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Lithium metal is considered as the ‘sharp blade’ to break through the limitation on energy density of lithium
batteries. However, uneven plating of lithium metal during charge/discharge process causes serious safety
hazards. Here, a carbon-based 3D skeleton (CC@Co-NCNTs) with Co nanocrystals anchored N-containing carbon
nanotubes (Co-NCNTs) was constructed to induce the uniform lithium plating towards dendrite-free lithium
metal batteries. The Co-NCNTs in the skeleton exhibit enhanced lithophilicity, supplying abundant nucleation
sites. Moreover, the ingenious hierarchical structure reconstructs the current density distribution, promoting the
uniform lithium plating. Particularly, the electrons from the Co nanocrystals are transferred to the surface of Co-
NCNTs, which offers a dynamic charge distribution on the surface of the skeleton along with the plating of
lithium ions during the charge-discharge process, thus modulating uniform lithium plating on the Co-NCNTs
skeleton. The above-mentioned mechanism is further verified by first-principle calculations and multi-physical
field simulation. Thus, the CC@Co-NCNTs@Li symmetric cell presents a long-term cyclic stability (over 1300
h) at a high current density of 40 mA cm 2 The CC@Co-NCNTs@Li/LiFePOy4 cell still delivers a discharge ca-

pacity of 135 mAh g!

at 1 C after 500 cycles. This work provides new insights to the study of functional

skeletons for dendrite-free lithium batteries.

1. Introduction

Lithium metal, which meets the requirements of high energy density
lithium batteries, is considered as one of the most potential anode ma-
terials [1]. The characteristics of ultra-low redox potential (—3.04 V, vs.
standard hydrogen electrode) and high theoretical specific capacity
(3860 mAh g™1) endow it with a predominant position in the
next-generation anode material [2]. However, accompanied by infinite
volume changes of lithium metal, the continuous reaction between
lithium and electrolyte tends to deplete the electrolyte. The uncontrol-
lable growth of lithium dendrite during the charge-discharge process
trends to induce short circuit, resulting in battery failure and even
combustion. These problems extremely hinder the promoted commer-
cial application of lithium batteries [3,4].

To achieve the practical application of lithium metal anodes, some
effective strategies have been proposed to overcome the formation and
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growth of lithium dendrites, such as solid electrolytes [5-8], electrolyte
additives [9-12], and modified SEI membrane [13-17]. However,
lithium metal is a frame-less electrode which suffers huge volume
change during electrochemical process. When the volume changes
drastically, the protection mechanism constructed by the above strate-
gies is unstable, thus it is difficult to continuously suppress the dendrite
growth for a long time. Lithium composite anodes structured by
conductive skeletons can adjust the lithium plating and suppress the
volume changes, and are considered as is an ideal strategy to improve
the electrochemical performance of lithium metal anodes [18].
Furthermore, considering that the mass ratio of conductive skeleton in
the composite anode would reduce the energy density of electrodes,
carbon materials show great potential as the conductive skeleton of
lithium metal due to their good electrical conductivity, natural abun-
dance and especially the lighter weight than metal materials (eg. Cu, Ni)
[19-26]. However, the pure carbon-based host displays very faint
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lithium affinity, and cannot afford uniform lithium plating/stripping
[27]. The lithophilicity of carbon-based host can be improved by doping
polar elements (such as N, O) and surface modifying with Ag, ZnO or
other lithophilicity coatings [18,28-30]. Typically, the silver-coated
carbon fiber-based composite Li anode (CF/Ag-Li) was prepared
through Ag electroplating and molten Li infusion [18]. The CF/Ag-Li
symmetrical cells exhibited a cyclic stability of > 400 h at 1 mA cm™2,
However, these methods involving in complicated process suffer from
the increased undesired reaction in batteries or high cost in the time and
labor. In addition, these modified carbon-based hosts are generally
limited in their roles as lithium philophiles and in reduced current
density, but are scarce of ingenious regulation towards lithium plati-
ng/stripping kinetics. CNT usually requires transition metal atoms (Fe,
Co, Ni, etc.) as catalysts during the growth process, making the transi-
tion metal clusters anchor to the carbon nanotubes naturally. It is
investigated that the Co clusters anchored on the surface of CNT can
regulate the charge distribution and electron transfer properties on the
skeleton of CNT by forming local dipoles [31]. This change is likely to
give the ability of influencing the lithium striping and plating kinetics.
Therefore, the deep exploration and application of this mechanism is
critical to achieving rapid and uniform lithium plating/stripping.

