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Lithium metal is considered to be the most promising anode for the next-generation lithium batteries. However,
dendrite growth due to uneven Li plating during battery cycling leads to short circuit and safety hazards, as well
as shorted cycling life for the battery, which is the vital obstacle for the practical application of Li metal anode in
lithium batteries. We report a CoO nanofiber decorated Ni foam (CONF) skeleton used as a 3D conductive host
to suppress the dendrite formation for composite Li anode (CONF-Li) fabricated by thermal infusion method.

The uniformly distributed CoO nanofibers on the Ni foam can improve the lithiophilicity of Ni foam, and
decrease the local current inhomogeneity of the anode, leading to a mild and uniform Li plating/stripping
behavior which effectively suppresses the Li dendrite formation. As a result, the electrochemical performances
of CONF-Li anode are significantly improved both in symmetric cells and full cells (lithium-sulfur and lithium-
LiNig gC0q.15Al9,050- cells) proving its advancement over the pure Li anode.

1. Introduction

The development of the next-generation high energy rechargeable
lithium batteries is urgently demanded by the rapid development of the
portable electronic devices and electric vehicles [1]. Lithium-sulfur
batteries (LSBs) and lithium-air batteries (LABs) are considered as the
promising substitutes for traditional lithium-ion batteries (LIBs) due to
their high energy density [2—-4]. It is known that both of these two
systems have to use lithium metal as the anode in order to provide
sufficient lithium source. Lithium metal can provide ultrahigh theore-
tical capacity of 3860 mAhg™ and a low electrochemical potential
(-3.040V vs. SHE) [5-7]. However, short cycle life and poor safety
characteristics are two vital obstacles for its application due to the
uncontrolled dendrite growth during the repeated Li stripping/plating
processes [8,9].

In order to find the appropriate way to suppress the dendrite
growth, the mechanism of Li stripping/plating has been investigated to
furnish a clear understanding of dendrite growth by several groups
[10-14]. Based on the surface nucleation and diffusion model, Li metal
prefers to grow dendritic morphology due to its low surface energy and
high migration energy [15,16]. It is inevitable that the surface of Li
metal is not perfect and completely flat, which always contains
protuberances and impurities. During the Li plating process, the
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protuberances and impurities are conducive to the nucleation and
growth of lithium, because both electrons and Li ions are locally
accumulated near them much more than the other parts (Fig. S1) [17].
On the other hand, a solid electrolyte interphase (SEI) layer generates
as the contact interface between Li metal and electrolyte due to the
high active energy of Li metal (-8.670kJ mol™ at room temperature),
which can react spontaneously with organic liquid electrolytes [18].
Consequently, the formed SEI layer can be easily broken by the local
stress of the Li metal surface as the result of the uneven Li plating/
stripping and volume change during battery operation, thus leading to
the exposure of fresh Li underneath to the electrolyte and generating
new SEI layers. With the durative dendrite growing and volume change
of Li during the repeated charge and discharge, the rupture/regenera-
tion of SEI layer lead to continuous depletion of both electrolyte and Li
metal electrode, which is the inherent reason for the low coulombic
efficiency and the poor electrochemical performance of Li anode
[19,20]. In addition, the accumulation of “dead” Li on the surface
due to the dendrite and SEI fragmentation caused by the inner stress,
brings about high ion transportation barrier and low electrochemical
activity of the Li anode [8,21]. An even worse result is the nonhomo-
geneous and continuous growth of Li dendrites can puncture the
separator and induce internal short circuit accompany with severe
thermal runaway [22,23].
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To date, considerable approaches have been attempted to improve the
electrochemical performance of Li metal anode via suppressing the Li
dendrite growth [24,25]. Modifying the surface of Li anode by depositing
low electronic conductivity materials (such as SiO,, TiO») can decrease the
local current density of the active surface thus alleviating Li dendritic
growth [26-29]. Covering the artificial SEI layer with high Young's
modulus layer onto Li anode surface can also impede the dendritic
growth [30,31]. However, the so-called infinite volume changes due to the
characteristics of Li “hostless” during stripping/plating process, create the
internal stress fluctuation accompany with the separation of the artificial
SEI layer from Li anode upon cycling [32]. Therefore, simple surface
modification of Li anode cannot solve the problem of Li metal anode
completely. In recent years, 3D frameworks with high electronic con-
ductivity and mechanical flexibility were considered to be a suitable host
matrix for Li stripping/plating. Various materials and designs based on
3D framework have been reported, such as 3D porous Cu current collector
[33], 3D nickel foam [34], Cu-Ni core-shell nanowire network [24], and
graphene skeletons [35]. The application of these 3D framework in Li
metal anode not only decrease the inhomogeneous distribution of current
density, but also limit the volume change of Li stripping/plating by
providing spaces for Li pre-plating [27]. Recently, thermal infusion
method, first reported by Cui's groups, was considered to be a facile
and scalable way to infuse Li into the 3D frameworks [35-39]. Compared
with the traditional electrodeposition method for Li pre-storage, thermal
infusion method possesses the following advantages: (i) removal of the
impurities; (ii) without disassembling the battery used for electrodeposi-
tion; (iii) facilitating homogeneous Li deposition. However, the 3D
frameworks can be infiltrated by molten Li, requiring the excellent
lithiophilicity and high melting point far above that of Li metal for such
frameworks [34,36,38,40]. Therefore, the design of 3D framework with
high Li compatibility and dendrite-free characteristics is quite challenge
and urgently needed.

