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Lithium (Li) metal has shown great potential as the anode for high-energy-density rechargeable batteries
due to its ultrahigh theoretical specific capacity and low redox potential. However, the practical
application of the Li metal anode is inherently limited by the uncontrollable Li dendrite growth and
unstable solid electrolyte interphase (SEl) layer. Herein, a CoF,-decorated N-doped carbon (denoted as
CoF,@NC) is synthesized by a convenient fluoridation treatment after the carbonization of ZIF-67
precursor and used as a functional coating on the bare Cu current collector for enabling uniform Li
deposition. Due to the lithiophilic properties of the CoF,@NC matrix and the as-generated LiF-enriched
SEl layer, the CoF,@NC-modified current collector demonstrates decreased nucleation potential and a
more stable Li stripping/plating process. As a result, the symmetric cell with a Li@CoF,@NC/Cu
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electrode exhibits substantially enhanced cycling stability for 1200 h under the conditions of 1 mA cm™
and 1 mA h cm~2. Moreover, the assembled LiFePO, full cell with a Li@CoF,@NC/Cu anode delivers
excellent rate performance and cycling stability, endowing high initial discharge capacity (149.3 mA h g~ and
capacity retention (95.45%) after 500 cycles at 1C. This work emphasizes that the synergistic effect of the
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Introduction

With the development of portable devices, electric vehicles and
smart grids in the world, lithium-ion batteries (LIBs) cannot
meet the increasing demand of the market due to the inherent
energy-density limitation based on the traditional graphite
anodes.”™ The lithium (Li) metal anode, which possesses
the advantages of ultra-high theoretical specific capacity
(3860 mA h g™ "), low weight (0.534 g cm®) and low electro-
chemical potential (—3.04 V versus H'/H,), has been regarded as
the most promising alternative to achieve high-energy-density
Li secondary batteries.>”” However, the practical applications of
the Li metal anode have been hindered by several challenges,
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lithiophilic substrate and robust SEI layer is essential for high-performance Li metal batteries.

especially the uncontrollable Li dendrite formation and
unstable solid electrolyte interphase (SEI) layer owing to the
inhomogeneous Li deposition behaviour.>® Specifically, Li
metal is highly reactive with the liquid electrolyte and chemical
reactions can spontaneously occur to form a fragile SEI layer on
the surface.’ In addition, the huge volume expansion of the Li
anode during the Li stripping/plating process probably causes
mechanical stress and tears the fragile native SEI, leading to the
exposure of fresh Li to the electrolyte and further consuming
the metallic Li.">"" Even worse, Li dendrites grown from cracks
can penetrate the separator and give rise to battery failure,
which can also cause battery safety issues.’®>* These obstacles
ultimately result in low Coulombic efficiency, short lifespan
and even safety hazards of Li metal batteries (LMBs).

To accelerate the practical applications of LMBs, considerable
efforts have been devoted to overcoming the above-mentioned
challenges, such as introducing appropriate electrolyte
additives,"™” manufacturing robust artificial SEI layers,"®>°
designing 3D conductive skeletons,*’>* and constructing all-
solid-state battery systems.?*”>” Among the developed strate-
gies, constructing porous N-doped carbon with excellent Li
affinity has been proved to effectively suppress the formation
of Li dendrites and prolong the lifespan of LMBs. Recently,
metal-organic framework (MOF)-derived porous carbon has
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received increasing attention in energy storage due to the
high specific surface area, structural stability and porous
structures.>* >’ However, the deterioration of the SEI layer
on the carbon substrate during the long-term stripping/
plating process leads to relatively limited cycling lifespan of
the Li metal anode. Stable and solid SEI layers can prevent
fresh lithium from being exposed to the electrolyte and can
effectively improve the cycle life and safety performance of the
battery.*>** Generally, lithium fluoride (LiF) is considered to
be a chemically and thermodynamically stable component
originating from the decomposition of the fluorine-containing
electrolyte, which delivers faster ion transportation than the most
common Li,CO; component in the native SEL>**** In addition, the
presence of LiF/Li,CO; grain boundaries and the nanoscale
nature of LiF could enhance the transportation of Li ions in a
LiF-enriched SEI>**” Therefore, increasing the LiF content in the
SEI layer is a key to stabilizing the interface of Li metal anodes and
certainly boosts the lifespan of LMBs.*® However, the preparation
of a metal fluoride-modified carbon matrix has been rarely
reported in the literature. Polytetrafluoroethylene (PTFE) is a kind
of fluorine-containing material with the highest fluorine content
(up to 75%) among all fluoropolymers.>® When it is thermally
decomposed, PTFE can serve as the spatial condition creator by
releasing highly oxidizing fluorine-containing radicals.’® Hence, it
is highly desirable to combine the MOF derivation and fluorina-
tion strategy to prepare MOF-derived metal fluorides for achieving
homogeneous Li deposition of Li metal anodes.