In this work, we designed a 3D skeleton composed of flexible carbon
fiber and hierarchical nanosheets assembled by Co nanocrystals
anchored N-containing carbon nanotubes (NCNTs) networks to achieve
the ultra-stable lithium dendrite-free plating/stripping performance.
The results show that CC@Co-NCNTs can effectively control the high-
rate and uniform lithium plating, and obviously avoid the growth of
lithium dendrites through an ingenious regulation of dynamic charge
distribution on its surface. The CC@Co-NCNTs@Li anode (i.e., filling Li
metal in the CC@Co-NCNTs) exhibits ultra-long cycle stability and ultra-
low overpotential in a symmetrical cell, stable cycling for more than
1400 h at a current density of 5 mA cm ™2, and a minimum voltage
hysteresis of 4.3 mV. The lowest overpotential in stripping/plating
behavior at a current density of 5 mA cm™2 with a capacity of 5 mAh
em ™2 was firstly reported. In the full cell of CC@Co-NCNTs@Li/
LiFePOQy, it still maintains high coulombic efficiency (>99.9%) long-
term cyclic stability and excellent rate performance.

2. Experimental section
2.1. Material synthesis

Preparation of CC@Co-NCNTs@Li: All reagents are analytical grade.
The carbon cloth was soaked in a 1 wt% HCI solution for 10 min, and
then washed with deionized water and dried for use. As previously re-
ported, 0.197 g Zn(NOs3)2.6 H20 and 0.385 g Co(NO3)2.6 HyO were
dissolved in 40 mL of deionised water and stirred to obtain a homoge-
neous solution. Similarly, the other homogeneous solution was obtained
by dissolving 1.3 g of dimethylimidazole in 40 mL of deionised water.
The preprocessed carbon cloth was suspended in the mixture of the
above two solutions, and then a quick stirring was conducted at room
temperature for 4 h. after washing and drying, the carbon cloth covered
with leaf-like ZnCo-Zeolitic Imidazolate Frameworks (CC@ZnCo-ZIF)
was obtained. The as-prepared CC@ZnCo-ZIF was placed in a tube
furnace and calcined at 600 °C for 2 h at a heating rate of 1 °C min~!
under the protection of Ny atmosphere. The calcined product was soaked
in a 1 wt% HCI solution for 2 h following by washing with deionized
water to obtain CC@Co-NCNTs. The CC@Co-NCNTs was punched into
wafers, and soaked in a molten metal Li (220 °C) liquid for 3 min in a
glove box with argon. Finally, a composite anode of CC@Co-NCNTs and
metal Li was obtained, and called as CC@Co-NCNTs@Li.

2.2. Characterization

The morphology and surface structure of the samples were obtained
by scanning electron microscope (SEM, Zeiss, EVO® 18). The detailed
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morphology and structure were characterized by TEM and HRTEM mi-
croscopes (FEI Talos 200 s) with energy dispersive X-ray detector (EDX).
The chemical composition and surface element state were characterized
by XPS (ESCALAB 250Xi, Al Ka radiation). The nitrogen adsorption/
desorption isotherms were performed on a 77 k Quan tachrome.

2.3. Electrochemical measurements

Symmetrical cell: The CC@Co-NCNTs@Li composites, which were
used as the cathode and anode at the same time, the separator (Celgard
2000) and electrolyte (90 pL) were assembled into a CR2032 coin cell in
a glove box with argon. The electrolyte was a mixture of ethylene car-
bonate (EC) and dimethyl carbonate (DMC) (v/v=1:1) with 1.0 M LiPFg
and 5 wt% fluoroethylene carbonate (FEC). Galvanostatic charge-
discharge process were carried out on a standard eight-channel bat-
tery tester (LANHE CT3002A) with a current density range of 0.5-40
mA cm 2.

Full cell: The active material (LiFePOy), the conductive agent (Super-
P) and the binder (5 wt% PVDF) were mixed in a mass ratio of 8:1:1 and
coated on the aluminum foil. Then the sample was dried at 110 °C in
vacuum overnight and tailored into wafers with a diameter of 12 mm.
The average mass loading of active material for each wafer was 4.0 mg
cm 2. Then the as-prepared LiFePO4 cathode, the CC@Co-NCNTs@Li
anode, the separator and the above electrolyte were assembled into a
CR2032 full cell in an argon glove box. Galvanostatic charge-discharge
performance of the full cells were carried out in a voltage window of
2.5-4.2 V. The impedance spectra were collected by electrochemical
workstation (Autolab, PGSTAT 302 N) from 100 kHz to 0.01 Hz.