In this paper, we introduce a three-dimension (3D) CoO nanofiber
decorated nickel foam (CONF) framework as the host matrix and pre-
plating Li by the method of thermal infusion to obtain a dendrite

suppressed CONF-Li composite electrode. The CoO nanofiber on the
surface of nickel foam (NF) can increase the surface area and improve
the lithiophilicity of NF significantly. At 350 °C, the molten Li metal can
be infused completely into the CONF framework in less than 5 seconds.
In addition, the local current density of the anode can be effectively
dispersed by CoO nanofibers, promoting dendrite-suppressed growth
of Li. The electrochemical performance of the CONF-Li electrode is
evaluated in both symmetric cells and full cells (Li-S and Li-
LiNig gCo0.15Al9 0502 cells). The Li stripping/plating mechanism of
the CONF-Li electrode is investigated thoroughly.

2. Experimental section

2.1. Fabrication of CoO nanofiber decorated nickel foam framework
(CONF)

Nickel foam was cut into the size of 2 cm x 4 cm and immersed in
1M HCI for 1h to eliminate surface oxide layer, then washed with
ethanol and distilled water and dried in an oven at 60°C for 4h.
2 mmol of Co(NO3),-6H50, 4 mmol of NH4F and 10 mmol of urea were
dissolved in 100 mL deionized water under magnetically stirring for 2 h
to form a homogeneous pink solution, which was then transferred into
a 50 mL Teflon-lined stainless autoclave. The pre-treated Ni foam was
inserted vertically into the liner and immersed in the solution. The
autoclave was sealed and maintained at 120°C for 12h. After the
autoclave cooled down to room temperature, the as-obtained precursor
of CONF was washed with ethanol and distilled water, and dried in
vacuum at 70 °C for 12 h. Afterwards, the compounds were heated at
400 °C for 2 h under Ar atmosphere to obtain CoO nanofiber decorated
nickel foam framework.

2.2. Fabrication of CONF-Li composite electrode

CONF was punched into disks with a diameter of 12 mm. Li melt-
infusion was carried out in an argon-filled glove box with less than 0.1
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Fig. 1. (a, b) SEM images of CONF (inset is the local detail SEM images). (¢, d) digital camera photographs of CONF and NF during the molten Li-infusion process (see also Move S1 and
S2). e) and f) SEM images of the CONF-Li composite anode (insets are the zoom-in local details). g) schematic of the fabrication process of the CONF-Li composite anode.



ppm O» and 0.1 ppm H»O. A fresh Li block was put into a 30 mL nickel
crucible and then heated to 350 °C on a hotplate. After the lithium
metal melted completely, the CONF was placed on the surface of
molten Li to absorb lithium. As shown in Movie S1, the Li absorption
process is very fast and can finish in 5 second. Afterwards, the CONF
with fully filled Li was taken out of the crucible, and cooled down to
obtain the CONF-Li composite electrode.

Supplementary material related to this article can be found online
at doi:10.1016/j.ensm.2018.05.017.

2.3. Material characterization

Powder X-ray diffraction (XRD) patterns were collected on an X-ray
diffractometer (BrukerD8 Advance, Germany) with Cu-Ka radiation (A
= 0.1540 nm) at 40kV, 40 mA. Scanning electron microscopy (SEM)
and energy disperse spectroscopy (EDS) were conducted on a field
emission scanning electron microscope (FEI Quanta FEG 250). For
preparing the SEM samples, the cells were disassembled in a glove-box
filled with argon, then the target electrode was washed with diethyl
carbonate (DEC) for three times to remove residual electrolyte. The
cross-section sample was prepared by cutting the electrode vertically
with a sharp lancet.