Herein, we design and synthesize CoF,-decorated N-doped
carbon (CoF,@NC) through a convenient fluoridation treatment
after the carbonation of the ZIF-67 precursor, where PTFE is used
as the F source in the fluoridation process. The CoF,@NC is
employed as a lithiophilic host for enabling homogeneous
Li electrodeposition. Benefitting from the synergetic effect of high
lithiophilicity provided by the N-doped carbon and CoF, nano-
particles and the as-generated LiF-enriched SEI layer, the
CoF,@NC-decorated Cu current collector (CoF,@NC/Cu) achieves
a decreased nucleation overpotential and uniform Li plating
behaviour. Therefore, the Li|Cu cell with the CoF,@NC/Cu sub-
strate exhibits high Coulombic efficiency of ~96.6% even after
500 cycles and the Li|Li symmetric cell with the Li@CoF,@NC/Cu
anode demonstrates improved cycling stability for 1200 h. More-
over, the assembled LiFePO, full cell with a Li@CoF,@NC/Cu
anode delivers excellent rate performance and cycling stability,
presenting great potential in the practical application of LMBs.

Results and discussion

Fig. 1a schematically illustrates the synthetic process of the
CoF,-decorated N-doped carbon (CoF,@NC), which was fabri-
cated via a facile fluorination treatment after the carbonization
of a ZIF-67 precursor. Briefly, rhombic dodecahedral ZIF-67
powder was synthesized through the typical room-temperature
reaction of 2-methylimidazole and Co(NO3),-6H,0 in methanol
solution. The powder X-ray diffraction (XRD) pattern in Fig. S1a
(ESIf) indicates the successful formation of a ZIF-67 crystal
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Fig. 1 (a) Schematic illustration for the synthesis of CoF,@NC, (b and c)
SEM, (d) TEM, (e) high-resolution TEM and (f) elemental mapping images of
CoF,@NC.

structure. Subsequently, the as-obtained ZIF-67 was converted
into a carbon framework doped with uniformly distributed Co
nanoparticles (Co@NC) through a carbonization process in an
inert atmosphere. Meanwhile, the XRD pattern of Co@NC
(Fig. S1b, ESIf) confirms the transformation of ZIF-67 into a
carbon framework embedded with metallic Co, as demon-
strated by the broad diffraction peak of graphitic carbon at
around 23° and three characteristic peaks of face-centered-
cubic Co phase at 44.2°, 51.5° and 75.9°, respectively. Then,
the CoF,@NC was obtained by a fluoridation etching treatment
of Co@NC with PTFE powder as the fluorine source. From the
XRD pattern of CoF,@NC (Fig. S1b, ESIT), the peak of graphitic
carbon is maintained well, while the peaks assigned to
the metallic Co disappeared, implying the possible formation
of Co-containing compounds after the fluoridation etching
treatment.

The morphological features of the resultant ZIF-67, Co@NC
and CoF,@NC were characterized by scanning electron micro-
scopy (SEM) and transmission electron microscopy (TEM). The
SEM image in Fig. S2a (ESIT) shows that the obtained ZIF-67
precursor possesses a regular octahedron with a uniform
particle size of ~800 nm. With the subsequent carbonization
and fluorination treatments, the Co@NC and CoF,@NC main-
tain the octahedron structure of ZIF-67 (Fig. S2b, ESI{ and
Fig. 1b and c¢) and some tiny nanoparticles are uniformly
distributed on the surface of the CoF,@NC framework. In
addition, the cross-sectional views of the Co@NC/Cu and
CoF,@NC/Cu electrodes were also observed by SEM (Fig. S5,
ESIT). The thicknesses of Co@NC/Cu and CoF,@NC/Cu are
measured to be ~50 um and ~45 pm, respectively. The TEM
image of CoF,@NC further displays the uniform distribution of
small nanoparticles in the octahedron structure (Fig. 1d). In the
high-resolution TEM (HRTEM) image, clear lattice fringes with
distances of 0.204 nm and 0.286 nm are indicated, which can

© 2023 The Author(s). Published by the Royal Society of Chemistry
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be assigned to the (111) crystal plane of Co and CoF,,
respectively,*"** revealing the partial fluorination of metallic
Co into CoF, nanoparticles (Fig. 1e). Moreover, TEM and the
corresponding elemental mapping images in Fig. 1f certify the
existence and uniform distribution of C, Co, N and F elements
in the CoF,@NC matrix.

