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Designing Lithiophilic Lithium Metal Surface by a Hybrid
Covalent Organic Framework and MXene Coating

Osman Goni Shovon, Francis En Yoong Wong, and Junjie Niu*

With the increasing demand for developing large-energy-density and safe
batteries, a reliable lithium metal as an anode becomes more and more
important in various lithium metal and solid-state batteries. On the basis of
better lithium regulation from MXene, a lithiophilic lithium metal surface is
designed by introducing a 2D hybrid coating that consists of a thin covalent
organic framework (COF-1) modified MXene layer (denoted as
COF-MXene-Li). The abundant lithiophilic boroxine sites on 2D COF-1 attract
lithium ions while the MXene further regulates lithium homogeneous
nucleation and growth, thus preventing dendrite formation. The coin cell
battery paired with LiNiy sMn,;Co,,0, (NMC811) as cathode material
displays 17% more capacity retention compared with pure lithium metal after
400 cycles at 0.5C.Over 81.4% capacity retention along with 99.96%
Coulombic efficiency (CE) of a 1.0 Ah pouch cell versus LiNij Co 15Al, 05O,
(NCA) after 250 cycles is received. The assembled 1.6 Ah pouch cell with
NMC811 show an energy density of up to 366.7 Wh Kg~' and an actual
energy density based on the whole cell of up to 339.7 Wh Kg~'. The improved
cycling stability particularly in pouch cells opens broad applications for this
hybrid coating modified lithium metal as anode electrode in a variety of

low CE and reduced cyclability. Moreover,
Li preferentially nucleates and grows at
the cracked SEI region, eventually devel-
oping into dendrites, which create a high
safety issue of short circuits.*] Thus seek-
ing a strategy to regulate the lithium depo-
sition/extraction and prevent the dendrite is
critical for lithium metal anode electrodes.

To date a series of approaches to mod-
ifying Li/electrolyte interface such as re-
placing pure Li metal with Li-based alloy
material,®] applying a protective coating,[®!
constructing an artificial SEI layer,l’! intro-
ducing lithiophilic seeds,®] and optimizing
electrolyte,l have been attempted. Re-
cently an artificial SEI was created on Li
metal by using ordered mesoporous zirco-
nium oxophosphate, which promoted Li*
ions flow during the initial electroplating
process.['!l A covalent organic framework-
based functional separator (COF@PP) was
fabricated with the adhesion of TpPa-

large-energy-density battery systems.

1. Introduction

Due to the high theoretical capacity of 3860 mAhg~' and low re-
dox potential of —3.040 V versus standard hydrogen electrode,
lithium metal is considered one of the most promising an-
ode electrode candidates in next-generation lithium ion, lithium
metal, lithium sulfur/air, and solid-state batteries.!'?] However,
challenges such as unstable solid electrolyte interphase (SEI), vol-
ume expansion, high chemical reactivity, and dendrite growth
restrain its role in practical batteries.} In particular, un-even
lithium deposition/extraction during the plating/stripping pro-
cess ruptures the initial SEI, allowing the exposed fresh Li to
continuously consume electrolyte to form thick SEI, leading to
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2SO;H COF nanosheets and 1D cellulose

nanofibers to resolve the issue of disordered

Li dendrite growth on Li metal." Due to

the high conductivity, better lithiophilicity,
and mechanical robustness, recently the 2D layered Ti,C, MX-
ene exhibited great potential in lithium dendrite suppression.
Zeng et al. developed a stoichiometric Ti,C, T, (S- Ti,C,T,) MX-
ene coating that provides plenty of nucleation sites, lowering the
overpotential for Li nucleation and promoting more uniform Li
plating, which reduces uncontrolled Li dendrite growth.[3] To
achieve more controllable Li deposition with free dendrite, lithio-
philic functional groups on MXene nanosheets need to be further
investigated.’]

Covalent organic frameworks (COFs) are a new polymer class
with specific organic groups covalently connected to a peri-
odic network, which have high surface areas, adjustable pore
sizes/porosity, structural stability, and predictability, along with
customized functionalities."*] The scalable production of COFs
by simple chemical reactions extends their applications in diverse
fields such as photovoltaics, energy storage, gas storage, and cat-
alyst supports.['*] The unique feature of well-defined lithiophilic
sites displays promising roles in electrode materials of various
batteries.['®] Song et al. combined COF-1 with graphene as a
lithiophilic host to achieve long-cycling battery performance.'’]
A new type of polyimide COFs was developed as anode coating,
which showed a high density of ordered lithiophilic quinoxaline
and phthalimide sites.!*®! A fiber COF with numerous lithiophilic
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sites of aldehyde base and nitrogen groups improved Li* ions
migration and uniform lithium deposition. The mesh-stacked fi-
brous polymer provided a buffering effect, effectively mitigating
volume change during Li plating and stripping while reducing
local current density.[') Recently Zheng et al. reported a 3D COF
as an anodic protective layer using 6-connected phosphazene and
4-connected porphyrin, which led to highly smooth and compact
Li deposition.!?!