2.4. First-principles calculations

Based on density functional theory (DFT), all atoms in the structural
models were optimized to the ground state using the projector
augmented wave (PAW) method in the Vienna AB-Initio Simulation
Package (VASP) software. The Perdew-Burke-Ernzerhof (PBE) func-
tional under generalized gradient approximation (GGA) is adopted for
the exchange-correlation functions. The value of the cut-off energy of
plane wave is set to 520 eV. The original carbon nanotubes (a=9.61,
b=9.61, c=4.26) with a chirality of (8,0) use a 3 x 3 x 6 Monkhorst-
Pack (MP) grid. The k-points for the Brillouin zones were set to 1 x 1
x 3 for the expanded carbon nanotubes (a=20, b=20, ¢=8.53), subse-
quent N-doped models, and adsorption models. The relaxation of all
models ends when the force on all atoms is less than 0.02 eV A~ and the
electrons self-consistently converge to 1 x 107> eV.

2.5. Co-CNT current density simulation

We simulated the current density distribution of Co-CNTs using
COMSOL Multiphysics. For comparison, the pure CNTs were also added.
A typical lithium battery model was built using Co-doped carbon
nanotubes (Co-CNTs) as anode and standardized LiFePOy4 as cathode. To
simplify the model, ten Co (3 nm) particles were distributed on the
surface of CNT (length: 50 nm, 5 nm internal diameter, 8 nm outer
diameter) and only vertical arrangement was in consideration. Only the
effect of the electrical conductivity on the battery response was inves-
tigated when Co-CNTs and CNTs were used as anodes:

i, = — o6, Vi,
where o, is the electrode conductivity and V¢, is the electrode potential
gradient. The conductance rates of Co-CNTs and CNTs were 8 x 10*

Sm~! and 1.5 x 108 Sm™! respectively. The Li-ion behavior of the
model can be described with the Nernst Planck equation:

ZiF
Ni = — DiVCi +ﬁDiCiv¢]
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where N; is the ion flux (unit: mol m ™2 s‘l), D; is the diffusion coef-
ficient of the ion in the electrolyte (unit: m? s’l), V. is the concen-
tration gradient, Vy, is the potential gradient and z is the number of
charges. The terms on the right of the equation represent ion diffusion
and migration, respectively. F is Faraday constant: 96485 C mol %, R is
universal gas constant: 8.3145 J mol ! K1 and T is system temperature:
293.15K.

Ton diffusion in the positive and negative electrode materials adopts
the Fick’s rule:

Nii = —DyiVey

where Dy; is the ion diffusion coefficient in cathode and anode materials.
The Faraday’s rule is used to reveal the relationship between the ion
flux and the chemical reaction:

—l'l'Ni = ZRi’m

R = Viljoc
nF

Where n is the ionic charged number (for Li ion the number is 1), i, is
the current of the electrolyte and the electrode surface and v; (equal to 1)
is the chemical equivalents.

3. Results and discussion

The preparation process of CC@Co-NCNTs@Li composite anode was
shown in Scheme 1. Co(NO3)2.6H,O as the cobalt source and Zn
(NO3)2.6H20 as the zinc source react with dimethylimidazole as the
organic ligand on the surface of carbon fiber. After the simple solution
reaction, the carbon fiber cloth covered with CoZn-ZIF (CC@CoZn-ZIF)
was obtained. During the calcination of CC@CoZn-ZIF, the leaf-like
CoZn-ZIF on the surface of carbon fiber is transformed into the nano-
sheets, in which the reduced Co/Zn nanocrystals uniformly distributed.
Particularly, the presence of slight Zn increases the catalytic efficiency of
Co towards the growth of graphitized carbon during calcination process,
resulting in the formation of interwoven carbon nanotubes [32]. After
that, these Zn nanocrystals were removed under the treatment of dilute
hydrochloric acid to form a N-doped carbon framework anchored with
Co nanocrystals (CC@Co-NCNTs). Finally, CC@Co-NCNTs skeleton was

Carbon cloth .

+
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filled with molten lithium to obtain the CC@Co-NCNTs@Li composite
anode whose digital photo was shown in Figure S1. The mass percentage
of lithium in the CC@Co-NCNTs@Li composite anode is 50 %.