2.4. Electrochemical performance

The battery was assembled into 2032-type coin cells in an argon-
filled glove box (VAC) using Celgard 2300 as the separator. The LIBs
and LSBs electrolytes were 1 M LiPFg in ethylone carbonate (EC)/
diethyl carbonate (DEC) (1:1 in volume) and 1 M lithium bis(trifluor-
omethanesulfonyl)imide (LiTFSI) in 1, 3-dioxolane (DOL)/1, 2-di-
methoxyethane (DME) (1:1 in volume) with 0.1 M LiNOj additive,
respectively. The cyclic-voltammetry (CV) measurements and electro-
chemical impedance spectroscopy (EIS) were carried out on a CHI660E
electrochemical workstation (Shanghai Chenhua Instrument). The
galvanostatic charge/discharge tests were carried out on a LAND CT-
2001A electrochemical testing system. To construct symmetric cells,
the same materials (bare Li-metal foils or CONF-Li disks) were used for
both working and counter electrodes. For full-cell testing:
LiNij gC0g.15419.0502 (NCA) and sulfur electrodes were prepared by
mixing 80 wt.% active materials, 10 wt.% super P and 10 wt.% poly-
vinylidene difluoride (PVDF) in N-methyl pyrrolidone (NMP) to form a
homogeneous slurry, and then coating the slurry onto aluminum foils.
After 12 h drying treatment at 80 °C under vacuum, the electrodes were
punched into a disk with a diameter of 12 mm used as the cathodes.
The loadings of NCA and sulfur on the cathodes are 15mgcm™ and
2.4 mg cm2, respectively. Pure Li foil and CONF-Li electrode were used
as the anodes. A carbon cloth interlayer was added in Li-S battery to
alleviate shuttle effect of polysulfide. It was cleaned with ethanol and
distilled water and punched into a disk with a diameter of 16 mm. The
carbon cloth interlayer was located between the separator and the
sulfur cathode.

3. Results and discussion
3.1. Synthesis and morphology of the CONF-Li composite electrode

Nickel foam (NF) after cleaning (Fig. S2) has a perfect 3D structure
with smooth surface and pore size of 300-500 um. For CoO decorating,
the NF is coated with vertical CoO nanofibers uniformly, and the 3D
network structure is well maintained after hydrothermal and heating
treatment, as shown in Fig. 1a. The width and length of CoO nanofibers
are estimated to be about 100 nm and 3 pm (Fig. 1b), respectively. The
color of NF changed from silver to dark red after CoO decoration, as
presented in Fig. S3, which is similar to previous reports. From the
EDS elemental mapping images (Fig. S4), the uniform distribution of
Co and O element on the surface of nickel foam are confirmed,

suggesting the homogenies growth of CoO nanofibers without any
aggregation during the hydrothermal reaction. The XRD patterns of the
CONF and NF can be seen in Fig. S5. The diffraction peaks marked
with pentagram can be indexed as (111), (200), (220), (311) and (222)
reflections of the face-centered cubic CoO. The other peaks with high
intensity are from the nickel foam substrate (marked with triangle).
Fig. 1b shows the detailed morphology of CONF in higher magnifica-
tion. It can be observed that the surface of Ni foam is covered by
numerous ordered CoO nanofiber arrays with uniform size. The CoO
nanofiber arrays can greatly enlarge the surface area of Ni foam. On the
other hand, the local current density of the electrode can be decreased
by CoO due to its low electronic conductivity. It can be seen in Fig. S6,
that the electronic resistance at the surface of CONF is 30 times higher
than that of Ni foam.