In our previous work, we designed an inter-layer-calated thin
Li metal (ILC-Li) electrode using non-delaminated 2D Ti,C,T,
MZXene stacks coated on an ultra-thin Li host.[2!) Recently we de-
veloped a dual-layer interphase that was composed of an organic
lithium carbonate salt and a BF;-doped monolayer MXene on the
surface of lithium metal, which greatly enhanced the interfacial
stability and thus reduced the SEI thickness.??! The introduction
of lithiophilic functional groups via heteroatom such as N, P, B,
and O doping or dual heteroatom doping,[*! BN as an interfa-
cial layer,[?)l and MXene-BN introduced artificial SEII?*] can fa-
vor the homogeneous lithium deposition and improve the battery
cycling performance. In contrast to graphene, MXene has better
lithiophilicity with a lithium binding energy of —2.93 eV.®] In
this article, we developed a reliable Li metal surface named COF-
MXene-Li by covering a thin hybrid coating that consists of 2D
lithiophilic COF-1 and conductive MXenes. The plenty of favor-
able Li sites among the COF-1 and excellent electronic conductiv-
ity along the layered MXenes led to form a uniform Li film by re-
ducing the nucleation barrier and inhibiting dendrite formation.
As aresult, a thin SEI layer with ~6 nm organic and ~#90 nm inor-
ganic layers was achieved. The improved surface stability greatly
extended the battery cycling performance, particularly in large-
capacity pouch cells.

2. Results and Discussion

To form the COF-MXene-Li, multilayer Ti;C, MXene was first
obtained by etching MAX precursor with hydrofluoric acid
(HF).2126] Subsequently, a diluted suspension of purified MXene
in tetrahydrofuran was prepared after a series of treatments. The
COF-1 was synthesized by heating 1,4-benzenediboronic acid
(BDBA) in a mesitylene-dioxane solution.!'?”] The well-defined
and ordered framework of the as-received COF-1 was confirmed
by using powder X-ray diffraction (XRD) (Figure S1, Support-
ing Information). Then the COF-MXene hybrid composite was
formed via a solvothermal method. In the final step, the re-
ceived hybrid dispersion was spray-coated on a Li metal surface
(Figure 1a). Scanning electron microscopy (SEM) surface mor-
phologies of the pure Li metal (Figure 1b), COF-MXene-Li
(Figure 1c), and COF-MXene-Cu (Figure S2, Supporting Infor-
mation) show that the hybrid COF-MXene composite coating was
intimately covered on the Li metal and Cu surfaces. It is evident
that smooth channels and improved storage sites can be provided
by the pore structure for lithium-ion migration.!?! So, the porous
configuration from both 2D COF-1 and MXene ensures sufficient
active sites and spaces to accommodate lithium deposition.

The wetting performance of the surface with carbonate-based
electrolyte and molten lithium was checked. As observed in
Figure 1d, the contact angle (CA) of the electrolyte on pure Li
metal is 33°, which is much higher than 11° of COF-MXene-
Li. Similarly, the pure Li metal showed a high CA of 134° with
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molten lithium while the COF-MXene-Li only delivered a small
CA of 69° (Figure 1e). The clearly reduced CA of both electrolyte
and molten lithium on the COF-MXene-Li (Table S1, Support-
ing Information) and stable surface morphology (Figure S3, Sup-
porting Information) indicates an improved surface wetting per-
formance, which can facilitate wide and uniform distribution of
Li ions. It is believed that the increased lithiophilicity from the
hybrid composite, especially from the COF-1 contributed to this
behavior.['”]

X-ray photoelectron spectroscopy (XPS) was used to exam-
ine the chemical composition of the samples. The C 1s peaks
with a strong C—C binding at 284.8 eV (Figure 1f) and Ti 2p
(Figure 1 h) peaks with a comparatively weak titanium oxide
binding at 458.7/464.2 eV confirmed the Ti,C, MXene structure
(Figure S4a, Supporting Information).l?!] Compared with pure
COF-1, the COF-MXene hybrid composite exhibited two new
B 1s peaks at 191.2 and 193.3 eV, which correspond to BC,0
and BCO, respectively,[?2] along with a peak of boronic acid
group, B(OH), at 191.9 eV and the B,0, peak (Figure 1i).3
The B;0O; group as shown in the O 1s peak at 533.1 eV and
the B 1s peak at 192.0 eV were from the COF-1"l (Figure
S4b, Supporting Information) while the new covalent bindings
of BC,0 and BCO, were generated by the reaction between
COF-1 and MXene. In order to further check the reaction with
lithium, the samples of pure Li metal (Figure S5a, Support-
ing Information), MXene (Figures S5b and S6, Supporting In-
formation), COF-1 (Figure S7a), and COF-MXene (Figures S7b
and S8, Supporting Information) coated on lithium metal sur-
face were measured respectively. As seen from the obtained XPS
spectra, no new peaks appeared, indicating a non-covalent, Van
der Waals binding of the hybrid composite with the lithium
host.

