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Abstract: An Li metal anode has been proposed as a promising candidate for high energy density
electrode material. However, the direct use of Li metal can lead to uncontrollable dendrite growth and
massive volume expansion, which generates severe safety hazards and hinders practical application.
Herein, we developed a novel Li anode by thermal infusion into three-dimensional (3D) carbon cloth
(CC) modified with lithiophilic CuO nanorod arrays (denoted as Li@CuO—CC). The 3D CC offers
sufficient space for Li storage and adequate electrolyte/electrode contact for fast charge transfer. The
uniformly distributed CuO nanorod arrays can improve the lithiophilicity of CC and redistribute
the Li-ion flux on the substrate, leading to uniform Li stripping/plating behavior. As a result, the
Li@CuO—CC electrode exhibits a dendrite-free feature and superior cycling performance over 1000 h
with low overpotential (12 mV) at a current density of 1 mA cm ™2 in the symmetrical cell without
significant fluctuations. When coupled with an LiFePO, cathode, the full cell displays high specific
capacity (133.8 mAh g~! at 1 C), outstanding rate performance, and cycle stability (78.7% capacity
retention after 600 cycles at 1 C). This work opens a new approach for the development of construction
of an advanced anode for Li metal batteries.

Keywords: Li metal anode; lithiophilic CuO; carbon cloth; thermal infusion; dendrite-free

1. Introduction

The ever-growing demand for portable electronic devices and electric vehicles has
driven the development of higher energy density rechargeable batteries beyond conven-
tional Li-ion batteries [1,2]. Li metal is an attractive anode on account of its ultrahigh
theoretical capacity (3860 mAh g~1), lowest reduction potential (—3.04 V vs. standard
hydrogen electrode), and light weight (0.534 g cm~3) [3-5]. However, its practical applica-
tion has been limited due to uncontrollable coral-like Li dendrite growth, which can cause
serious safety hazards [6,7]. In addition, during the continuous stripping/plating process,
the Li metal anode (LMA) shows an infinite volume change, leading to low Coulombic
efficiency (CE).

Various efforts have been devoted to solving these issues, such as electrolyte modifica-
tion [8], artificial SEI layer design [9], solid electrolyte engineering [10,11], and rational an-
ode construction [12-14]. Herein, three-dimensional (3D) metal [12,13] and carbonyl [14,15]
framework hosts have continuous channels and large surface area, which is beneficial to the
uniform deposition of Li. Compared to the metal framework, a carbonyl framework shows
various inherent merits, including low cost, thermal stability, mechanical strength, and
light weight [16], which favors high energy density and supplies accommodation of more
Li. Stucky et al. [17] designed a dendrite-free collector for Li deposition based on carbon
fiber papers. Cui et al. [18] used interconnected amorphous hollow carbon nanospheres
as spatially heterogeneous current collectors. The outstanding dendrite-free feature was

Batteries 2023, 9, 127. https:/ /doi.org/10.3390/batteries9020127

https:/ /www.mdpi.com/journal /batteries


https://doi.org/10.3390/batteries9020127
https://doi.org/10.3390/batteries9020127
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/batteries
https://www.mdpi.com
https://doi.org/10.3390/batteries9020127
https://www.mdpi.com/journal/batteries
https://www.mdpi.com/article/10.3390/batteries9020127?type=check_update&version=1