Furthermore, X-ray photoelectron spectroscopy (XPS) mea-
surements were conducted to confirm the chemical composi-
tion and valence state of the as-prepared CoF,@NC matrix. The
full XPS spectrum in Fig. 2a demonstrates the existence of
C (76.53%), N (2.55 at%), O (6.41 at%), F (9.55 at%) and Co
(4.73 at%) elements in the CoF,@NC. As shown in Fig. 2b, the
high-resolution XPS spectra of Co 2p show two dominant peaks
of Co 2p3,, and Co 2p,,, accompanied by two satellite peaks
located at 788.2 eV and 805.1 eV, where the peaks located at
783.1 eV and 799.4 eV are in accordance with Co*" in the form
of a Co-F bond,* verifying the formation of CoF, species. In
the F 1s spectra (Fig. 2c), the two peaks located at 685.6 eV and
687.6 eV are assigned to F-Co and F-C bonds, respectively,
which also supports the successful fabrication of fluorination
derivatives. The high-resolution XPS spectra of N 1s in Fig. 2d
can be well divided into three fitting peaks of pyridinic N
(398.9 eV), pyrrolic N (401.3 €V), and graphitic N (404.7 eV).**
The in situ doping of N in the carbon framework provides extra
electrons for the large m bond of C, which is beneficial to
enhance the electronic conductivity of the carbon framework.
Besides, the pyridinic N and pyrrolic N can cause defects and
provide active sites for Li ions, which are prone to lower the
nucleation barrier of Li" during the initial cycling.*’

Raman characterizations were carried out for further inves-
tigations. As shown in Fig. S3a (ESIf), the Raman spectrum
of Co@NC or CoF,@NC presents two prominent peaks at
1345 cm ™! for the D band and 1590 cm ™' for the G band,
corresponding to the disordered (sp*) carbon and crystalline
graphitic (sp?) carbon, respectively.*® In addition, the intensity
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Fig. 2 (a) XPS survey spectrum of CoF,@NC. High-resolution XPS spectra
of (b) Co 2p, (c) F 1s and (d) N 1s.
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ratio of the D and G band (Ip/Ig) is applied to characterize the
degree of carbon crystallinity. According to the calculations,
the I/l values of Co@NC and CoF,@NC are 2.46 and 2.16,
respectively. The lower Ip/I; ratio of CoF,@NC means rather
higher graphitization of the carbon framework, which is
beneficial to improve the electrical conductivity and enable
rapid charge transfer between Li* and the CoF,@NC matrix.
To analyse the surface functional groups of the CoF,@NC, the
Fourier-transform infrared spectroscopy (FTIR) spectrum was
recorded, as shown in Fig. S3b (ESIt). The peaks at 3422 cm ™,
1632 cm ™' and 1093 cm ™ are attributed to O-H, C—C and C-O
stretching vibrations, respectively.*”*® In particular, the peak
located at about 653 cm ™' corresponds to the Co-F bond,
indicating that fluorine is successfully introduced into the
carbonized ZIF-67 framework.

To further study the pore structure evolution of Co@NC
and CoF,@NC, nitrogen adsorption-desorption isotherm mea-
surements were carried out. As can be seen from Fig. S4 (ESIt),
both Co@NC and CoF,@NC display type-IV N, adsorption/
desorption isotherms, demonstrating the coexistence of hier-
archical pores. The BET surface areas of Co@NC and CoF,@NC
were measured to be 314.8 and 156.1 cm™ > g, respectively,
which are favourable to decrease the local current density and
facilitate uniform Li deposition on the substrate. The BET
surface area of CoF,@NC is lower than that of Co@NC,
which is owing to the formation of large nanoparticles during
fluorination. Through the above analyses, it can be concluded
that the carbonized product of ZIF-67 could be directly trans-
ferred into the CoF,@NC matrix via the facile fluoridation
treatment with PTFE as the F source.