The component and thickness of the SEI layer are critical in de-
termining the uniform lithium deposition/extraction with zero
dendrite formation as well as the battery cycling capability and
energy density.3!] The SEI information of the COF-MXene-Li
electrode upon stripping after five cycles in a symmetric cell was
revealed by using X-ray photoelectron spectroscopy (XPS) depth
profiles (Figure 2). As observed from the Li 1s peak in Figure 2
and Figure S9 (Supporting Information), various inorganic com-
pounds including LiF, Li,CO,/LiOH, and Li,O were identified.
The size of the inorganic-rich layer was estimated on the basis
of a lithium mole ratio of less than 60%.2!1 It was found that
the inorganic layer thickness of the COF-MXene-Li electrode was
~90 nm, which was much thinner than ~270 nm of the pure Li
metal electrode (Table S2, Supporting Information). The organic
component of the SEI layer was revealed by the C 1s peak of C—C
binding at 284.8 eV, C—O binding at 286.7 eV, C=0 binding at
287.8 eV, and the O 1s peak at 530.4 eV.[??] The size of the organic
layer was estimated by following the evolution of CF, peak in F
1s. It was observed that the CF, binding at 688.1 eV with COF-
MZXene-Li electrode disappeared after etching 20 s (Figure 2), in-
dicating a thin organic-rich thickness of 6.0 nm (Table S2, Sup-
porting Information). As a comparison, a large CF; peak with
pure Li metal electrode remained even after etching 60 s (Figure
S9, Supporting Information), showing a much thicker organic-
rich layer of more than 18.0 nm (Table S2, Supporting Informa-
tion). The COF-MXene layer on the Li metal surface was con-
firmed by the B 1s peaks at 191.2, 191.9, 192.0, and 193.3 eV that
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Figure 1. Design COF-MXene modified Li metal surface. a) Synthesis of the COF-MXene-Li. SEM morphologies of b) pure Li and c¢) COF-MXene-Li
surfaces. The insets are enlarged images. Contact angles of d) electrolyte and e) molten Li on pure Li (top) and COF-MXene-Li (bottom). XPS spectra of
the f) C 1s, g) O 1s, h) Ti 2p, and i) B 1s of the COF-MXene layer on Cu foil.

are associated with BC,0, B(OH),, B;0;, and BCO, (Figure 2,
B 1s), which is in agreement with the COF-MXene results in
Figure 1i. In addition, The Ti—C bonding at 282.1 eV in C 1s
peaks and Ti—O bonding at 529.9 eV in O 1s peaks with the COF-
MXene-Li electrode were detected after etching 60 s, confirming
the MXene layer on the surface (Figure 2).

It is known that pure Li metal keeps consuming electrolytes
by forming a thick SEI layer (Figure 3a). The covalent organic
framework, COF-1, has a strong affinity to lithium, resulting in
a high lithiophilicity.>!”) The boron atoms in B;0; (boroxine)
sites are electron-deficient, which facilitates Li valence electrons
to transfer to the boron atom of boroxine, making them attractive
to Li* jons. The lone pairs of electrons on the oxygen atoms in the
boroxine sites allow them to preferably coordinate with Li* ions.
Such coordination sites improve lithiophilicity, which can stabi-
lize Li* ions transport inside the framework (Figure 3b).323] In
parallel, COF-1 has a large surface area of 288.2 m%g~! and highly
porous network (Figure S10, Supporting Information), which
greatly enhanced the electrolyte wettability (Figure 1d). The bet-
ter wettability among the submicron level pores and channels re-
duces the Li* ion transport distance from electrolyte to active ma-
terial and mitigates the polarization effects. In addition, COF-1
with staggered AB stacking displays a stable configuration with
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more interlayer spaces which is favorable for Li* ions intercala-
tion (Figure 3c).1?’]

Moreover, MXene (Ti;C,T, MXene, T, stands for surface ter-
mination) displays a high electrical conductivity, ranging from
3 X 10% to over 15 x 10* Scm~!,34 which is beneficial to main-
tain uniform current distribution across the lithium metal sur-
face. As contrast, COF-1 exhibits a relatively lower electrical
conductivity,*! which shows moderate lithium regulation by re-
ducing uneven nucleation and minimizing the undesirable side
reactions between the active lithium surface and electrolyte. On
the basis of the conductive MXene backbone and flexible COF-1
layer, a reduced reaction of organic and inorganic products with
electrolytes was achieved, which preserves the integrity of SEI
during long cycling.[**] As shown in Figure 3d, on the basis of
XPS depth profile, the electrode with COF-MXene-Li showed a
~6 nm organic layer and a #90 nm inorganic layer, which were
both thinner compared with the pure Li metal electrode of ~36
and ~270 nm.