According to the scanning electron microscope (SEM) image, the
carbon cloth is composed of plentiful carbon fibers with a diameter of
~7 um (Fig. 1a). For comparison, the CC@Co-NCNTs skeleton shows a
uniform hierarchical structure in which abundant Co-NCNTs nanosheets
are vertically distributed on the surface of carbon fibers. The length of
each nanosheet is 1.5-2 pm, and the thickness is about 35 nm (Fig. 1b).
In detail, the single Co-NCNTs nanosheet is a dense network of inter-
woven carbon nanotubes (Fig. 1c). Transmission electron microscopy
(TEM) further revealed the structure of the Co-NCNTs nanosheet. The
diameter of N-doped carbon nanotubes is about 8 nm and the length is
tens of nanometers. Many Co nanocrystals (2-10 nm) are evenly
dispersed inside and outside the N-doped carbon nanotubes (Fig. 1e).
This can be verified by the EDX line scan and element mapping of the Co-
NCNTs nanosheet. Co, N, and C elements are uniformly distributed on
the nanosheet, and their trendline of the position change are consistent
(Fig. 1d, S2). To further verify the existence of Co in NCNTs, high-
resolution transmission electron microscopy (HRTEM) observes the
lattice fringes with a pitch of 0.34 nm, which belongs to the (0 0 2)
crystal plane of graphitic carbon (Fig. 1f,g). Simultaneously, the lattice
fringes with 0.2 nm spacing between the crystal planes of Co metal (0
0 2) also appeared in the nanosheet, demonstrating the existence of Co
nanocrystal in the Co-NCNTs nanosheet (Fig. 1 f,g).

Actually, the skeleton material with large specific surface area and
porous properties is favourable for reducing the current density, which
further promotes the uniform plating of lithium ions. The porosity of the
CC@Co-NCNTs was studied by nitrogen adsorption/desorption iso-
therms. The specific surface area of CC@Co-NCNTs calculated by
Brunauer-Emmett-Teller (BET) method is 37.3 m?> g_l. As shown in
Fig. 2a, CC@Co-NCNTs exhibits a type IV absorption/desorption
isotherm with an H4 hysteresis loop, demonstrating a porous structure
with a mixture of slits and mesopores. The corresponding illustration
further confirms the pore size distribution of CC@Co-NCNTs according
to the Barrett-Joyner Halenda (BJH) model. The pore sizes of CC@Co-
NCNTs are mainly in a range of 2-10 nm, which is derived from the
gaps of the interwoven NCNTs network and stacking nanosheets. These
gaps provide abundant nucleation sites for lithium plating.

With the purpose of verifying the chemical state in Co-NCNTs, the

Scheme 1. Illustration of the fabrication process of CC@Co-NCNTs@Li composite anode.
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Fig. 1. Morphological characterization. a) SEM image of carbon cloth. b) SEM image of CC@Co-NCNTs. ¢) SEM image of Co-NCNTs nanosheet. d) HAADF image and
C, Co, N element distribution of Co-NCNTs nanosheet. e) TEM image of Co-NCNTs. f,g) HRTEM image of Co-NCNTs.

chemical state of the elements on the surface of CC@Co-NCNTs was
studied by X-ray photoelectron spectroscopy (XPS). In the high-
resolution C 1s spectrum (Fig. 2b), the three peaks of 284.8 eV,
285.7 eV and 288.5 eV are derived from C-C, C-N and N—C-N [33-35],
respectively. The C-N bond indicates the presence of N doping, which is
consistent with the analysis of N 1 s spectrum in Fig. 2¢. The binding
energies located at 398.1, 399.8 and 401.1 eV represent pyridine N,
pyrrole N and graphite N[36,37], respectively. The corresponding con-
tents calculated by area integral are 33 %, 34 % and 33 %. The plentiful
pyrrole N and pyridine N sites could improve the lithium affinity of
carbon-based skeleton [28]. The high-resolution Co 2p spectrum also
shows the characteristic peaks of Co 2p 1/2 and Co 2p 3/2 (Fig. 2d). The
peak of Co 2p 3/2 is deconvolved into two peaks at the binding energy of
778.2 eV and 781.2 eV corresponding to the Co metal and Co-N bond
[38,39], respectively, which indicates the strong interaction between Co
and NCNTs. The vigorous interaction plays a significant role in the
process of lithium plating/stripping.

To gain deep insight into the effect of Co-anchoring on the surface

lithiophilicity of NCNTs, the NCNTs-based models were constructed and
optimized according to density functional theory (DFT). Fig. 3a is the
unit cell coordinate system of NCNTs. The different adsorption sites of
Co atom on NCNTs are shown in (Fig. 3b-f). Calculated by formula (1).