To investigate the effect of CoF,@NC on the Li stripping/
plating reversibility, Coulombic efficiency measurements were
conducted by assembling Li|Cu cells with CoF,@NC/Cu,
Co@NC/Cu and bare Cu foil as the working electrodes and Li
foils as the counter electrodes. Before CE cycling, all the Li|Cu
cells were firstly cycled at a current density of 0.05 mA cm™ 2 for
constructing stable SEI layers. To explore the Li nucleation
barrier on different substrates, nucleation overpotentials that
are defined as the voltage differences between the voltage dips
and subsequent voltage plateaus in the voltage-capacity pro-
files are displayed in Fig. S6 (ESIT). Obviously, the nucleation
overpotential of the CoF,@NC/Cu substrate was measured as
20.4 mV at a current density of 0.5 mA cm ™2, which is smaller
than those of Co@NC/Cu (22.3 mV) and bare Cu electrodes
(27.6 mV). Such results clearly evidence the improved lithio-
philicity of CoF,@NC to reduce the Li nucleation barrier, which
is beneficial for the subsequent uniform Li deposition. The CE
comparisons of CoF,@NC/Cu, Co@NC/Cu and bare Cu sub-
strates in Fig. 3a exhibit that the initial CE value of the bare Cu
current collector is 95.43% at 0.5 mA cm ™2 and 0.5 mA h cm ™2,
which is slightly higher than those of the CoO@NC/Cu (91.21%)
and CoF2@NC/Cu (93.37%) substrates. The inferior initial CE
is possibly attributed to the formation of SEI layers on the
Co@NC and CoF,@NC matrixes. However, upon the subse-
quent cycling, the CoF,@NC/Cu substrate demonstrates a
longer cycling lifespan and higher CE value in comparison with

Energy Adv.,, 2023, 2, 725-732 | 727
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those of the Co@NC/Cu and bare Cu current collectors. Speci-
fically, the stripping/plating CEs of the Li|Cu cells based on the
Co@NC/Cu and bare Cu current collectors suffer from sharp
declines after 200 and 300 cycles, respectively. By contrast, the
Li|Cu cell with the CoF,@NC/Cu substrate shows improved
electrochemical stability, which remains at a high CE of 96.6%
even after 500 cycles. With further cycling at the current density of
1 mA cm? under the capacity of 1 mA h ecm™?, the CoF,@NC/
Cu-based Li|Cu cell still maintains prominent stripping/plating
performance with enhanced CE of 98.4% for ~300 cycles
(Fig. 3b). Nevertheless, the Li|Cu cells with Co@NC/Cu and bare
Cu current collectors deliver relatively poor electrochemical per-
formance, exhibiting much shorter cycling lifespans of less than
180 and 80 cycles, respectively. The corresponding voltage profiles
of Li plating/stripping on CoF,@NC/Cu, Co@NC/Cu and bare Cu
at a current density of 1 mA cm™ 2 for 1 mA h cm™ 2 are shown in
Fig. 3c-e. It can be obviously seen that the Li|Cu cell with the
CoF,@NC/Cu electrode exhibits excellent overlap compared to
those of the Co@NC/Cu- and bare Cu-based cells, suggestive of
the favourable Li stripping/plating reversibility on the CoF,@NC/
Cu substrate. Furthermore, when the Li|Cu cells were tested
at a higher current density of 2 mA cm > under the capacity of
1 mA h em™? (Fig. S7, ESIt), the CEs of the bare Cu and Co@NC/
Cu substrates suffer from obvious declines only after 80 and
100 cycles, respectively. In contrast, the CE of CoF,@NC/Cu still
remains at 95.34% after 150 cycles, much more superior to those
of bare Cu and Co@NC/Cu.
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Furthermore, symmetric cells were assembled to evaluate
the long-term Li stripping/plating stability of the Li@CoF,@
NC/Cu, Li@Co@NC/Cu, and Li@Cu anodes, which were fabri-
cated by depositing 6 mA h em ™2 of Li on the substrates. Fig. 4a
displays the galvanostatic voltage profiles of the symmetric cells
with various anodes at 1 mA cm > and 1 mA h em 2. It is
obvious that the Li@Cu symmetric cell presents the highest
voltage polarization among the three cells, which suffers from a
sudden increase after 900 h, implying the unstable SEI layer
caused by the continuous consumption of electrolyte and Li
dendrite growth. As for the Li@Co@NC/Cu-based symmetric
cell, a smaller initial overpotential than that of the Li@Cu cell
is presented, but just maintaining stability for ~1000 h,
suggesting the formation of Li dendrites and the cracking of
the SEI layers. In contrast, the Li@CoF,@NC/Cu symmetric cell
displays a slightly lower and more stable voltage hysteresis
without evident potential fluctuation for more than 1200 h,
demonstrating its long-term cycling lifespan. Moreover, the
enlarged voltage profiles between 450 and 500 and 950 and
1000 h indicate that the Li@CoF,@NC/Cu symmetric cell
shows lower voltage hysteresis and smoother plateaus than
those of the Li@Co@NC/Cu and Li@Cu cells (Fig. 4d and e),
suggesting the excellent Li stripping/plating behaviour and
transfer kinetics of the Li@CoF,@NC/Cu anode. When the
current density was increased to 2 mA em™ > (Fig. 4b), the
Li@CoF,@NC/Cu symmetric cell exhibits more stable long-
term cycling performance, and maintains steady cycling for
500 h, proving the formation of an effective SEI layer upon
cycling and outstanding suppression of dendritic Li. However,
the cells based on the Li@Co@NC/Cu and Li@Cu anodes show
stable voltage overpotentials at 380 and 300 h, followed by
apparent overpotential increases in the subsequent cycles.