The synergistic interaction between high-mechanical-strength
COF-1 and MXene contributes to the improved volume ac-
commodation upon cycling. MXene has excellent mechanical
strength with Young’s modulus of ~330 GPa.l’”! The Young’s
modulus of COF-1 is ~33 GPa,3® which can provide further
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Figure 2. SEI composition analysis of a symmetric cell by using XPS depth profile. The COF-MXene-Li as an electrode was measured upon stripping
after five cycles. The current density was 1.0 mAcm™2 and the capacity was 1.0 mAhcm™2.
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Figure 4. Surface morphology evolution of lithium metal electrode in symmetric cells. SEM morphologies of pure Li metal a—c) under a current density
of 1.0 mAcm~2 after plating for 1, 5, and 10 h, and d) under a current density of 3.0 mAcm™2 after plating for 5 h. SEM morphologies of COF-MXene-Li
e—g) under a current density of 1.0 mAcm™2 after plating for 1, 5, and 10 h, and h) under a current density of 3.0 mAcm™2 after plating for 5 h. In situ
observation of the mossy/dendritic Li during plating (0-40 min) and stripping (40-80 min) with i) pure Li and j) COF-MXene-Li inside a capillary cell.

The current density: ~3.0 mAcm™—2

reinforcement to regulate the lithium deposition and resist the
dendrite growth pressure of 2-4 GPal**! through its strong co-
valent network without losing its structural integrity. In addi-
tion, the expanded interlayer space and parallelly aligned layer
among the MXene restrict the Li growth along the perpendicular
direction and lead to a horizontal growth of lithium on Li metal
surface.*9 As a result, the continuous crack and failure of SEI
are reduced, leading to a uniform lithium deposition/extraction
with suppressed dendrite (Figure 3).22]

The surface morphology evolution of the electrode upon cy-
cling was investigated in symmetric cells. It was observed that un-
even lithium deposition with increased mossy/dendritic lithium
was formed on pure Li metal when increasing the plating ca-
pacity (Figure 4a—c) and current density (Figure 4d). In con-
trast, the COF-MXene-Li displayed a comparatively smooth sur-
face under both current densities of 1.0 mAcm~ (Figure 4e—g)
and 3.0 mAcm~? (Figure 4 h). The real-time mossy/dendritic Li
growth/depletion upon lithium plating and stripping at 3.0 mA
cm 2 was studied in a capillary cell. As seen in Figure 4i, a clear
mossy/dendritic lithium appeared on the pure Li metal elec-
trode only after 20 min plating and remained even after strip-
ping. However, a homogenous lithium deposition/depletion free
of mossy/dendritic lithium on the COF-MXene-Li electrode was
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found during the plating (0—40 min) and stripping (40-80 min)
(Figure 4j). It is known that the non-homogeneous lithium nu-
cleation/growth can generate dendrites which cause short-circuit
safety concerns.['73¢] Further, the highly active lithium dendrite
can accelerate side reactions with electrolytes, leading to low
Coulombic efficiency and short cycling performance. With our
modified electrode, both the lithiophilic COF-1 and conductive
MZXene resulted in a low lithium nucleation barrier and better
volume accommodation, which contributed to the uniform Li de-
position with relieved dendrite growth. The reversible deposition
and dissolution of lithium can also be observed from the cross-
section evolution upon plating and stripping (Figure S11, Sup-
porting Information).

The electrochemical property of the full-cell battery paired with
LiNi, ¢Mn,,; Co, 0, (NMC811) was investigated by cyclic voltam-
metry (CV) (Figure 5a). It was found that the battery with COF-
MXene-Li displayed sharper and stronger redox peaks compared
to the pure Li metal. In addition, the potential variation of the
phase transformation between hexagonal and monoclinic (H1-
M) phases was reduced. These results indicate enhanced Lit dif-
fusion kinetics.[* The interface resistance between the electrode
and electrolyte was checked by using electrochemical impedance
spectroscopy (EIS) in both symmetric and full cells. Both
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Figure 5. Electrochemical property of the battery with COF-MXene-Li as an electrode. a) CVs of the battery paired with NMC811 as cathode material. b)
Nyquist plots of pure Li metal and COF-MXene-Li before and after 100 cycles in symmetric cells. c) Nyquist plots of pure Li metal and COF-MXene-Li
before and after 100 cycles at 0.5C in a full battery paired with NMC811 as cathode material. d) Galvanostatic cycling of symmetric cells with pure Li
metal and COF-MXene-Li metal at 1.0 mAcm=2, 1.0 mAhcm™2, and 3.0 mAcm™2, 3.0 mAhcm™2. e) The enlarged voltage profiles of 0-10th h. f) The
voltage profile of the 1st cycle at 1.0 mAcm=2, 1.0 mAhcm™2. g) The enlarged voltage profiles of 600-610th h.