Batteries 2023, 9, 127

20f13

attributed to the hollow carbon nanosphere layer, which could move up and down to
regulate the interspace for Li deposition. The carbonyl framework as mentioned above
pre-stores Li through the electrodeposition process. This approach requires an inevitable
assembly/disassembly process, which may introduce impurities or side reactions. More ex-
citingly, Cui et al. [19] first developed molten Li infusion into the sparked rGO framework.
It was indicated that pre-storing Li into framework hosts is a convenient and maneuverable
method [19-22]. However, this strategy needs a host with superior lithiophilicity and
thermal stability over 180 °C (the melting point of Li). A 3D carbon cloth (CC) composed
of interwoven carbon fiber is a feasible candidate framework host because of its flexibility,
electrical conductivity, and excellent mechanical and thermal stability [23,24]. Moreover,
3D CC can provide sufficient contact area and relieve the volume expansion. Notably, it
is very difficult to wet the untreated CC by the molten Li [25]. Consequently, exploiting
lithiophilic materials such as Ag [26], Au [27], CoO [28], TiO; [29], ZnO [30], etc., is urgently
needed to decorate the framework. CuO has been proven to have exceptional lithiophilicity,
which can ensure uniform deposition. For example, various CuO composites with different
morphologies on metal framework hosts have been reported with improved performance
for LMA [31-34]. Yang et al. fabricated surface-grown lithophilic CuO nanosheets on a
planar Cu foil as an advanced LMA host [31]. Benefiting from the lithiophilic nature of the
CuO layer, this electrode exhibited flat voltage profiles and superior cycling performance
over 700 h at 0.5 mA cm 2. Cheng et al. developed CuO nanowire arrays on Cu foam by
solution-based etching and subsequent dehydration [34]. The optimized anode maintained
a high CE of 95.5% for 150 cycles at 3 mA cm~2 and a prolonged lifespan of 280 cycles at
0.5 mA cm~2. However, CuO has rarely been reported as a lithiophilic layer for molten
Li infusion to CC. It is believed that the CuO decorated-CC host can favor uniform Li
deposition and excellent cycling stability.

In this work, we demonstrate a facile strategy for vertical CuO nanorod arrays on CC,
which further reacts with molten Li to obtain a 3D dendrite-free Li@CuO—CC electrode.
The commercial CC with a porous structure offers an ample internal space for pre-storing
Li and relieves the infinite volume change during the stripping/plating process. In ad-
dition, introducing CuO can transform a lithiophobic CC into a lithiophilic framework,
thus guiding uniform Li deposition with small nucleation overpotential. Interestingly,
LipCuO; species formed during the molten Li infusion process. Li;CuO, has a high ionic
conductivity, and CC possesses a high electronic conductivity. The integrated effects ensure
fast charge transfer kinetics for the Li/Li-ion redox reaction. Based on these synergetic
effects, the Li@CuO—CC electrode exhibits superior electrochemical performance in the
symmetrical cell and as well a full cell coupled with the LiFePO, (LFP) cathode. We also
investigated the mechanism of enhanced performance based on stripping/plating behavior.
This work provides a practical idea for regulating the surface and structural properties of
carbonyl framework hosts toward a superior dendrite-free anode.

2. Materials and Methods
2.1. Fabrication of CuO Nanorod Arrays Decorated CC (CuO—CC)

The CuO—CC framework host was synthesized through the in situ growth method
on CC. Typically, the pristine CC was punched into a rectangle with a length of 4 cm
and a width of 2 cm, which was soaked in the concentrated nitric acid solution for 12 h
to shift from the hydrophobic to the hydrophilic state. Then the CC was washed with
ethanol and deionized water three times and then dried in a vacuum oven at 50 °C for
1 h. Then 0.1 g Cu(AC);-2H,0 and 0.1 g hexamethylenetetramine (C¢H12Ny) (HMT) were
dissolved in 30 mL deionized water for 0.5 h to form a homogeneous blue solution. The
mixture solution and the as-prepared CC were transferred into a 50 mL Teflon autoclave
for hydrothermal treatment at 100 °C for 10 h. After cooling to the room temperature, the
sample was retrieved and then washed with deionized water and ethanol several times.
Finally, the as-prepared CuO—CC was dried in a vacuum oven at 50 °C overnight.



Batteries 2023, 9, 127

30f13

2.2. Fabrication of Li@CuO—CC Electrode

The CuO—CC framework host was cut into a disk with a diameter of 1.2 cm. Thermal
infusion was operated in an argon-filled glove box with O, and H,O less than 0.1 ppm
under 320 °C. The as-prepared CuO—CC disk was contacted with the top of the molten Li,
and the Li infiltrated into the entire disk spontaneously, fabricating a Li@CuO—CC anode.