o)
e
e

—Cu-Li
1.0mA cm? 1.0mAh cm? ~—— Co@NC/Cu-Li
01 —— CoF,@NC/Cu-Li

Voltage (V)
°
s
Vottage )

200 400 800 1000 1200

600
Time (hour)

Ci
-
z

—— CoF,@NC/Cu-Li
2.0mA cm? 1.0mAh cm? Co@NC/Cu-Li
041 —cuLi

Voltage (V)
s
o
Voltage (V)

50 100 150 200 250 300 350 400 450 500 o 960 b 980 950 «
Time (hour)

s
°
n
3

—Cu-Li o
—— Co@NC/Cu-Li 10 + 100 cyce

28 CoF,@NC/Cu-Li
_m
o0 LR AAAnAnnnng  §
&

0.5mA cm® 1.0mA em? 0.5mA em*

Voltage (V)
°
8

3.0mA cm® 5.0mA em?

10 20 30 40 50 60 70 80
Time (hour)

9 100 110 120

Fig. 4 Voltage profiles of the symmetric cells with Li@Cu, Li@Co@NC/Cu
and Li@CoF,@NC/Cu anodes at (a) 1 mA cm~2 and (b) 2 mA cm™2 under
the cycling capacity of 1 mA h cm™2. (c) Rate performance of Li@Cu,
Li@Co@NC/Cu and Li@CoF,@NC/Cu symmetric cells. The magnified
voltage profiles of the symmetric cells at 1 mA cm™2 and 1 mA h cm™2
between (d) 450 and 500 and (e) 950 and 1000 h. Nyquist plots of the
symmetric cell with the Li@CoF,@NC/Cu anode after 20, 50 and
100 cycles.
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Besides, the rate performance was evaluated to further investigate
the voltage hysteresis at different current densities (Fig. 4c). As the
current density increases from 0.5 to 5 mA cm % the
Li@CoF,@NC/Cu symmetric cell retains steady and lower voltage
hysteresis than the LI@Co@NC/Cu and Li@Cu symmetric cells at
each stage, demonstrating the superior reaction kinetics between
the interface of the Li@CoF,@NC/Cu anode and electrolyte.

Electrochemical impedance spectroscopy (EIS) measure-
ments were conducted to explore the evolution of the interfacial
impedance of different electrodes. Generally, the semicircle at
the high-medium frequency regions and sloped line at low
frequency areas are related to surface film impedance (Ry) and
the charge transfer resistance (R.), respectively.*® Fig. 4f and
Fig. S8 (ESIY) display the Nyquist plots of the symmetric cells
after different cycles. The interfacial resistance of the cell based
on the Li@Cu anode increased with the charge/discharge cycles
before 50 cycles and decreased after 100 cycles, which should
be attributed to the formation of a stable electrode interface
after the activation process, as well as the deterioration of the
SEI layer and the formation of Li dendrites during cycling.
As for the symmetric cell based on the Li@Co@NC/Cu electrode,
the corresponding resistances increased gradually during the cell
operation, which could be ascribed to the accumulation of the SEI
layer because of the reaction between the Li metal and organic
electrolyte. In the case of the Li@CoF,@NC/Cu based cell, the
Nyquist plots presented excellent coincidence between the shape
of the semicircle after 100 cycles and the semicircle after 50 cycles,
indicating superior cycling stability of the Li@CoF,@NC/Cu
electrode.