The digital camera photographs of CONF during thermal infusion
process (Fig. 1c) shows obvious color change of CONF during absorb-
ing Li in very short time, indicating the uniform Li intake into the
framework is realized facilely for less than 5 second when putting the
CONTF on the top of molten Li. More details can be seen in Movie S1.
By calculation, the areal loading of Li in CONF-Li is 16 mgcm™
accounting for one third of the total mass of the CONF-Li electrode.
For comparison, if we uses pure nickel foam as the Li host, the molten
Li cannot infiltrate into nickel foam even after 30 second (Fig. 1d and
Movie S2). It should be noted that this result is a little different from
the report in the literature showing that nickel foam is able to absorb
lithium in 30 second [34]. It may be due to the relatively low
temperature during the thermal infusion process in our experiment.
Fig. 1e and f show the SEM images of CONF-Li electrode with different
magnifications. Stable 3D framework of CONF can still be seen clearly
in Fig. le, indicating the architecture is well preserved during the Li
thermal infusion process. The remaining of the pores in the CONF
structure implies that the molten Li is preferred to adsorb on the
surface of CONF skeleton rather than filling in the pores. Fig. 1g
illustrates the fabrication procedure of a CONF-Li electrode. Due to the
effect of surface tension, CONF is floating on the surface of molten Li.
In this situation, the liquefied silvery Li is rapid adsorbed by the surface
of CONF skeleton due to the capillary phenomenon as the result of the
huge surface area. As shown in Fig. 1f with a high magnification, Li
metal is uniformly embedded in the surface of CONF, just like flooded
forest. Wide-range spreading nanofibers are disappeared, with only top
parts left. The lithiophilicity of the CONF keeps increasing with Li
adsorption, resulting in continuous infusing of molten Li into the pores
of CONF. As the infiltration time increased, more lithium can be
infused into the CONF. Fig. S7a and b present the digital camera
photographs of the CONF-Li electrode with the infiltration time of 10s
and 20 s, respectively, revealing that the molten Li can spread across
the whole CONF and cover the surface. The SEM image of the CONF-Li
electrode after 10s Li infiltration shows a rough surface with protu-
berant bumps (Fig. S7c). After 20s Li infiltration, CONF is completely
covered by lithium metal with a flat surface (Fig. S7d). As shown in the
cross-section SEM image of the CONF-Li electrode (inset in Fig. 1g),
the dense layer filled with Li metal on the bottom and porous layer on
the top are well distinguished. Fig. S8 shows the SEM image of the
bottom part of CONF-Li electrode near the molten Li in nickel crucible
during the thermal infusion process. It presents a flat and dense
structure without any pores. The photographs of the top and bottom of
CONF-Li (Fig. S9) also show different morphologies in porous and
dense structures, respectively.

Supplementary material related to this article can be found online
at doi:10.1016/j.ensm.2018.05.017.

In this unique heterogeneous structure of CONF-Li electrode, the
dense layer can serve as a warehouse containing large amount of
lithium resource, and the porous layer can improve the electrochemical
performance by reforming the surface characteristic of the electrode
and accommodating volume change during Li stripping and deposition.
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Fig. 2. Galvanostatic cycling of symmetric cells using bare Li-metal electrode and CONF-Li electrode in LSB and LIB electrolytes at a current density of (a) 1 mA ecm™2 with a stripping/
plating capacity of 1 mAh em2, (b) 2 mA em™ with a stripping/plating capacity of 1 mAh em, and (c) 2 mA cm™2 with a stripping/plating capacity of 2 mAh cm™2. d) Rate capability of the
CONF-Li electrode and the bare Li-metal electrode symmetric cells at different current densities with LSB and LIB electrolytes. e) Nyquist plots of the symmetric cells before cycling
using the bare Li-metal and CONF-Li electrode in LSB and LIB electrolytes. f) Nyquist plots of the symmetric cells after 100 cycles at a current density of 1 mA cm™ using the bare Li-

metal and CONF-Li electrode in LSB and LIB electrolytes.
3.2. Electrochemical performance of the symmetric cells

Fig. 2a shows the voltage profiles of symmetric cells with bare Li-
metal electrode and CONF-Li electrode in both LIB and LSB electro-
lytes at a current density of 1 mA cm™2 with the fix capacity of 1 mAh
em2. For CONF-Li electrode, stable voltage profiles with small voltage
polarization can be observed in 130 cycles. In contrast, the symmetric
cells with bare Li-metal electrode shows unstable and relatively large
voltage polarization during cycling in both electrolyte systems. The
detailed voltage profile change during cycling is shown in Fig. S10. For
CONF-Li electrode, flat voltage plateau during both charge and
discharge processes can be retained throughout the whole cycle without
obvious increase in polarization. However, the voltage profiles of the
cells with bare Li-metal electrode become more and more sloping with
higher polarization. After 100 cycles in LIB electrolyte, a sudden drop
in voltage even shows up as the result of the internal short-circuit of the
cell, possibly owing to Li dendrites piercing the separator [33,41,42].
When the current density increases to 2mAcm™2 with a constant
capacity of 1 mAh em™2 (Fig. 2b and Fig. S11), the cycle performance
and polarization of the cells using CONF-Li electrode in both electro-
lytes are still quite stable. However, the cells using the bare Li-metal
electrode exhibits obvious cycle instability with large polarization,
which keep increasing during cycling. It could be attributed to the
formation of unstable SEI layer and “dead” Li on the surface of the bare
Li-metal electrode, hindering the diffusion of Li* ions and increase the
polarization under a higher current density [8,9]. The stable perfor-
mance of CONF-Li electrode indicates the large surface area of CONF-
Li electrode can lower the local current density effectively, thus the
electrode can endure high rate cycling. When the Li stripping/plating
capacities increases to 2 mAh cm™ at a current density of 2 mA cm™
(Fig. 2¢ and Fig. S12), the CONF-Li electrode in the two electrolytes
can still keep stable cycle performance with low polarization under the
doubled Li stripping/plating amount. In contrast, the bare Li-metal
electrode displays fluctuating voltage profiles with high overpotential
from the initial to the final stages of each stripping/plating process. The

cells using bare Li-metal anode failed very quickly in the LIB electro-
lyte. It suggests that the unique porous structure of CONF-Li electrode
can provide enough space to accommodate lithium, reducing the
volume changes when the amount of Li stripping/plating increase
while the bare Li-metal electrode cannot. The above results present
remarkable advantages of CONF-Li electrode compared with bare Li-
metal electrode.