2.3. Characterization

The crystal phases were determined using X-ray powder diffraction (XRD, Bruker
D8) in a 2q range from 10 to 80. The surface species were identified by X-ray photoelec-
tron spectra (XPS, Thermo ESCALAB250Xi) with Al K« radiation (hv = 280.00 eV). The
morphologies and energy dispersive spectrometer (EDS) mapping were obtained by field-
emission scanning electron microscopy (SEM, JEOL JSM-7610F). The cycled cells were
disassembled in the argon-filled glove box and then rinsed with dimethyl carbonate (DMC)
three times to remove the residual electrolyte before characterization

2.4. Computational Method

Based on the DMol3 module in Material Studio software, the density function theory
(DFT) calculation was carried out to determine the adsorption energy of Li atoms on the
carbon and CuO surface. The Perdew—Burke-Ernzerhof functional within the generalized
gradient approximation adopted the exchange-correlation function [35,36]. The energy
cutoff was set to 450 eV, and the vacuum thickness was set to be 15 A.Then?2 x 2 (002)
graphitic carbon supercells and 2 x 2 (111) CuO supercells with three-layer lattice planes
were applied to simulate the surfaces of graphitic carbon and the CuO surface, respectively.
Monkhorst—Pack 5 x 5 x 1 k-mesh represented the Brillouin zone. The adsorption energy
of a single Li atom was estimated by the following equation:

Eads = Etotal - Eslah —Epi (1)

E,4s refers to the adsorption energy of a single Li atom. E;y,; refers to the total energy
of Li adsorbed on the model surface. Eg,;, refers to the energy of the isolated model without
the surface layer of Li. Ej; refers to the chemical potential of a single Li atom in bcc bulk,
respectively.

2.5. Electrochemical Measurements

The electrochemical performance of the Li@CuO—CC electrode was evaluated using
a CR2025-type coin cell, which was assembled in an argon-filled glove box with an O,
and H,O content less than 0.1 ppm. The separator type was Celgard 2400 polypropylene
porous membrane, and the electrolyte was 1.0 M lithium hexafluorophosphate in a mixed
solvent of ethylene carbonate/dimethyl carbonate (1:1, v/v). In symmetrical cells, identical
electrodes (bare Li foil, or Li@CuO—CC) were employed as the working and counter
electrodes. In a full cell, the cathode was prepared by mixing the commercial LFP powders,
carbon black, and polyvinylidene fluoride at a weight ratio of 8:1:1 in N-methyl pyrrolidone
as the homogeneous slurry and then coating it onto Al foil. The cathode was punched to
disks of 1.2 cm in diameter with a loading mass of 1.5 mg cm 2. Electrochemical impedance
spectroscopy (EIS) was measured on a CHI 760E electrochemical workstation by applying
an AC voltage over a frequency range from 10° Hz to 10~2 Hz with an amplitude of 5 mV.

3. Results and Discussion
3.1. Synthesis and Morphology of the LI@CuO—CC Electrode

As illustrated in Figure 1a, the Li@ CuO—CC electrode was obtained by the hydrother-
mal method combined with a thermal infusion process. Briefly, HMT decomposed to OH™
during the hydrolysis process, Cu?* adsorbed on CC reacted with OH™ to form nanos-
tructured CuO, and then CuO was uniformly anchored on the surface of the CC substrate.
After that, the Li@CuO—CC electrode was obtained by a facile thermal infusion method.
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Figure 1b depicts the digital images; the grey CC was converted to black after hydrothermal
treatment. The as-obtained electrode exhibited a silvery-white luster appearance with
legible CC skeletons.

XRD was performed to verify the purity and phase, and the results are displayed in
Figure 1c. The peaks of 25.7 and 42.8 degrees were attributed to the (002) and (101) planes
of graphite carbon, respectively. Moreover, the peaks of 35.4 and 38.7 degree referred to
(002) and (111) of CuO (PDF#45-0937), respectively. No other peak such as metallic Cu
or CuyO was detected. It was clearly indicated that no impurities were produced during
the hydrothermal process. To obtain more information about the surface physiochemical
properties and valence states of the as-obtained composite, the XPS test was also carried
out. Figure 1d depicts the XPS peaks with characteristic O 1s, Cu 2p, and C 1s, indicating
the existence of O, Cu, and C elements, respectively. As shown in Figure le, binding energy
values of 934.2 and 954.2 eV were attributed to Cu 2p3,, and 2p; /, with the presence of two
satellite peaks at 942.6 and 962.4 eV, respectively [37]. The high-resolution O 1s (Figure 1f)
spectrum consisted of two peaks at 529.6 and 531.2 eV, which were ascribed to the lattice
oxygen in the CuO phase and the oxygen of the hydroxide ion, respectively [38]. Thus,
pure CuO successfully coated on the surface of CC according to the above results. The
growth mechanism of the CuO—CC framework host could be attributed to the dual action
of hydrothermal and HMT [39], which is presented as below:

Cg¢H1oNy + 6H,O — 6HCHO + 4NHj )
NH; + H,O < NHy " + OH ™ (3)
Cu?" +20H~ — CuO + H,0 (4)

After the fabrication step of the CuO—CC framework host, a facile thermal infusion
process was conducted to fabricate the Li@CuO—CC electrode. The liquid Li spontaneously
flowed into the framework in less than 10 s. However, the bare CC could not be infiltrated
by the molten Li, even after elevating the temperature up to 400 °C or prolonging the
thermal time. This enhanced lithiophilicity of the CuO—CC framework host was probably
attributed to the chemical reaction between molten Li and the CuO nanorod [33]. Figure 1g
illustrates the most stable adsorption configurations of DFT calculations for a Li atom
on graphite carbon and CuO surfaces, respectively. The calculated results showed much
larger Li absorption energy on the CuO (111) surface (—3.53 eV) than on the C (002) surface
(—0.64 eV), which indicated that CuO had more lithiophilicity compared with the CC
substrate. Figure 1h shows that the resistance of the as-obtained CuO—CC (7.6 () for a
diameter of 1.2 cm) was mildly higher than that of CC (3.4 (3), which demonstrated that
the CuO layer on the carbon substrate would not greatly increase the internal resistance
of the battery. In comparison, the Li@CuO—CC electrode, with a resistance as low as 1 (),
had excellent electric conductivity. The XRD pattern of the Li@CuO—CC electrode is given
in Figure 1i. Apart from the broad peak of the carbon substrate located at 38.7 degrees,
the remaining peaks corresponded to Li and Li,CuOy, respectively. The results indicated
that the CuO layer reacted with molten Li and, moreover, the CC substrate kept good
stability during the Li-infusing process. The formed Li,CuO, compounds with layered
structures had high Li ionic diffusion and electric conductivities, which could supply an
inner transport path for Li-ions in the Li deposition process [40].
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Figure 1. (a) Schematic illustration of the synthesis process of the Li@CuO—CC electrode. (b) Digital
images of bare CC, CuO—CC, and Li@CuO—CC. (c¢) XRD patterns of CuO—CC. (d—f) XPS patterns of
CuO—CC. (g) The most stable adsorption configurations of Li atom on the structure of graphite carbon
and CuO. (h) Resistance measurement of bare CC, CuO—CC, and Li@CuO—CC with diameters of
1.2 em. (i) XRD patterns of Li@CuO—CC.

SEM characterization was conducted to investigate the morphology of bare CC (Fig-
ure 2a) and the as-obtained CuO—CC (Figure 2b,c). The bare CC consisted of carbon fibers
with diameters of about 7 um, and the surface was relatively smooth. The morphology
of CuO—CC was composed of a hierarchical 3D structure. The primary structure was
microsized carbon fiber, which supplied physical space confinement for later Li deposition
on each fiber. The secondary structure included vertically-aligned rod-like CuO nanoar-
rays with diameters of ~25 nm, reacting with molten Li to reduce surface energy. The
vertically-aligned CuO nanorod arrays could supply a capillary effect, which was beneficial
for thermal infusion of molten Li. EDS mapping confirmed the existence of Cu and O
elements on a single carbon fiber (Figure 2d), verifying the uniform growth of CuO on
the surface of the carbon substrate. SEM images of the Li@CuO—CC electrode (Figure 2e)
indicated that the CuO—CC framework host was buried under the thick Li metal, which
contributed to the fast reaction between Li and CuO. The Li@CuO—CC electrode, with a
thickness of~446 um, showed a relatively smooth surface. As shown in Figure 2f, the cross
section of electrode exhibited a slight fluctuation, indicating the reserved 3D framework of
CC during the Li thermal infusion process.
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Figure 2. SEM images of (a) bare CC and (b,c) CuO—CC. (d) EDS mapping and element distributions
of CuO—CC. (e f) SEM images of Li@CuO—CC.