Fig. S9 (ESIY) displays the morphology evolution during Li
plating with capacities from 0.2 to 3 mA h cm 2 on bare Cu,
Co@NC/Cu and CoF,@NC/Cu electrodes. Due to the poor Li
affinity of Cu foil with Li, an uneven surface with massive Li
particles is observed on the bare Cu foil at the beginning of Li
plating (0.2 mA h em™>). After that, lithium ions are constantly
attracted and form moss-like protrusions with the Li deposition
capacity increasing to 1 mA h cm™>. Finally, the whisker-type Li
network is found in Fig. S9c (ESIt) with the capacity growing to
3 mA h em 2. As for the Co@NC/Cu and CoF,@NC/Cu electro-
des, no obvious Li deposition could be found on the coating
surface with the capacity of 0.2 mA h ecm > and 1 mA h ecm ™2,
After further increasing the Li deposition capacity to 3 mA h cm ™2,
the morphology of deposited lithium on Co@NC and CoF,@NC
appears as dense and dendrite-free bulk. This indicates that the
CoF,@NC can accommodate a certain amount of Li and the good
Li affinity of the skeleton is beneficial to the uniform Li deposition.
Furthermore, in order to confirm the role of CoF,@NC coating in
controlling the Li plating/stripping process, the surface morphol-
ogy evolutions of different electrodes were investigated by ex situ
SEM observations, where the Li|Cu cells were cycled at 1 mA cm™>
and 1 mA h em? for 10, 50, and 100 cycles, respectively.
As displayed in Fig. 5a, the surface of the bare Cu exhibits a rough
morphology with filament-like Li dendrites after 10 cycles. After
50 and 100 cycles, excessive Li dendrites are clearly covered on the
surface of Cu foil due to the inhomogeneous Li stripping/plating
process (Fig. 5b and c). In the case of the Co@NC/Cu current

© 2023 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Paper

Fig. 5 Ex situ SEM images of (a—c) bare Cu, (d-f) Co@NC/Cu, and
(g—i) CoF,@NC/Cu electrodes disassembled from Li|Cu cells after 10, 50,
and 100 cycles at 1 mA cm 2 and 1 mA h cm™2.

collector, a small amount of dendritic Li is still unevenly distri-
buted, which resulted from the poor lithiophilicity of the Co@NC
coating (Fig. 5d and e). As shown in Fig. 5e, the cycled Co@NC
electrode shows a broken and uneven surface after 100 cycles.
In contrast, the CoF,@NC/Cu electrode displays more uniform
and flat Li deposition after 10 cycles (Fig. 5g). More attractively,
smooth surface morphologies are still maintained even after 50 or
100 cycles (Fig. 5h and i), proving that the lithiophilic CoF,@NC
coating enables a more homogeneous Li stripping/plating process.
Moreover, the flat surface has a smaller specific surface area of
lithium deposits, which is more conducive to the stability of the
battery.>

To further investigate the functional mechanism of CoF,@NC
in the formation of SEI layers, the surface of the Li@CoF,@NC/Cu
anode was further investigated by XPS measurements after
10 cycles and the Li@Cu anode was used as a control sample.
As can be seen in Fig. 6a and c, the components on both anodes
mainly include C-C/C-H (~284.8 eV), C-O (~286.5 eV), C=0
(~288.8 eV), CO3 (~290 eV) and C-F (~292.8 eV) in the C 1s
spectra,”™** which originate from the decomposition of
the electrolyte. As shown in Fig. 6b and d, the peaks at about
685.0 and 688.5 eV in the F 1s spectrum belong to LiF and C-F,
respectively.>®>* Based on the relative peak intensity compar-
ison, it is obvious that the cycled Li@CoF,@NC/Cu electrode
possesses more abundant LiF component in the SEI layer,
which is responsible for the homogeneous Li deposition pro-
cess. As illustrated in Fig. 7, brittle SEI layers are usually formed
on unmodified bare Cu foil during cycling, resulting in uneven
Li deposition and sharp Li dendrites. In contrast, the CoF,@NC
matrix can not only decrease the Li nucleation overpotential
on the substrate, but also react with Li* during cycling to
generate LiF-enriched SEI layers, so that the CoF,@NC/Cu
current collector achieves dendrite-suppressed Li stripping/
plating behaviour with high Coulombic efficiency and extended
lifespan.
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Fig. 6 C 1s XPS spectra of (a) bare Cu and (c) CoF,@NC/Cu electrodes
after 10 cycles. F 1s XPS spectra of (b) bare Cu and (d) CoF,@NC/Cu
electrodes after 10 cycles.
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Fig. 7 Schematic illustration of the Li stripping/plating cycling on (a) bare
Cu and (b) CoF,@NC/Cu current collectors.