Eads=Etota-Esub-ELi (@)

where Eqotal, Esub, and Ep; are the energy of Li-Co-NCNT model, Co-
NCNT model, and Li ion, respectively. The binding energies of Co-
NCNTs are between — 1.98 eV and — 1.42 eV (negative values repre-
sent the adsorption process). The adsorption site shown as Fig. 3c offers
the highest binding energy of — 1.98 eV, which further demonstrates the
strong interaction between Co and NCNTs. On this basis, the adsorption
of Li on Co-NCNTs was studied. As a comparison, the binding energy of
NCNT-Li was calculated. The binding energy of NCNTs and Li is
— 1.60 eV (Fig. 3g). However, the binding energy of Co-NCNTs and Li
significantly increases to — 1.98 eV due to the existence of Co atom
(Fig. 3h). Especially, the binding energy of Co-NCNTs-Li sharply
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Fig. 2. a) N, adsorption-desorption isothermals and pore size distribution of CC@Co-NCNTs. High-resolution XPS spectra from b) C1s, ¢) N 1 s, and d) Co 2p.

increases to — 2.56 eV at the present of Co cluster (including 4 Co
atoms) (Figure S3). Therefore, these Co clusters could enhance the bond
of Li and carbon skeleton, ensuring the stability of Co-NCNTs-Li system
to accommodate the volume expansion of electrode during charge-
discharge process. To further understand the role of Co clusters in
lithium plating/stripping, we calculated the charge distribution of Co-
NCNTs and gave differential charge density diagrams (Fig. 3i, j),
where yellow represents the charge gain region, and blue represents the
charge lost region. Obviously, the surface electrons of Co clusters are
transferred to Co-NCNTs, generating a charge gain region on Co-NCNTs,
which helps to the adsorption of Li™ on the surface of Co-NCNTs. Sub-
sequently a dynamic charge distribution induces the anisotropic plating
of lithium on the Co-NCNTs nanosheets, suppressing the formation of
lithium dendrite during Li plating process. The detailed mechanism will
be further demonstrated in the following discussion.

Furthermore, we simulated the current density distribution using
COMSOL Multiphysics to further investigate the plating process of Li
ions on CNTs with/without Co particles. As is depicted in the model
without Co particles (Fig. 4a), the cross section on the top of CNT shows
uneven current density distribution, especially the highest current
density at the edges (red concentric ring). It can be concluded that the
plating behavior of Li ion mainly occurs at the top regions between
CNTs, and then the gaps between the carbon tubes become unavailable
for lithium plating. When the top of CNTs is filled with lithium metal,
lithium dendrites may tend to form locally. With the introduction of Co
particles, the current density on the top region of Co-CNT becomes
uniform and the surface of Co-CNTs has a significantly high current
density (Fig. 4b). The abundant adsorption site for lithium ion and
corresponding high current density both induce the orderly uniform
plating of lithium metal, filling the gaps between Co-CNTs, and then the
top region of Co-CNTs. This phenomenon is consistent with the cross
section variation of carbon-lithium composite electrode before/after

cycling (Figure S6). These results further prove that the structure of Co-
CNTs is beneficial to promote the uniform plating of Li ions, thus
inhabiting the growth of lithium dendrites.

To evaluate the high-rate and dendrite-free lithium plating/stripping
behavior driven by dynamic charge distribution on the as-prepared 3D
skeleton, the galvanostatic charge-discharge cyclic performance of
CC@Co-NCNTs@Li symmetric cell and bare Li symmetric cell were
compared at various current densities and capacities. Fig. 5a shows the
voltage distribution curves of the CC@Co-NCNTs@Li electrode and the
bare Li counterparts at a current density of 5 mA cm™2, with a capacity
of 5 mAh cm™2. The bare Li electrode shows severe asymmetry and great
overpotential at the beginning of charge. The voltage hysteresis rises to
300 mV after 38 h and keeps continuous increase in the subsequent
cycles. By comparison, the voltage hysteresis of the CC@Co-NCNTs@Li
slightly increases at the initial stage, but drops rapidly to 30 mV after
12 h. It may be related to the integration degree between lithium metal
and the skeleton. In the subsequent charge-discharge cycles, the over-
potential gradually reaches to 8 mV and remains stable over 1400 h.
Even at the current density of 10 mA cm™2 with a capacity of 10 mAh
cm ™2, the cyclic stability of CC@Co-NCNTs@Li is up to 1000 h, and the
corresponding overpotential remains at a low value of 40 mV
(Figure S4) , which represents the lowest value among all the reported
NCNTs@Li symmetric cells (under the same parameter). Meanwhile, the
overpotential of the bare Li rapidly rises to 407 mV in 112 h, which may
be due to the uneven lithium plating on the surface of bare Li. These
lithium dendrites tend to fracture and fall off to form dead lithium,
which in turn hinders lithium plating. Under the condition of ultrahigh
current density (40 mA cm™2) and stripping/plating capacity (13.3 mAh
cm’z) (Fig. 5b), the overpotential of bare Li rises rapidly to an alarming
vaule of 2.5 V in 90 h, resulting in possible battery failure. Remarkably,
the CC@Co-NCNTs@Li still presents a long-term cyclic stability of
1300 h with a low overpotential of 160 mV. The lithium plating/
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adsorption energy of Li atoms on NCNTs. h) The adsorption model and adsorption energy of Li atoms on Co-containing NCNTs. i, j) Differential charges of Co