symmetric cells exhibited a similar contact resistance of 5.9 Q,
while the cell with COF-MXene-Li exhibited a reduced transfer
resistance of ~45.7 Q in contrast to 60.4 Q with pure Li metal be-
fore cycling (Figure 5b). After 100 cycles, the transfer resistance
with COF-MXene-Li was further decreased to ~14.4 Q, which is
much smaller than 36.6 Q of the pure Li metal. In the full cell with
NMC811, a lower transfer resistance with COF-MXene-Li was
also obtained before and after cycling (Figure 5c¢). It is believed
that the reduced transfer resistance with COF-MXene-Li was at-
tributed to the reduced SEI layer on the interface as confirmed
by the XPS depth profiles in Figures 2 and 3d.[?!) In addition, the
diffusion kinetics of Li* was investigated via EIS measurement in
symmetric and full cells (Figures S12 and S13, Supporting Infor-
mation). As seen from the relationship between real impedance
(Z,..1) and the inverse square root of angular frequency (w=°)
in the low-frequency region, the slope of COF-MXene-Li was
smaller than pure Li before and after cycling, which indicates a
fast Li* diffusion kinetics.[*!]

The electrochemical stability of the Li metal electrodes during
plating and stripping in symmetric cells is shown in Figure 5d.
The cell with COF-MXene-Li displayed an initial overvoltage of
88.5 mV, whereas the cell with pure Li showed a higher value
of 154.7 mV at a current density of 1.0 mA cm~2 (Figure 5d.e).
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As revealed in Figure 5f, a low lithium nucleation overvoltage of
80.9 mV appeared, which was much lower than 220.8 mV with
the pure Li metal. This reduced nucleation energy barrier can fa-
cilitate preferred lithium deposition, leading to forming a homo-
geneous lithium film. The overvoltage with COF-MXene-Li was
stabilized at 92.0-105.0 mV up to 1000 h under 1.0 mA cm~2 and
96.0-107.0 mV up to 225 h under 3.0 mA cm~2, which were lower
than the pure Li metal (Figure 5d—g) and MXene coated Li metal
(Figure S14, Supporting Information). In particular, the cell with
pure Li metal showed an initial overvoltage of ~180.4 mV and
reached 270 mV only after 90 h at 3.0 mAcm™ (Figure 5d.e).
The greatly reduced overvoltage upon long cycling due to the
synergetic interaction of COF-1 and MXene indicates that COF-
MXene-Li has a promising performance in forming homogenous
lithium film during charging/discharging.

Battery performance of full coin cells versus NMC811 and
pouch cells versus LiNi, 3Co, ;5Al, 0sO, (NCA) were respectively
investigated. As shown in Figure 6a, the battery with COF-
MXene-Li displayed an initial capacity of 205.1 mAhg~! with a
CE of 86.5% at 0.1C. A high-capacity retention of 137.7 mAhg!
after 400 cycles at 0.5C remained, which was much higher than
the capacity of 102.4 mAhg~! with pure Li metal. Under a high
charge/discharge rate of 1.0C after 3 cycles at 0.1C, the cell with
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Figure 6. Battery performance with COF-MXene-Li as anode material. Coin cell battery cycling performance versus NMC811 as cathode material a) at
0.5C, and b) at 1.0C. The battery was activated at 0.1C for three cycles. Pouch cell performance paired with NCA at 0.2C with a capacity of ) 1.0 Ah, and
d) 2.0 Ah. e) Schematic illustration and photo of the assembled pouch cell with modified Li metal as anode and NCA as a cathode. f) Normalized and
measured energy density of the pouch cells coupled with COF-MXene-Li as anode, NMC811, and NCA as cathode electrode material. The measured
energy density was calculated on the basis of the actual weight of the whole battery and capacity.

COF-MXene-Li exhibited an initial discharge capacity up to 196.4
mAhg! with a CE of 96.7%, which was higher than the 194.7
mAhg! with a CE of 95.2% (Figure 6b). After 300 cycles, the
cell with COF-MXene-Li still showed a capacity of 129.4 mAhg™
with 66.0% capacity retention while the cell with pure Li metal
dropped to 56.4 mAhg~! with only 29.0% capacity retention. The
validated battery cycling performance in large-capacity pouch cell
batteries paired with NCA exhibits promising potential in broad
applications in a variety of energy-storage devices (Figure 6e). It
was found that the pouch cell with COF-MXene-Li maintained
a reliable capacity of 868.6 mAh with ~81.4% capacity retention
after 250 cycles (Figure 6¢). In contrast, the battery with pure Li
metal exhibited a fast capacity decay to 383.4 mAh after only 160
cycles. Under the higher capacity of 2.0 Ah, the battery with COF-
MZXene-Li displayed a capacity of 1797.8 mAh with a capacity re-
tention up to 82.6% after 150 cycles (Figure 6d). However, the
battery with pure Li metal decreased to 1413.3 mAh with only
65.1% capacity retention. The assembled 1.6 Ah pouch cell ver-
sus NMC811 with a low E/C ratio of 1.9 gAh~' showed a normal-
ized energy density of 366.7 Wh Kg~! and a measured energy
density of 339.7 Wh Kg™' on the basis of whole cell-pack weight
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(Figure 6f; Figure S15 and Table S4, Supporting Information).
The performance comparison with select lithium metal-based an-
odes is shown in Table S5 (Supporting Information). In addition,
the 2.0 Ah pouch cell versus NCA with a E/C ratio of 3.0 gAh~!
demonstrated a normalized energy density of 302.0 Wh Kg~! and
the measured energy density of 283.5 Wh Kg~! (Figure 6f). The
enhanced energy density in pouch-cell batteries shows great ap-
plications in extending working time in various electronic devices
and electric vehicles.