In order to explore the feasibility of the CoF,@NC/Cu
current collector in practical applications, commercial LiFePO,
(LFP) was employed as the cathode to match with the
Li@CoF,@NC/Cu composite anode, which was obtained by
depositing 6 mA h ecm > of Li on the CoF,@NC/Cu matrix.
Fig. 8a presents the long-term cycling stability of LFP full cells
with Li@CoF,@NC/Cu, Li@Co@NC/Cu, and Li@Cu composite
anodes. The LFP|Li@CoF,@NC/Cu full cell exhibits the most
superior initial specific capacity of 150 mA h g~ * in comparison
with the LFP|Li@Co@NC/Cu (138 mA h g~ ') and LFP|Li@Cu
(124 mA h g™) full cells. In addition, the full cell based on the
Li@CoF,@NC/Cu anode demonstrates superb capacity reten-
tion of 95.4% with a high CE exceeding 99.9% after 500 cycles,
suggesting the homogeneous Li stripping/plating behaviour
and high reversibility resulting from the dendrite-suppressed
Li deposition and LiF-enriched SEI layer. In contrast, the
full cells with Li@Co@NC/Cu and Li@Cu anodes display con-
siderably inferior cycling performance with apparent capacity
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Fig. 8 Electrochemical performance of LFP full cells with CoF,@NC/Cu,
Co@NC/Cu, and bare Cu current collectors. (a) Cycling stability of the full
cells at the rate of 1C, (b) rate performance of the full cells, and (c) voltage
profiles of the full cells at the 1st and 200th cycles.

decline, which is attributed to the formation of dendritic Li and
accumulation of dead Li during the Li plating/stripping pro-
cess. Furthermore, the rate comparisons of full cells under
different current densities in Fig. 8b certify the improved rate
performance of the LFP|Li@CoF,@NC/Cu cell. The discharge/
charge voltage profiles at different cycles shown in Fig. 8c
further demonstrate the higher capacity retention in LFP|Li@
CoF,@NC/Cu than those in the LFP|Li@Co@NC/Cu and
LFP|Li@Cu full cells. Besides, as displayed in Fig. S10 (ESIf),
under the harsh conditions of N/P = 4.74 and lean electrolyte at
2C, the discharge capacity of the Li@Cu based full cell drops
sharply to less than 80% within 25 cycles. In contrast, the full
cell composed of Li@Co@NC/Cu shows a capacity retention
below 80% after 55 cycles, while the full cell with the
Li@CoF,@NC/Cu anode delivers improved cycling perfor-
mance with a capacity retention of ~90% after 80 cycles.

Conclusions

In summary, we have prepared CoF, decorated N-doped carbon
via a convenient fluoridation treatment after the carbonation of
ZIF-67 precursor, which was employed as a lithiophilic host for
enabling homogeneous Li electrodeposition. Benefitting from
the synergy effect of high lithiophilicity provided by the
N-doped carbon and CoF, nanoparticles and the as-generated
LiF-enriched SEI layer, lower nucleation overpotential and
more uniform Li stripping/plating behaviour were realized on
the CoF,@NC decorated Cu current collector. Consequently,
the Li|Cu cell with the CoF,@NC/Cu substrate exhibited high
reversibility (~96.6% after 500 cycles) and the Li|Li symmetric
cell with the Li@CoF,@NC/Cu anode demonstrated improved
cycling stability (1200 h). Moreover, the assembled LiFePO, full
cell with a Li@CoF,@NC/Cu anode delivered excellent rate
performance and cycling stability, showing great potential in
the practical application of LMBs. Our exploration of a metal

© 2023 The Author(s). Published by the Royal Society of Chemistry
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fluoride-modified carbon matrix paves a new path for the
modification of current collectors and long lifespan Li metal
batteries.
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