adsorbed on NCNTs under different viewing angles.
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Fig. 4. Simulation results of the current density distribution of a) CNTs. b) Co-CNTs.

stripping occurs at ultra-low nucleation overpotential due to the mini-
mized electron transfer path between the skeleton and lithium ions,
which is driven from the electron aggregation on the interface modu-
lated by dynamic charge distribution on the surface of CC@Co-NCNTs

skeleton. The cyclic life of CC@Co-NCNTs@Li (1300 h) is much
higher than that of previously reported Li@CNT sponge macrofilm
(200 h) [40] at a current density of 40 mA. In fact, among the previous
studies, cyclic stability of various composite anodes over 1000 h is rarely
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found under high current density (Table S1).

To better analyze the Li stripping/plating behavior at high current
density, Figure S5 gives an enlarged detail of the galvanostatic charge-
discharge curve in Fig. 5b. The voltage distribution of the bare Li elec-
trode shows unstable and zigzag contours, with high voltage hysteresis,
while that of CC@Co-NCNTs@Li appears smooth and stable edges with
slight voltage hysteresis. The good electrical conductivity and lithium
philicity of 3D skeleton reduces the nucleation barrier of lithium on the
surface of CC@Co-NCNTs@Li electrode. Meanwhile, the dynamic
charge distribution of Co and NCNT network assists the uniform Li
plating process. Thus, the overpotential of CC@Co-NCNTs@Li is much
smaller than that of bare Li at various current densities. Furthermore,
the overpotentials of CC@Co-NCNTs@Li display a decreasing-
stabilizing trend during long-term cycles at various current densities,
which may be related to the lithium diffusion in the skeleton during
electrochemical process. The lithium diffusion driven by electro-
chemical process into the void caused by previous lithium melting
process, optimizing the integration of lithium and 3D skeleton and
inducing uniform Li plating. This phenomenon was further analyzed by
an observation of the cross sections of CC@Co-NCNTs@Li electrode
before and after cycling, as shown in Figure S6. The cross-section of

CC@Co-NCNTs@Li at the initial state (Figure S6a), shows that the
electrode is full of holes which results in irregular fluctuations at the
cutting edge. However, after cycling for 200 h, the holes are almost
filled with lithium, and the cross-section becomes flat and smooth. In
addition, the thickness of the whole electrode decreases from 405 um to
342 ym (Figure S6b). This demonstrates a good diffusion kinetic of
lithium in the Co-anchored 3D skeleton which alleviates the lithium
plating only on the surface of electrode and the formation of Li den-
drites. Thus the superiority of the CC@Co-NCNTs skeleton is confirmed.

The rate performance of the CC@Co-NCNTs@Li electrode was shown
in Fig. 5c. With the increase of the current density, the overpotential of
CC@Co-NCNTs@Li electrode increases slightly and shows good regu-
larity. When the current density drops back to 2 mA cm™2, the electrode
shows a lower overpotential of 2.1 mV (vs. initial 4.6 mV), which may
be due to uniform lithium plating, optimized composite structure and
stable SEI. Notably, these cheerful phenomenon are driven by the dy-
namic charge distribution, which guides the rapid and uniform lithium
plating/stripping. In comparison, the overpotential distribution of bare
Li electrode is not highly consistent with the changes in current density.
The corresponding voltage hysteresis is still severe even when the cur-
rent density returns to 2 mA cm~2. In particular, the overpotential
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fluctuates sharply when the current density exceeds 6 mA cm™2. The
rapid voltage rise may be due to the hindered lithium plating by the
continuously thickened SEI film and the formation of dead lithium
during the electroplating/stripping process, while the rapid voltage drop
may be a short-circuit phenomenon caused by lithium dendrites through
the penetrated separator [41,42].