Battery performance of Li/Cu half-cells was also performed
with pure Cu and COF-MXene-Cu. As seen from Figure S16
(Supporting Information), a higher and more stable Coulombic
efficiency with COF-MXene-Cu electrode was received, which in-
dicates a smooth lithium plating/stripping process and thin SEI
formation with a low interface impedance.[*?l The improved elec-
trochemical property and battery performance benefited from the
synergetic interaction of the conductive 2D MXene and lithio-
philic COF-1. It has been reported that the doped monolayer MX-
ene allows lithium deposition along the horizontal direction.!??]
In parallel, the sufficient lithiophilic boroxine sites among the
COF-1 attract more Li* ions from the electrolyte, which promotes
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uniform lithium nucleation and growth, thus preventing the pos-
sible dendrite formation.

3. Conclusion

Due to the large theoretical capacity, low electrochemical poten-
tial, and lightweight, lithium metal is one of the most promising
anodes in large energy-density liquid and solid-state batteries.
Challenges of uncontrolled Li dendrite formation, high chemi-
cal reactivity, and unstable solid electrolyte interphase limit its
practical applications. In this work, we successfully developed
a hybrid thin protective layer on the surface of lithium metal
by using 2D COF-1 and Ti;C, MXene. The existing lithiophilic
boroxine sites on COF-1 with high electrolyte wetting promoted
lithium-ion transport and reduced the nucleation barrier, lead-
ing to a homogenous Li deposition and extraction. In addition,
the synergistic interaction between the low-conductivity polymer
and high-conductivity MXene regulated lithium growth and thus
suppressed the dendrite generation. As a result, a reduced over-
voltage after cycling 1000 h in symmetric cells was obtained.
The full coin cell battery displayed high-capacity retention after
long cycling at high rates. The lab-scale 1.6 Ah pouch cell dis-
played a high energy density of 366.7 Wh Kg~'. The strategy to
modify the lithium metal surface using lithiophilic covalent or-
ganic framework and 2D MXene offers a pathway toward a high-
energy-density battery system with high reliability and sustain-
ability. Future research will focus on scaling up the modified Li
metal anode in various electrolyte systems, as well as pairing it
with different advanced cathode materials to fully utilize the high
capacity of lithium metal-based batteries.

4. Experimental Section

Synthesis of COF-MXene-Li:  Ti;C, MXene was synthesized by etching
TizAIC, MAX (400 mesh, Lizhou Kai Kai Ceramic Materials) via hydrofluo-
ricacid (HF, 48-52%, Sigma-Aldrich).126] Typically 3.0 g of MAX precursor
was slowly added to 30.0 mL of HF solution in a Teflon container (Baoshis-
han) and continuously stirred with a magnetic stirrer (RT Basic-17, Thermo
Scientific). After stirring for 1 h at room temperature, the container was
placed in a water bath (Symphony, VWR) and stirred at 60 °C (Stirring Hot
Plate, Thermo Scientific Cimarec). After 24 h, the MXene sediment was fil-
trated by centrifuge (Compact Centrifuge, model 6755, Corning LSE) and
washed with de-ionized (DI) water (Purelab) until the pH reached 6.0 (pH
Test Strips, VWR Chemicals BDH). Finally, the MXene sample was col-
lected using a vacuum-assisted filtration (Vacuum Filtration System, VWR)
with a 0.22 um pore size polyvinyl difluoride (PVDF) filter membrane (EZ
Flow, 364-2612-OEM) and dried in a vacuum oven (Ai 0.9, Across Interna-
tional) at 80 °C for 24 h.

A diluted MXene dispersion was prepared based on the previous
work.[2210.1 g MXene was dispersed in a 25 wt.% tetrabutylammonium hy-
droxide solution (40% in water, Sigma—Aldrich) and stirred for 6 h at room
temperature. The obtained solution was first filtrated by centrifuge and
rinsed three times with ethanol (200 proof, Decon Labs). Then the sam-
ple was dispersed in 50.0 mL of tetrahydrofuran (THF, anhydrous, 99.9%,
Sigma-Aldrich) solvent. After agitating for 10 h in an ultrasound cleaner
(Symphony, VWR), the final MXene sample was collected by centrifuge.