3.2. Electrochemical Performance of the Symmetrical Cell

We assembled a Li@CuO—CC symmetrical cell to evaluate its electrochemical perfor-
mance. Moreover, a symmetrical cell with two identical Li foils was fabricated as the control.
Figure 3a—c exhibits the voltage profiles of both the Li@CuO—CC and bare Li symmetrical
cells at current densities of 1 mA cm ™2, 3 mA cm™—2, and 5 mA cm 2 with the same cycling
capacity of 1 mAh cm 2, respectively. Overpotential is considered as the driving force for
Li stripping/plating [41], which is an important parameter to evaluate the performance of
Li metal. Figure 3a depicts the excellent cycling stability of both symmetrical cells during
the initial 100 h. The bare Li and Li@CuO—CC symmetrical cells showed overpotential of
around 25 mV and 12 mV, respectively. However, the bare Li symmetrical cell exhibited a
great increased overpotential after 100 h, and it finally displayed a large overpotential up
to 70 mV at 300 h, which was attributed to the repeatedly generated SEI [42]. In contrast,
the Li@CuO—CC symmetrical cell possessed a prolonged lifespan of more than 1000 h
(500 cycles), with a much lower overpotential (12 mV). At the current density of 3 and 5
mA cm 2, the Li@CuO—CC symmetrical cell still exhibited enhanced cycling performance
with low overpotential (32 mV at 400 h, and 50 mV at 310 h), but the bare Li symmet-
rical cell showed increased overpotential or violently fluctuated voltage hysteresis. The
Li@CuO—CC symmetrical cell still stably cycled over 400 h, even at a current density of
3 mA cm~2 with a higher capacity of 3 mAh cm~2, which was much superior to the bare
Li symmetrical cell (Figure 3d). The 3D hierarchical architecture of CC decorated with
CuO nanorod arrays contributed to the lower Li ionic transport resistance of the composite
electrode. The rate performance of the symmetrical cell was evaluated at a mutative current
density. As depicted in Figure 3e, the Li@CuO—CC symmetrical cell demonstrated stable
overpotential values of 9, 13, 28, 37, and 62 mV at current density values of 0.5, 1, 3, 5, and
10 mA cm~2, respectively, which were all lower than those of the bare Li anode. The EIS
measurement was performed to evaluate the interfacial resistance in the symmetrical cell.
The semicircle at high-frequency region represented the charge-transfer resistance (Ret) at
the electrode/electrolyte interface in Nyquist plots [43]. The R value of pristine Li and
Li@CuO—CC reached 85 () and 23 (), respectively (Figure 3f), which indicated that the
hostless Li exhibited poorer Li-ion transport than the Li pre-stored in the 3D framework.
These symmetrical cells showed decreased resistance upon further cycling. The R of the
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bare Li symmetrical cell reduced to approximately 50 () after 10 cycles, resulting from the
destroyed SEI, and formed Li dendrites [44]. The Li@CuO—CC symmetrical cell exhibited
the very low R value of 2 () after 10 cycles (Figure 3g), suggesting the electrode design
ensured sufficient interfacial contact between electrode and electrolyte, thus improving the
mass transport kinetics of the cell.
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Figure 3. Electrochemical performance of Li@CuO—CC (red) and bare Li foils (black) electrodes
in the symmetrical cell. Galvanostatic cycling performance with a stripping/plating capacity of
1 mAh cm~2 at (a) 1, (b) 3, and (c) 5 mA cm~2. (d) Galvanostatic cycling performance with a
stripping/plating capacity of 3 mAh cm~2 at 3 mA cm 2. (e) Rate performance at current densities
from 0.5 to 10 mA cm~2. (f) Nyquist plots of the symmetrical cell based on Li@CuO—CC and bare
Li electrodes before and after 10 cycles at 1 mA cm~2 for 1 mAh cm~2. (g) Nyquist plots of the
Li@CuO—CC symmetrical cell after 10 cycles at 1 mA cm ™2 for 1 mAh cm 2.

In order to deeply understand the cycling performance of the Li@CuO—CC electrode,
SEM characterization was conducted to observe its morphology after 10 and 50 cycles. As
shown in Figure 4a—c, no mossy or dendritic Li was observed on the Li@CuO—CC electrode
after 10 cycles, and Li balls could be observed clearly. The spherical Li originated from the
insufficient driving force that overcame the activation energy for Li crystallization. With
prolonging the cycling to 50 cycles (Figure 4d—f), the surface of the Li@CuO—CC electrode
could still maintain a flat and dense morphology without any observable dendrites, but Li
crystal grains were anchored on the framework. As a result, the Li@CuO—CC electrode
showed superior electrochemical performance and maintained structural stability even
after a long time.
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Figure 4. SEM images of the Li@CuO—CC electrode at 1 mA cm 2 for 1 mAh cm ™2 (a—c) after 10
cycles and (d—f) after 50 cycles.

