li anode, showing

that the superior performance promotion in full cells is contributed by the

advanced G@COF-1 lithiophilic host.

In conclusion, a boroxine-based COF (COF-1) was applied to construct a lithiophilic

host to inhibit Li dendrite growth in LMBs. As afforded by the well-defined chemical

structure of COF-1, highly lithiophilic boroxine sites are homogeneously distributed

within the framework skeleton to guide uniform Li deposition under working condi-

tions. The growth of Li dendrites is significantly relieved by the COF-1-based host,

rendering reduced overpotential and prolonged cycling life in both half-cells and

full cells. The design strategy of introducing lithiophilic sites by using COF materials

not only provides a new family of lithiophilic candidates, but also inspires the appli-

cation of advanced materials for energy-related processes, especially for next-gen-

eration rechargeable batteries.
EXPERIMENTAL PROCEDURES

Resource Availability

Lead Contact

Further information and requests for resources and reagents should be directed to

and will be fullilled by the lead contact, Qiang Zhang (email: zhang-qiang@mails.

tsinghua.edu.cn).

Materials Availability

1,4-Benzenediboronic acid (BDBA; 98%), mesitylene (99%), tetrahydrofuran (THF; 99%),

and 1,4-dioxane (99%) were purchased from Alfa Aesar Chemical Co., Ltd., and directly

usedwithout furtherpurification.Copper foils,Celgard2400polypropylenemembranes,

and polyvinylidene fluoride (PVDF) were purchased from Shenzhen Kejing Star Technol-

ogyCo., Ltd. Limetal foilswerepurchased fromChinaEnergyLithiumCo., Ltd. 1,2-Dime-

thoxyethane (DME) (99%), 1,3-dioxolane (DOL) (99%), FEC (99%), DMC (99%), lithium ni-

trate (LiNO3) (99.98%), and lithiumbis(trifluoromethanesulfonyl)imide (LiTFSI) (98%)were
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purchased from Alfa Aesar Chemical Co., Ltd., and kept in a glovebox. Battery-grade

1.0 M hexafluorophosphate (LiPF6) in EC/DEC (1:1 by volume) electrolyte and N-methyl

pyrrolidone (NMP, 98%) were purchased from Beijing Institute of Chemical Reagents.

Data and Code Availability

All data needed to evaluate the conclusions in the paper are presented in the paper

and/or Supplemental Information. Additional data related to this paper may be re-

quested from the authors.

Synthesis of COF-1 and G@COF-1

Synthesis of G@COF-1

G@COF-1 was fabricated by a solvothermal method. Typically, 800 mg BDBA and

80 mg G were added into a mixture of 20 mL mesitylene and 20 mL 1,4-dioxane.

The suspension was stirred for 15 min and then ultrasonically treated for 20 min to

get a homogeneous suspension. Then the suspension was transferred to a Teflon hy-

drothermal kettle reactor to conduct the solvothermal reaction. The reactor was

sealed and kept at 125�C for 72 h to produce G@COF-1. The resulting product

was thoroughly washed with THF three times and dried at 60�C for 24 h. The yield

of G@COF-1 was 58%.

Synthesis of COF-1

First, 1.27 g BDBA was dispersed in a mixture of 20 mL mesitylene and 20 mL 1,4-

dioxane; then the same procedures for the synthesis of G@COF-1 were followed.

The yield of COF-1 was 68%.

Materials Characterization

A JSM 7401F scanning electron microscope, a JEM 2010 transmission electron mi-

croscope, and an FEI Titan Cubed G2 300 double spherical aberration-corrected

scanning transmission electron microscope were employed to characterize the

morphology of the samples. The operation voltage of the scanning electron micro-

scope, transmission electron microscope, and scanning transmission electron mi-

croscope was 3.0, 120.0, and 300.0 kV, respectively. The Li metal anodes were

protected in argon (Ar) in a glass container before morphology characterization

to avoid contact with the air during the transferring process. Energy-dispersive

X-ray spectrometer analysis was performed using the JEM 2010 or the FEI trans-

mission electron microscope equipped with an Oxford Instrument energy-disper-

sive X-ray spectrometer. The XRD patterns were recorded on a Bruker D8

Advanced diffractometer with Cu-Ka radiation at 40.0 kV and 120 mA as the X-

ray source. XPS was done on an ESCALAB 250Xi system (Thermo Fisher Scientific,

Inc., USA) to analyze the surface chemistry of the samples. All the samples were

cleaned by argon plasma before measurements. The XPS spectra were calibrated

using a C 1s line at 284.6 eV. FTIR spectrometry was performed on a NEXUS 870

spectrograph to reveal the chemical structure. Solid-state 13C cross-polarization

magic-angle spinning (MAS) NMR spectrum test was performed using the JNM-

ECZ600R spectrometer with a resonance frequency of 150 MHz and a MAS fre-

quency of 12 kHz. The N2 isotherm was measured by an Auto-IQ2-MP-C physical

adsorption system at 77 K. The corresponding pore size distribution and specific

area were calculated by the non-local DFT method and the Brunauer-Emmett-

Teller method, respectively.

Electrochemical Measurements

The electrochemical performances of G and G@COF-1 as Li host were evaluated

using two-electrode cell configuration. Standard CR2025 coin-type cells were
260 Matter 4, 253–264, January 6, 2021
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assembled in an argon-filled glovebox with oxygen and water contents below 0.1

ppm. All the tests were performed on a NEWARE BTS-51 multichannel battery

tester.