The rate capability of the symmetric cells with CONF-Li and bare
Li-metal anode in the two electrolytes was compared in Fig. 2d. In the
LSB electrolyte, the cell with CONF-Li electrode shows smooth changes
of voltage polarization at different current densities. The changing
voltage polarization is 18, 23, 32, 60, 72, 58, 30, 18 and 10 mV at
current densities of 0.5, 1, 2, 4, 6, 4, 2, 1 and 0.5 mA cm2, respectively
(Fig. S13). Especially, when the current density changes back from 6 to
0.5mA ecm, the voltage plateau recovers to the original with a small
overpotential, indicating excellent reversibility of CONF-Li electrode in
different current rates. In LIB system, the Li composite anode showed
higher overpotential than in LSB system. It should be due to the
unstable SEI formation on the surface of Li composite electrode with
poor ion conductivity in the carbonate-based electrolyte. On the other
hand, the cells using bare Li-metal electrode exhibit large voltage
polarization in both electrolytes, suggesting the poor rate capability
during Li stripping/plating, especially at large current density. By
comparison, CONF-Li electrode shows much better rate capability in
the two electrolytes than bare Li-metal electrode.

Electrochemical impedance measurements were carried out to
study the interfacial stability of the CONF-Li and bare Li-metal in
two electrolyte systems. The SEI interfacial resistance and the Li
surface charge transfer impedance are associated with the semicircle
at the high frequency range [43]. Before cycling (Fig. 2e), the bare Li-
metal electrode shows a high interfacial resistance of 300 Q and 270 Q
in LIBs and LSBs electrolytes, respectively, which originates from the
formation of the native SEI layer on the Li surface [35]. After 100
cycles (Fig. 2f), the interfacial resistance of the batteries using bare Li-
metal electrode drops to 39 Q in LIBs system and 28 Q in LSBs system.
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Fig. 3. Surface and cross-section SEM images of the bare Li-metal electrode (a-c) before and (d-g) after 100 cycles in a symmetrical cell at a current density of 1 mA cm™ with a capacity
of 1 mAh em™. Surface and cross-section SEM images of the CONF-Li electrode (h-j) before and (k-n) after 100 cycles in a symmetrical cell at a current density of 1 mA cm™ with a

capacity of 1 mAh cm™.

It could be ascribed to the decomposition of the SEI layer and the
gradually increased surface area of Li metal due to the random growth
of dendrites [33,34]. In comparison, batteries using CONF-Li electrode
exhibit interfacial resistances of 240 Q and 180 Q in LIBs and LSBs
electrolytes before cycling, respectively. After cycling, the interfacial
resistances decreased to as low as 8 Q in LIBs electrolyte and 3 Q in
LSBs electrolyte. The ultra-low interfacial resistance of the CONF-Li
electrode after 100 cycles is mainly resulted from improved Li
stripping/plating kinetics of CONF-Li electrode and stable SEI layer,
which are also the reasons of smaller voltage polarization compared
with bare Li-metal electrodes.

3.3. The morphology change of the CONF-Li composite electrode

The surface and cross-section morphologies of bare Li-metal
electrode and CONF-Li electrode before and after cycling in the
symmetric cells with LIB electrolyte are shown in Fig. 3. For the bare
Li-metal electrodes (Fig. 3a and b), their surface contain some cracks
and defects which lead to inhomogeneous local current distribution,
promoting Li dendrite growth on these fluctuant sites. After 100 cycles,
the formation of Li dendrites can be observed clearly in Fig. 3d and the
dendrites prefer to form at the cracks (or defects) of the Li surfaces
(Fig. 3e). The cross-section SEM images of the bare Li-metal electrode
before and after cycling are shown in Fig. 3c, f and g. It can be seen that
the thickness of Li increases from 420 to 480 nm after cycling, and