A performance comparison of different lithiophilic metal oxides-CC and other CuO-
modified electrodes for LMA is given in Table 1. The Li@CuO—CC symmetrical cell in
this work apparently exhibited the lowest overpotential and outstanding cycling stability.
The remarkable performance could be attributed to the following reasons: First of all, the
lithiophilic CuO nanorod array as well as the formed Li;CuO; with high Li ionic diffusion
could regulate Li-ion flux and promote charge transfer for the Li/Li-ion redox reaction,
resulting in homogeneous Li deposition without dendrites. Secondly, the carbon fibers
inside the Li@CuO—CC electrode constituted good conductive networks and acted as a
framework, which could reduce the local current density and accommodate the repeated
stripping /plating of Li. Finally, the large voids inside CC could accommodate the deposited
Li and restrain the volume expansion.

Table 1. Comparisons of electrochemical performance of various lithiophilic metal oxides-CC and
other CuO-modified electrodes for LMA.

Materials Current Density (mA cm~2)-Capacity (mAh cm—2)  Overpotential (mV)  Cycling Time (h) Ref.
0.5-1 20 1100
CoO-CC 2-1 60 200 [28]
5-1 180 85
1-1 55 220
ZnO-CC 2-1 150 67 [30]
3-1 200 40
1-1 25 450
CuO-Cu 3-1 40 1000 [31]
5-1 120 275
1-1 50 800
Co304-CC 3-1 100 180 [45]
5-1 140 70
1-1 12 1000
CuO-CC 3-1 32 400 This work

5-1 50 310
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30 mAh cm?

To investigate the morphology evolution of the Li@CuO—CC electrode during the
stripping /plating process, SEM images were captured with different capacities at 1 mA
cm~2. During the Li stripping process, more carbon fibers were exposed in the visual
field, and the CuO nanorod arrays became obvious gradually along with the increased
capacity from 2 to 30 mAh cm~2 (Figure 5a-d). The CC structure could remain unchanged
and keep intact even at the large stripping capacity of 30 mAh cm~2, which indicated
that the CuO—CC framework host had high stability and flexibility. After stripping 30
mAh cm 2 of Li, Li re-plating with the capacity increasing from 2 to 30 mAh cm~2 was
performed (Figure 5e-h). When the plating capacity was less than 10 mAh cm 2, deposited
Li gradually covered the surface of CuO—CC nanorod arrays, while a few depositions
spread into the internal gap of carbon fibers. At the high Li plating capacity of 30 mAh
cm 2, the space between carbon fibers was covered by deposited Li, the surface without
dendrite growth became flat, and the nanostructure was completely covered. The uniformly
distributed CuO nanorod arrays were regarded as effective inductive agents of Li-ion
nucleation, leading to homogeneous Li deposition. Simultaneously, cross-sectional view
images were used to estimate the thickness variations of the Li@CuO—CC electrode at
different Li stripping/plating processes. The thickness of this electrode was kept at 445 and
444 pm with stripping capacities of 2 and 10 mAh cm~2 (Figure 5a,b), in good consistent
with the thickness of the pristine Li@CuO—CC electrode. With increased Li stripping
capacity to 20 mAh cm 2, the thickness of the electrode decreased to approximately 421
um (Figure 5¢). With a further increase to 30 mAh cm~2, most of the carbon fibers were
exposed from the Li encapsulation, and the thickness changed to 391 um (Figure 5d), in
good consistency with the thickness of the electrode after plating the 2 mAh cm~2 Li
(Figure 5e). After all the stripped Li (30 mAh cm~2) was replated (Figure 5h), the thickness
was the same as the original Li@CuO—CC electrode, namely, 446 pum, indicating that the
Li refilled entirely the interior of the electrode. The morphological evolution illustrated
that the Li@CuO—CC electrode could effectively remit the volume change and dendrite
formation.