Fabrication of G and G@COF-1 Electrodes

Typically, G@COF-1 and PVDF at a mass ratio of 4:1 were added into NMP and

stirred for 24.0 h to afford a homogeneous slurry. The slurry was then coated onto

a Cu foil and dried in a vacuum at 80�C for 12.0 h. The areal mass loading of

G@COF-1 was 1.4 mg cm�2. After the solvent was evaporated, the coated Cu foil

was punched into disks with a diameter of 13.0 mm, which directly served as the

working electrode in half-cell evaluation. The fabrication of the G electrodes was

otherwise identical to that of the G@COF-1 electrode except the same amount of

G instead of G@COF-1 was used. The areal mass loading was same for the two

electrodes.

Half-Cell Assembly and Electrochemical Measurements

In half-cells, the G or G@COF-1 electrodes were employed as the working elec-

trodes and a Li metal foil was used as the counterelectrode. The thickness and

diameter of the Li metal foil were 500 mm and 16.0 mm, respectively. The elec-

trolyte was 1.0 M LiTFSI in DOL/DME mixed solvent (v/v = 1/1) and the amount

of electrolyte was 50 mL in half-cells. Notably, the cells used for CE evaluation

adopted the electrolyte with 5.0 wt% LiNO3 additive, while the cells for

morphology characterization were without LiNO3 additive.

As for the testing under the conditions of 1.0 mA cm�2 and 1.0 mAh cm�2, the half-

cells were first cycled at 0.5 mA cm�2 and 1.0 mAh cm�2 for five cycles, and then

cycled at 1.0 mA cm�2 and 1.0 mAh cm�2. At the testing of 3.0 mA cm�2 and 3.0

mAh cm�2, the half-cells were first cycled at 0.5mA cm�2 and 1.0mAh cm�2 for three

cycles, following by 1.0 mA cm�2 and 3.0 mAh cm�2 for three cycles, and then cycled

at 3.0 mA cm�2 and 3.0 mAh cm�2.

Fabrication of G@COF-1-Li and G-Li Anode

G@COF-1-Li anodes were fabricated using G@COF-1-Li electrodes and ultrathin

Li foils by the rolling method. Typically, a G@COF-1-Li-coated Cu foil and an

ultrathin Li foil (33 mm in thickness) were stacked and rolled in a roller

press (Shenzhen Kejing Star Technology Co. Ltd.). Then the Cu foil was

removed. The rolling process was performed in a dry room with a dew-point

temperature of �40�C. The as-obtained G@COF-1-Li foil was then punched

into disks with a diameter of 13.0 mm serving as the G@COF-1-Li anodes.

The G-Li anodes were fabricated following the same procedures but replacing

the G@COF-1 with G.

Symmetric Cell Tests

The symmetric cells were assembled employing G@COF-1-Li or 33 mm ultrathin Li

foil as the working electrode and 33 mm ultrathin Li foil as the counterelectrode.

The cells were first cycled at 0.5 mA cm�2 and 1.0 mAh cm�2 for five cycles and

then tested under the conditions of 1.0 mA cm�2 and 1.0 mAh cm�2. The electrolyte

was 1.0 M LiTFSI in DOL/DME (v/v = 1/1) with 5.0 wt% LiNO3 additive, and the

amount of electrolyte was 50 mL in each cell.

Full-Cell Assembly and Electrochemical Measurements

The full cells were assembled employing G@COF-1-Li, G-Li, or 33 mm ultrathin

Li foil as the anode and LFP or NCM523 as the cathode. The areal mass
Matter 4, 253–264, January 6, 2021 261
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loading of the LFP cathode was around 8.8 mg cm�2, corresponding to the ca-

pacity of 1.5 mAh cm�2. The Li | LFP full cells were first cycled at 0.2 C for one

cycle and then cycled at 1.0 C (1 C = 170 mA g�1) within a voltage range of

2.5–4.0 V. SEM characterization was carried out after 60 cycles of each cell.

As for the NCM523 full cells, the areal mass loading of the NCM523 cathode

was 8.0 mg cm�2 corresponding to 1.5 mAh cm�2. The NCM523 full cells

were first cycled at 0.1 C for three cycles and then cycled at 0.4 C (1 C =

180 mA g�1) within a voltage range of 2.8–4.3 V, while the rate performance

was measured under 0.1, 0.2, 0.5, and 1.0 C by five cycles in each C rate.

SEM characterization was carried out after 80 cycles of each cell. The electrolyte

was 1.0 M LiPF6 in EC/DEC (v/v = 1/1), or 1.0 M LiPF6 in FEC/DMC (v/v = 1/4),

and the amount of electrolyte was 50 mL in full cells.
Computational Details

The periodic DFT calculations were conducted in the Vienna ab initio Simulation

package with the projector-augmented-wave pseudopotentials, and the results

were visualized in VESTA. The Perdew-Burke-Ernzerhof generalized-gradient

approximation functional was adopted in all DFT calculations. Particularly, the van

der Waals interaction was described with the DFT-D3 method. The energy cutoff

was set to 520 eV. The self-consistent field and geometry convergence tolerance

were set to 1 3 10�5 and 1 3 10�4 eV, respectively.

A double-layered COF-1 model was built to interact with a Li atom and the binding

energy (Eb) between them was defined as the following:

Eb = Etotal � ECOF-1 � ELi,

where Etotal, ECOF-1, and ELi are the total energy of COF-1 bound with a Li atom, the

pristine COF-1, and a single Li atom, respectively. In addition, a gamma-centered k-

point grid through the Monkhorst-Pack method was set to 3 3 3 3 1 for COF-1

models.
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