The excellent reaction kinetics of the CC@Co-NCNTs@Li electrode
was further demonstrated by the electrochemical impedance spectros-
copy (EIS) (Figure S7). The equivalent circuit is shown in the inset of
Figure S7a. The semicircles in the medium-high frequency region of the
Nyquist diagram represent the interface resistance (R¢) at the SEI and the
charge transfer resistance (R¢) on the Li surface [43]. R of the bare Li
electrode before cycling (223 Q) is significantly higher [44] than that of
the CC@Co-NCNTs@Li electrode (53 Q) in Figure. S7a. After the oper-
ation of 200 h, a smaller Rct (5 Q) of bare Li electrode is obtained
(Figure. S8b) due to the morphological changes on the surface of lithium
during the repeated stripping/plating  process[22].  The

S5mA cm??
S5mAh cm-?
after 200 h

Initial state
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CC@Co-NCNTs@Li electrode exhibits an ultra-small R¢; (3 Q) due to the
formation of a better electron/ion conduction network derived from the
optimized integration of lithium and skeleton after cycling. In this
condition , the electron aggregation area on the skeleton surface of
CC@Co-NCNTs@Li electrode can be fully utilized , which brings the
fastest  interface charge  transmission. Meanwhile, the
CC@Co-NCNTs@Li electrode forms a more stable SEI film with better Li
diffusion kinetics, maintaining the Li stripping/plating process with a
low overpotential.

To better understand the Li stripping/plating behaviour in the
CC@Co-NCNTs@Li electrodes, the structural evolution on the surfaces
of bare lithium and CC@Co-NCNTs@Li electrode before and after 200 h
cycles were analyzed by ex-situ SEM observation. The bare lithium in
Fig. 6a has a relatively smooth surface only with a bit of nanoparticles
and raised edges (3-6 um). After 200 h cycling at a current density of
5mA cm 2 with a capacity of 5 mAh cm ™2, numerous holes appear on
the stripping surface of the bare lithium electrode and a clear dendritic

40mA cm
13.3mAh cm?
after 200 h

10mA cm?2
10mAh cm?2
after 200 h

-

L)

Surdd:

Fig. 6. SEM images of bare Li and CC@QCo-NCNTs@Li before/after cycling. a) Surface morphology of bare Li before cycling. Surface morphology of bare Li after
cycling at 5 mA cm ™2 (5 mAh cm™2), 10 mA cm ™2 (10 mAh cm™2) and 40 mA cm ™2 (13.3 mAh ecm™2) current densities for 200 h, respectively. b, ¢, d) Stripping
surface e, f, g) Plating surface. h) Surface morphology of CC@Co-NCNTs@Li before cycling. Surface morphology of CC@Co-NCNTs@Li after 200 h of current density
cycling at 5 mA cm ™2 (5 mAh em™2), 10 mA em ™2 (10 mAh em™2) and 40 mA em ™2 (13.3 mAh ecm™2) respectively i, j, k) Stripping surface 1, m, n) Plating surface.
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lithium form on the plating surface (Fig. 6 b, e). As the current density
and stripping/plating capacity increase, obvious cracks and bumps
appear on the stripping surface, while many stripe-like bumps grow on
the plating side accompanied by cracks (Fig. 6¢, f). Under condition of
ultra-high current density, The stripping surface of bare lithium elec-
trode even appears agglomerates and micron-sized particles instead of
maintaining the original morphology, while the plating surface involves
in larger bumps (5-7 um) with new lumps (Fig. 6d, g). This phenomenon
may be derived from Li dendrite growth and fracture in the continuous
uneven plating process, which is easy to cause safety hazards in appli-
cation. Conversely, the irregular shape of CC@Co-NCNTs@Li surface is
obtained due to the collision of adjacent crystals as they grow during
melting-recrystallization process (Fig. 6h). The CC@Co-NCNTs@Li
electrodes exhibit a very smooth plating/peeling surface under all test
conditions. Even after 200 h cycling at very high current density, only
slight sunken morphology and sporadic nanoparticles appeared on the
surface (Fig. 6i-n). The sunken morphology in Fig. 6j is caused by the
lithium diffusion driven by electrochemical process into the void caused
by previous lithium melting process. According to these results, the
CC@Co-NCNTs@Li electrode with a function of dynamic charge regu-
lation could effectively induce the uniform lithium plating, which is
consistent with the results of calculations and experiment mentioned
above.