Li stripping Li plating

L
\z\'ﬂ

Figure 5. Top-view and cross-sectional SEM images of the Li@CuO—CC electrode at 1 mA cm~2 with
a Li stripping capacity of (a) 2 mAh cm =2, (b) 10 mAh em ™2, (¢) 20 mAh ecm ™2, and (d) 30 mAh cm ™2,
and then plating of (e) 2 mAh cm~2, (f) 10 mAh cm ™2, (g) 20 mAh ecm~2, and (h) 30 mAh cm 2.
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3.3. Electrochemical Performance of Full Cell with Li@CuO—CC Electrode

To further evaluate the practical application possibility of the Li@CuO—CC electrode,
the full cell was assembled utilizing commercial LFP as the cathode and Li@CuO—CC as the
anode (denoted as LFP/ /Li@CuO—CC). The full cell constituted of bare Li foil and LFP was
listed as a contrast (denoted as LFP//Bare Li). Figure 6a displays the cycling performance
at a current density of 1 C. It was not difficult to find that the LFP//Li@CuO—CC had
excellent cycling stability, delivering an initial discharge-specific capacity of 133.8 mAh
g~ ! with an initial CE of 99.6%. The discharge-specific capacity still maintained 105.2
mAh g~! with a capacity retention of around 78.6% and a high CE of over 99.5% at the
600th cycle. In sharp contrast, the CE of LFP/ /bare Li had huge fluctuations after 200
cycles, and the capacity exhibited an unstable tendency from 107.2 to 9.3 mAh g~! at
the 600th cycle. The degenerative results indicated that the LFP/ /bare Li had a lower
Li utilization ratio during cycles. As shown in Figure 6b, compared with the LFP/ /bare
Li (127.7, 105.9, 43, 9.3, and 0.6 mAh g_l), the LFP/ /Li@CuO—CC exhibited improved
rates of performance of 142.1, 132.9, 115.6, 109.1, and 100.5 mAh g_1 at current densities of
0.5,1,2,3,and 4 C, respectively. Figure 6c,d gives the voltage profiles at different current
densities. Obviously, the Li@CuO—CC electrode showed stable charging/discharging
plateaus and lower values of polarizing voltage relative to the bare Li as the test current
gradually increased, which could be ascribed to the faster charge-transfer behavior of the
Li/electrolyte interface. To better understand the superior cycling performance of the
Li@CuO—CC electrode, the morphology after 600 cycles at 1 C was investigated (Figure 6e—
g). The Li@CuO—CC displayed a dense surface without the occurrence of pulverization
and obvious thickness change. This proved that the Li@CuO—CC electrode could maintain
a uniform Li striping /plating and efficiently inhibit the volume expansion of Li within a full
cell even after long cycles. The above results absolutely confirmed that the Li@CuO—-CC
electrode had improved cycling stability and rate performance, thus suggesting its practical
feasibility for high-energy Li metal batteries.
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Figure 6. Electrochemical performance of full cell constructed by LFP/ /Li@ CuO—CC and LFP/ /bare
Li. (a) Long cycling stability at the current density of 1 C. (b) Rate capability at various rates from 0.5
to 4 C. Charge/discharge profiles of (¢) LFP//Li@CuO—CC and (d) LFP/ /bare Li at various current
densities from 0.5 to 4 C. (e—g) Top-view and cross-sectional SEM images of Li@ CuO—CC paired
with the LFP cathode after 600 cycles.

4. Conclusions

In summary, the novel 3D CuO—CC composite is successfully fabricated and em-
ployed as a framework host for LMA. The whole CuO—CC framework is spontaneously
injected with molten Li for less than 10 s. Its superb lithiophilicity results from the generated
LipCuO, compounds during the thermal infusion process. Moreover, the vertically-aligned
nanorod arrays can provide the capillary effect, which is beneficial to Li-infusion. The CuO
nanorod arrays provide effective active sites for nucleation and the uniform growth of Li.
Moreover, 3D structures of the carbon skeleton offer enough free space for volume variation
and homogenize Li-ion flux distribution. Such a 3D Li@CuO—CC electrode exhibits smaller
voltage hysteresis and enhanced stability in symmetrical cell tests compared with the bare
Li electrode. When paired with the LFP cathode, the achieved LFP//Li@CuO—CC cell
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shows a stable cycling ability and excellent rate capability. It is believed that the rational
design of pre-storing the Li host will shed new light on the dendrite-free LMA.
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