The COF-MXene hybrid coating was prepared by using a solvothermal
method.['7:?7] In a typical experiment, 3.0 wt.% of 1,4-benzenediboronic
acid (BDBA; 98%, Alfa Aesar) was mixed with MXene sample in a mix-
ture solution of 20.0 mL mesitylene (99%, Sigma-Aldrich) and 20.0 mL
1,4-dioxane (99%, Sigma-Aldrich). After agitating for 20 min in the ultra-
sound cleaner and stirring for 15 min, the solution was transferred to a
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stainless-steel autoclave reactor lined with Teflon (Baoshishan). The re-
actor was then kept at 125 °C for 72 h. The hybrid sample was obtained
through centrifugation (Compact Centrifuge, model 6755, Corning LSE).
After rinsing three times by THF, the sample was dried in a vacuum oven
(Ai 0.9, Across International) at room temperature for 24 h.

Before coating on the lithium metal surface, the COF-MXene sample
was dispersed in THF and agitated in the ultrasound cleaner for 30 min.
The Li metal coating was completed inside an Ar-filled glovebox (H,O
< 0.5 ppm, O, < 0.1 ppm, Mbraun Labstar Pro). Before coating, the pure
Li foil (for coin cells, diameter: 15.6 mm, thickness: 0.25 mm, 99.9%, MSE
Supplies; For pouch cells, thin lithium on Cu, Li thickness: 40 pm, Cu:
10 pum, >99.9% purity, MSE Supplies) was carefully cleaned with a soft
brush to remove surface contamination. The as-prepared COF-MXene so-
lution was sprayed on Li metal surface with a solution-to-area ratio of
~45 uL cm™2 (~0.09 mg cm~2) by using a sprayer (Amazon). The final
COF-MXene-Li was obtained after drying at room temperature for 24 h.
COF-MXene-Cu was also prepared with the same coating process.

Coin Cell Assembly: The electrochemical property and battery cycling
performance were tested using symmetric and coin cells (CR2032, Xingye
Co., Ltd.). Symmetric cells were assembled by using pure Li foil or COF-
MXene-Li as both anode and cathode electrodes in the Ar-filled glovebox
(H,0 < 0.5 ppm; O, < 0.1 ppm, Mbraun, Labstar Pro). The electrolyte was
1.0 m lithium bistrifluoromethane sulfonimide (LiTFSI, BASF Corp.) in 1,3
dioxolane/DME (BASF Corp.) with a 1:1 volume ratio, with an addition of
0.1 M LiNOj3 (99.99%, Sigma—Aldrich). The electrolyte amount was ~50 L
in each coin cell.

For Li/Cu half coin cells, the electrolyte was 1.0 m LiPFg (battery grade,
>99.99% trace metals basis, Sigma—Aldrich) in a solvent consisting of
ethylene carbonate (EC) (battery grade, BASF Corp.) and ethyl methyl car-
bonate (EMC) (battery grade, BASF Corp.) with 3:7 volume ratio, 2 wt.%
vinylene carbonate (VC) (99.5%, battery grade, Sigma—Aldrich) and 10
wt.% Fluoroethylene carbonate (FEC) (99.8%, Santa Cruz Biotechnology
Inc.). For regular full coin cells, the pure Li metal or COF-MXene-Li was
used as the anode electrode and NMC811 as the cathode electrode ma-
terial. The cathode electrode material slurry was prepared by mixing 80
wt.% NMC811 (Tap density: >2.1 g cm™~3, pH <11.80, BET Specific Sur-
face Area: 0.6 + 0.3 m2g~1, MSE Supplies) as active material, 10 wt.% con-
ductive carbon black (SuperP C65, Timcal), and 10 wt.% polyvinylidene
fluoride (PVDF, laboratory grade, Alfa Aesar) as the binder in N-methyl-
2-pyrrolidinone (NMP, 99.9%, Headspace Solvents, Honeywell) solvent.
Then the mixed slurry was coated on a 15 pm thick carbon-coated alu-
minum foil (99.3%, MTI Corp.) via film casting doctor blade and dried
at 60 °C for 12 h in a vacuum oven (Vacuum oven, Ai 0.9, Across Interna-
tional). The received electrode was pressed under ~10 MPa using a bench-
top hydraulic press (Northern Tool+ Equipment), and then it was cut into
circle discs by a disc cutter (MSK-T-07, MTI Corp.). The coin cell was as-
sembled by pressing at ~6 MPa inside an argon-filled glovebox using the
as-prepared cathode electrode, polyethylene separator (Celgard 2400), and
pure Li foil or the COF-MXene-Li as anode electrode. The electrolyte was
1.0 M LiPFg in a solvent consisting of EC and EMC with a 3:7 volume ratio,
2 wt.% VC, and 10 wt.% FEC.