rough surfaces of Li metal containing Li dendrites and “dead” Li are
formed as expected. For CONF-Li electrode (Fig. 3h and k), the porous
structure can still be observed clearly after 100 cycles, indicating the
excellent structural stability of CONF during Li stripping/plating.
Moreover, compared the SEM images of the CONF-Li electrode after
20 (Fig. S14) and 100 cycles (Fig. 3k), the surface morphologies of the
CONF-Li electrode did not show obvious difference, indicating that Li
preferred to deposit on the dense layer in CONF-Li electrode during
cycling. Under a high magnification (Fig. 3i and 1), the top parts of CoO
nanofibers spread on the flat surface of CONF-Li electrode before
cycling. After 100 cycles, the electrode surface becomes rough but is
covered uniformly by the SEI layers without obvious Li dendrites
formation (Fig. 31). During Li deposition process, Li prefers to deposit
on the dense layer in CONF-Li electrode due to the high electronic
conductivity of large-size Li metal on the bottom of electrode, because
the deposition of Li on the porous layer (the surface of CONF) is
hindered due to the low electronic conductivity of CoO nanofibers
which are surrounded by Li metal. As a result, the Li plating/stripping
mainly occur on the dense Li deep inside the CONF-Li electrode, rather
than on the CONF skeleton. The cross-section SEM images (Fig. 3j, m
and n) show that the thickness of CONF-Li electrode is almost
unchanged after cycling, indicating the structure of CONF plays an
important role in accommodating volume change during Li stripping/
plating. In addition, the enlarged surface cross-section morphology
(Fig. 3n) shows the dendrite-suppressed surface of the CONF-Li
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Fig. 5. (a) Cyclic voltammogram, (b) Nyquist plots and (c) rate capability of the Li-S batteries using the CONF-Li anode and bare Li-metal anode. (d) Cyclic voltammogram, (e) Nyquist
plots and (f) rate capability of the Li-ion batteries using the CONF-Li anode and bare Li-metal anode. The top and cross-section SEM images of the CONF-Li anode in LIBs (g, h) and
LSBs (i, j) after 100 cycles. The top and cross-section SEM images of the bare Li-metal anode in LIBs (k, 1) and LSBs (m, n) after 100 cycles.

electrode after 100 cycles, presenting significant improvement com-
pared with bare Li-metal electrode (Fig. 3g).

The detailed stripping/plating behaviour of the CONF-Li electrode
was investigated by SEM in symmetric cells at a current density of 1
mA cm™ with different capacity. During the Li stripping process, the
pore size of CONF-Li electrode gradually increased as the Li stripping
capacity increased from 2 to 50 mAh em™ (Fig. 4a), which indicates
that the uniform delithiation reaction taking place on the CONF-Li
skeletons. The CONF-Li structure is not ruptured during the Li
stripping process even at the large stripping capacity of 20 and 50
mAh em™, indicating high stability and flexibility of the CONF skele-
ton. Fig. 4b shows the enlarged SEM images of the surface of CONF-Li
skeleton at different stripping capacity. With the increased Li stripping
capacity, the shape of CoO nanofibers structure became sharp gradually
and the number of nanofibers increased, because more CoO nanofibers
are exposed during delithiation process, as illustrated in the schematics
above the SEM images (Fig. 4b). In addition, the morphologies of CoO
nanofibers do not change, suggesting that CoO nanofibers did not

participate in the Li stripping reaction. As shown in Fig. S15, the initial
reduction potential of CoO is 400 mV, which is out of the voltage range
we used for Li stripping/plating performance tests. CoO nanofibers in
CONF-Li play the roles of dispersing local current density and
increasing electrode surface area, without participating in the electro-
chemical reaction. The XRD pattern of the CONF-Li composite
electrode after 100 cycles (Fig. S16) shows no other phase is formed
except Li metal and Ni foam. In the Li plating process (Fig. 4c), the
pores on the surface of CONF-Li electrode keep decreasing with the
plating capacity increasing from 2 to 10 mAh cm, and disappear when
the Li plating capacity over 20 mAh cm™, while the Li deposition on the
CONF-Li skeleton is very mild and uniform. This result further
confirms the preference of Li deposition on the dense layer inside of
CONF-Li electrode rather than on the skeleton. At a high Li plating
capacity (20 and 50 mAh cm™2), the flat and dense surface can be
observed without detectable Li dendrites. In high magnification SEM
images (Fig. 4d), CoO nanofibers are gradually covered by Li metal
during Li plating process when the capacity increases from 2 to 10