In order to illustrate the lithium plating behavior modulated by the
dynamic charge distribution on the surface of CC@Co-NCNTs skeleton,
the complete Li plating process is shown in Fig. 7. According to DFT
calculation results, the surface charge of Co clusters in the Co-NCNT
model is transferred to NCNTs, which attracts lithium ions to adsorb
preferentially on the surface of the nanotubes. When the electrons in this
region are consumed by the reduction of lithium, the left Co cluster is
equivalent to a positive center which shows homogeneous charge
repulsion with subsequent lithium ions, thus resulting in lithium plating
on the bare carbon nanotubes. This dynamic charge distribution always
induces the anisotropic plating of lithium on the Co-NCNTs nanosheets,
inhibiting the formation of lithium dendrite during Li plating process. As
the plating process proceeds, the lithium tend to be deposited on the
concave surfaces with negative curvature [45]. As a result, the sunken
spaces between the nanosheets are preferentially filled with lithium
until the complete encapsulation of CC@Co-NCNTs skeleton. In addi-
tion, the good electrical conductivity and lithophilicity of
CC@Co-NCNTs contribute to the high-rate and dendrite-free lithium

Li* adsorption
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plating.

To demonstrate the feasibility of such a design in practical applica-
tion,full batteries composed of the as-prepared CC@Co-NCNTs@Li
anode and commercial LiFePO4 (LFP) cathode were assembled for per-
formance evaluation. As a comparison, bare Li anode and commercial
LFP cathode were also assembled into batteries. The CC@Co-
NCNTs@Li||LFP battery provides a reversible capacity of 143 mAh
g1 at the rate of 1 C, with a high capacity retention of 94.4 % after 500
cycles. For the bare Li||LFP battery, the reversible capacity is only 122
mAh g~ ! at the same rate and the cyclic stability suffers irreversible
damage after 150 cycles, following by severe capacity fade (Fig. 8a).
According to the galvanostatic charge-discharge curves in Fig. 8b, the
electrode polarization of the CC@Co-NCNTs@Li||LFP battery (101 mV)
was significantly smaller than that of bare Li| |LFP battery (164 mV), and
the similar results were obtained at high current densities (Figure S8). In
terms of coulombic efficiency (Fig. 8c), the initial value of CC@Co-
NCNTs@Li||LFP battery is 91.33%, and quickly stabilize at > 99.9 %
in the subsequent cycles. In practice, a CC@Co-NCNTs@Li| |LFP battery
could support the continuous operation of multiple LEDs, as displayed in
the inset of Fig. 8c. The first coulombic efficiency of the Li||LFP battery
is 88.78 % and fluctuates sharply after 150 cycles, demonstrating un-
stable cyclicity and low lithium utilization. The electrochemical
impedance spectroscopy (EIS) in Fig. 8d demonstrates the smaller
resistance of CC@Co-NCNTs@Li compared to bare Li in the full batte-
ries. Fig. 8e compares the rate performance of the two batteries.
Expectedly, the CC@Co-NCNTs@Li||LFP battery delivers high capac-
ities at various current densities, while the bare Li||LFP battery shows
low capacities, especially poor stability at high rate. It indicates that the
formation of Li dendrites and dead Li on the bare Li anode not only
increases the battery resistance but also reduces the Li utilization,
resulting in poor performance of the bare Li||LFP battery. However,
CC@Co-NCNTs@Li can effectively induce uniform Li plating, reduce
polarization and avoid Li dendrites and dead Li formation. In practical
application, the dynamic charge distribution on the anode surface of
CC@Co-NCNTs@Li||LFP battery can effectively induce uniform Li
plating, reduce polarization and avoid the formation of lithium den-
drites and dead lithium, resulting in excellent practical performance.

4. Conclusion

In conclusion, a functional CC@Co-NCNTs@Li composite anode

Li* are preferentially
plated on surfaces with
negative curvature

!

Fig. 7. Three-dimensional schematic of the plating process of Li” on CC@Co-NCNTs.
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discharge curves at 1 C. c¢) Coulomb efficiencies at 1 C. d) EIS curves after 250 cycles e) Rate performance at 0.1-2 C..

based on the 3D skeleton with good lithophilicity to induce the dendrite-
free lithium plating. Thereinto, the interwoven carbon nanotubes and
ingenious hierarchical structure provide a good conductive network and
abundant nucleation sites for high-speed lithium plating, the dynamic
charge distribution on the skeleton surface modulates the dendrite-free
lithium plating, and the carbon fiber cloth as a substrate enables the

10

above functions. The symmetric cell with composite anode achieves a
rare cyclic stability over 1300 h at a current density of 40 mAh cm™2.
The CC@Co-NCNTs@Li||LFP full battery delivers a reversible capacity
of 135 mAh g™! at a rate of 1 C after 500 cycles. This work provides
valuable ideas for the development of a functional skeleton for lithium

composite anodes that will greatly facilitate the development of lithium
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metal batteries and lithium sulfur batteries.
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