Pouch Cell Assembly:  Full pouch cells with a total capacity of 1.0 and
2.0 Ah were assembled using commercial NCA material as cathode elec-
trode material. The double-side coated NCA electrode was obtained from
abrand-new 18650 Samsung 35E battery with an active material loading of
41.0 mg cm~2 for double sides and the area of the electrode was 4 x 5 cm?.
During the assembly, nine layers (for 1.0 Ah) and sixteen layers (for 2.0 Ah)
of double-side side coated NCA electrode were coupled with ten layers (for
1.0 Ah) and seventeen layers (for 2.0 Ah) of pure Li metal or COF-MXene-Li
(The Li metal host: Li thickness: 40 um, Cu: 10 um, MSE Supplies). The 1.6
Ah full pouch cell using commercial NMC811 as cathode electrode mate-
rial was also checked. Double-side coated NMC811 electrodes with an ac-
tive material loading of 37.06 mg cm~2 for double sides and an area of 4.0
x 5.0 cm? were made before assembly. During the assembly, ten layers of
double-side and two layers of single-side coated NMC811 as cathode were
coupled with eleven layers of COF-MXene-Li as anode. The Celgard 2400
microporous polyethylene (PE) membrane was used as the separator. The
Ni and Al tabs with 3 mm width (MTI Corp.) were used for anode and
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cathode connections via an ultrasonic metal spot welding machine
(TMAX-USW-2000 W, 40 Hz, TMAX Battery Equipment). The electrolyte
was 1.0 M LiPFg (battery grade, >99.99% trace metals basis, Sigma—
Aldrich) in a solvent consisting of ethylene carbonate (EC) (battery grade,
BASF Corp.) and ethyl methyl carbonate (EMC) (battery grade, BASF
Corp.) with 3:7 volume ratio, 2 wt.% vinylene carbonate (VC) (99.5%, bat-
tery grade, Sigma—Aldrich) and 10 wt.% fluoroethylene carbonate (FEC)
(99.8%, Santa Cruz Biotechnology Inc.). The cell was finally sealed by a
pouch-cell vacuum sealing machine (TMAX-YF, TMAX Battery). During
testing, all the pouch cells were kept in a clamping device with an external
pressure of 2172 kPa (25 psi).

Capillary Cell Assembly: The capillary cell was assembled by using a
sealed transparent hourglass-type tube. The inner diameter of the middle
part for observation was 3 mm, which was connected to two sides of the
tube with a diameter of 4 mm. A symmetric cell with pure Li metal or COF-
MXene-Li as electrodes was well sealed inside the capillary cell in the Ar-
filled glovebox. A copper wire with a diameter of 1.0 mm (99%, Fisher Sci-
entific) served as a current collector which was connected to the battery
tester. The electrolyte was 1.0 M LiPFg in the solvent of EC and EMC with
a 3:7 volume ratio, with 2 wt.% VC and 10 wt.% FEC as additives. A digi-
tal trinocular stereo zoom microscope (SM-3TZ-54S-5 M, AmScope) was
used to record the surface morphology change upon Li stripping/plating
by using a battery tester system (LANDT 2001CT, Landt Instruments, Inc.).

Electrochemical Property and Battery Performance Measurements:
Gamry 600+ Potentiostat/Galvanostat/ZRA was used to check the EIS
with a frequency range of 0.01-10° Hz. The EIS of symmetric cells was
checked upon stripping after cycling. The EIS of the full cell with NMC811
was measured at a charged state of 4.3 V. The galvanostatic cycling
performance of the assembled batteries after resting was measured by
a battery tester system (LANDT 2001CT, Landt Instruments, Inc.). The
cycling performance of the symmetric cells was checked under current
densities of 1.0 and 3.0 mA cm™~2, respectively. All full coin cells and pouch
cells were subjected to activation of charge/discharge cycles at 0.1C with
a voltage range of 2.65-4.2 V for NCA and 2.8-4.3 V for NMC811.[43]

Sample Characterizations: ~ For the characterization of the surface mor-
phology evolution of samples, Hitachi S4800 ultrahigh resolution field
emission scanning electron microscopy (FESEM) was used. SEM images
were obtained at an acceleration voltage of 5.0 kV. Bruker D& Discover X-
ray Diffractometer using Ni filtered Cu Ka radiation with applied current
and voltage of 40 mA and 40 kV, respectively was used to measure X-ray
diffraction (XRD). The surface area, pore volume, and pore size of the sam-
ples were measured by using N, sorption/desorption isotherms with a Mi-
cromiritics ASAP 2020 system at 77 K and calculated by BET method. X-ray
photoelectron spectroscopy (XPS) was carried out on a Thermo Scientific
NEXSA G2 with an electron flood gun and a scanning ion gun. The spec-
tra were collected using an ultrahigh vacuum (UHV) apparatus with a base
pressure below 1x 10710 Pa. To prepare the XPS sample, the symmetric
coin cell was charged/discharged with a current density of 1.0 mAcm™2
and stopped at the stripping state. The lithium anode was rinsed with
DME (BASF Corp) solvent to remove the electrolyte residuals after disas-
sembling in the glovebox and then dried at room temperature in glovebox.
All the data were calibrated using the C 1s peak at 284.8 eV.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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