mAh cm™, illustrating the uniform Li deposition without dendrite
growth on the surface of CONF-Li skeleton. The nanostructure
decoration on the surface of Ni foam can effectively enlarge the surface
area, thus decrease the local current density, which is very important
for preventing the formation of Li dendrite. After the plating capacity
increases from 20 to 50 mAh cm™, the skeleton of CONF-Li is fully
overlaid by Li and no obvious dendrite can be observed on the surface.
Fig. 4e shows the thickness variation of the CONF-Li electrode at
different capacities of Li stripping/plating. The thickness of the CONF-
Li electrode keeps at 850 um with the increase of the stripping/plating
capacity from 2 to 20 mAh cm™2. When the Li stripping/plating capacity
increases to 20 mAh em™, the thickness of the electrode after Li
stripping and plating change to 700 and 1050 pm, respectively. With
the further increase of Li stripping/plating capacity to 50 mAh cm™,
the thickness of the electrode after Li stripping and plating change to
450 and 1200 um, respectively. These results indicate that the CONF
skeleton can accommodate the volume change of Li electrode when the
stripping/plating capacity is less than 20 mAh cm™, which exceeds the
Li reserves needed for most of LIBs cathodes. Fig. S17 further shows
the stability of Li plating on the CN-Li and bare Li electrode. At a
current density of 3 mA cm™ for Li deposition without time limit, the
voltage curve of bare Li-metal electrode shows a sharp peak after 160
min indicating the short circuit of the cell. However, the CONF-Li
electrode shows a flat voltage plateau at around -30 mV. No short
circuit occurs when the Li plating capacity reaches even 60 mAh cm™.

3.4. Electrochemical performance of full cells with CONF-Li anodes

The CONF-Li and bare Li-metal anodes were paired with sulfur
cathode and LiNij gCog.15Alp.0502 (NCA) cathode for Li-S and Li-ion full
cell evaluation, respectively. For LSBs, carbon cloth was used as a barrier
interlayer to stabilize the cycle performance, which has been reported to
be an effective way to alleviate shuttle effect of polysulfides [44,45].
Fig. 5a and d show the CV curves of LSBs and LIBs with CONF-Li and
bare Li-metal anodes, respectively. It can be seen that both LSBs and
LIBs with CONF-Li anodes have lower oxidation potential and higher
reduction potential compared with bare Li-metal anodes, indicating that
the CONF-Li anode provide better kinetics of electrochemical reaction
than the bare Li-metal anode. In addition, the CV curves of LSBs and
LIBs with CONF-Li anode in different cycles overlap very well except for
the initial cycle, indicating their excellent cycle stability. The electro-
chemical impedance spectroscopy (EIS) of the CONF-Li and bare Li-
metal anode before cycle and after 100 cycles in LSBs and LIBs were
measured to evaluate the interfacial stability (Fig. 5b and e). Before
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cycling, the interfacial resistances of the cells with CONF-Li anodes are
30 in LSBs and 40 Q in LIBs, which are much lower than those of the
bare Li-metal anodes (95 Q in LSBs and 140 Q in LIBs), indicating that
the unique structure of CONF-Li anode with enlarged surface area can
lower the interfacial resistance between the electrode and electrolyte.
After 100 cycles, the interfacial resistance of the CONF-Li anode
decreases to 15 and 31 Q for LSBs and LIBs, respectively, confirming
excellent interfacial stability of the cells with CONF-Li anodes during
cycling. Fig. 5¢ and f show the rate capability of the LSBs and LIBs with
two different anodes, respectively. For LSBs, the reversible capacities of
both cells are almost same at a low rate of 0.5 - 2C. However, at the
relative high rates (4C and 8C), LSBs with CN-Li anode show doubled
reversible capacity compared with bare Li-metal anode, indicating the
significant effect of CONF-Li anode in improving rate capability. The
charge/discharge curves and voltage polarization (AE) of LSBs with
CONF-Li anode under the different rates are presented in Fig. S18. The
lower /A\E suggests improved kinetics of the CONF-Li anode compared
with the bare Li-metal anode, which is in good agreement with the CV
curves in Fig. 5a. When the current rate is set back to 2C, the cell using
the CONF-Li anode delivers a reversible capacity of 900 mAh g™ after
200 cycles with excellent capacity retention, much higher than the cell
using the bare Li-metal anode. For LIBs (Fig. 5f), the rate capability of
LIBs using CONF-Li and bare Li-metal anode have no obvious difference
even at high current densities. This could be owing to that the specific
capacity of NCA electrode is much lower than that of sulfur cathode
(1675 mAh g*). The advantages of the CONF-Li anode on rate capability
cannot be reflected under small amount utilization. However, long term
cycling performance of the LIBs with the CONF-Li anode exhibits
obvious improvement. When the current density is reset to 4C after
rate tests, the cells with the CONF-Li anode can retain a reversible
capacity of 130 mAh g! after 500 cycles, but that of the cells with bare
Li-metal anode decreases to less than 100 mAh g! after 500 cycles.

The evolution of morphologies of the CONF-Li and bare Li-metal
anodes in LSBs and LIBs after 100 cycles are presented in Fig. 5g - n. The
surface and cross-section SEM images of the bare Li-metal anodes in both
LSBs and LIBs show the formation of Li dendrites after 100 cycles (Fig. 5k -
n). The existence of the Li dendrites in both cells after cycling can be
observed in Fig. 51 and n. They could pose a threat to the safety for the
practical operation of a battery. In contrast, the surfaces of the CONF-Li
anodes in both LSBs and LIBs are quite flat and no dendrite can be
observed (Fig. 5g - j). The SEM characterization illustrates that the growth
of Li dendrites can be inhibited effectively by the unique structure of the
CONF-Li anodes in the full cells. These results prove the compatibility and
feasibility of CONF-Li anodes in both LSBs and LIBs.

without dendrite

Ny
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Fig. 6. Schematic diagrams of Li stripping/plating characteristics of the CONF-Li composite electrode. The unique surface structure of the CONF-Li electrode enables uniform
deposition and stripping of Li without the formation of Li dendrites. The “bottom-up” Li deposition pathway combined with the porous layer of the CONF-Li electrode eliminates the

volume change during Li stripping/plating processes.



3.5. Li stripping/plating mechanism of CONF-Li anode

Based on the above results, the excellent plating/stripping perfor-
mance of the CONF-Li composite anode is attributed to the unique
structure of CONF skeletons. As shown in Fig. 6, the Ni foams as the
stable hosts for Li metal act as a warehouse of the Li resource to
guarantee the capacity. They also provide fast electron transportation
due to their 3D structure. More importantly, the high mechanical
strength and flexibility of Ni foams can accommodate volume change of
Li metal and release the inner stress during Li stripping/plating
processes, thus keeping good contact and prevent the formation of
“dead” Li even under a high capacity up to 10 mAh cm™. The CoO
nanofibers decorated on the surface of Ni foams can effectively
decrease the local current density of the electrode by increasing the
surface area, trap the spatial charges and change the surface thermo-
dynamic and kinetic features, leading to the uniform deposition and
stripping of Li on the electrodes, thus realizing the dendrite-suppressed
Li plating. On the other hand, CoO nanofibers improve the lithiophi-
licity of nickel foams significantly, demonstrated by the effective
absorption of molten Li into CONF skeleton. The unique surface
structure of CONF-Li electrode offers a huge contact area between
CONF-Li and electrolyte, thus decreasing the voltage polarization of
the electrode and exhibiting low polarization even under a high current
density of 6 mA cm™. Since the CONF-Li electrode has a double-layer
structure (porous layer and dense layer), Li prefers to deposit on the
dense layer due to the higher electron conductivity and lower nuclea-
tion barriers, compared with the porous layer. Therefore, the deposi-
tion process of Li in CONF-Li electrode can be considered as a “bottom-
up” deposition pathway by Li gradually filling in the empty space
between the CONF skeleton, as evidenced in Fig. 4. The Li deposition
pathway is very effective to suppress Li dendrite formation, which
avoids Li growth directly on the surface of the electrode. In addition,
the “bottom-up” Li deposition pathway combined with the porous layer
of the CONF-Li electrode reduces the volume change during Li
stripping/plating processes. On the other hand, the relatively low
current density on the CoO nanofibers facilitates the formation of a
stable SEI layer with low interfacial resistance on CONF-Li electrode,
especially in LSBs.

4. Conclusion

In this work, we designed and synthesized a CoO nanofiber
decorated Ni foam (CONF) framework, used as a host skeleton
structure for fabricating a composite Li anode by thermal infusion.
The unique structure of Ni foam coated with CoO nanofibers possess
much improved lithiophilicity than the pristine Ni foam. The process
for molten Li infiltrating into the CONF takes only 5 s, much faster than
that of pristine Ni foam. The CONF-Li composite electrode exhibits
high cycling stability in symmetrical cell with low voltage hysteresis
even at a high current density of 6 mAcm™ in both LSB and LIB
electrolytes. Coupled with sulfur cathode, CONF-Li anode in LSB can
greatly improve the cyclic stability and rate capability compared with
pure Li anode by delivering a reversible capacity of 900 mAh g at 2 C
rate after 200 cycles. CONF-Li anode in LIBs with NCA cathode can
also improve the cycle performance compared with pure Li anode. The
unique double-layer structure of CONF-Li plays a key role in suppress
the dendrite growth by triggering a “bottom-up” Li deposition pathway
and decreasing the local current inhomogeneity. We believe our design
provide a new strategy for fabricating dendrite-free composite Li
anodes and facilitate practical applications of Li metal batteries.
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