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Lithium metal batteries (LMBs) are promising energy storage system due to the lowest reduction
potential and high specific capacity. However, the uncontrolled growth of Li dendrites during cycling
processes might induce the low coulombic efficiency and severe safety hazards. Herein, our work
focus on improving the performances of lithium metal batteries by constructing a new 3D current
collector decorated with CuO nanowire array (CuO NWA@Cu). As a result, in contrast to the
coulombic efficiency (about 90%) and voltage hysteresis (about 100 mV) of planar Cu after 10 cycles,
the obtained CuO NWA@Cu has a higher coulombic efficiency (close to 98%) and lower voltage
hysteresis (about 50 mV) at the current density of 0.5 mA cm after 100 cycles. This work provides a
simple and scalable method to obtain CuO NWA@Cu 3D anode current collector for dendrite-free and
high coulomic efficiency LMBs.
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1. INTRODUCTION

The pursuit for batteries with high energy density and power output has inspired a revisit to the
use of lithium (Li) metal anode which is featured with a high theoretic gravimetric capacity (3860
mAh g?1) and low electrochemical potential (-3.04 V vs the standard hydrogen electrode)[1-3].
However, the uncontrolled growth of Li dendrites upon cycling might give rise to low coulombic
efficiency and severe safety hazards, limiting its direct use[2-5]. In recent years, many methods have
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been employed in stabilizing the Li anode of batteries[6,7], such as optimizing the liquid electrolytes
by adding additives (FEC[8], DMTFA[9] etc.) and Li salts (LiNO3[10, LiTFSI[11] etc.) for stabilizing
interfaces between the Li metal and electrolyte[12,13], constructing the artificial protective layers
(Li2CO3/C[14], Al.O3-PVDF-HFP[15] etc.) for suppressing the Li dendrites[16-19], using the proper
Li alloys (LiAI[3], LizzIn3[20] etc.) for decreasing lithium reaction activity[21,22] and so on. Although
these studies have contributed to improving the stability of Li metal anodes, the dendrite-forming
deposition nature of Li metal has hardly been changed.

The current density is one of the important factors affecting lithium deposition
behavior[2,23,24]. 3D or nano-structured current collectors contribute to solving the Li dendrites
partially due to 3D structure can decrease the local current density and regulate the electrical field
distribution to allow uniform Li deposition[2,22,25-28]. Yang et al reported a g-C3N4s@Ni which was
used as three-dimensional anode current collector to improve lithium metal battery performance
significantly[27]. Lu et al also reported a Cu@Ni core-shell nanowire anode current collector and the
growth of lithium dendrite was greatly suppressed[29]. Herein, we constructed a 3D CuO NAW@Cu
current collector with a submicron skeleton and high surface area in a facile and scalable method, and
its electrochemical properties were also studied as anode for lithium ion battery.

2. EXPERIMENTAL
2.1. Preparation of self-supporting porous CuO nanowire arrayon the surface of Cu current collector
(CuO NWA@Cu)

A copper (Cu) foil (9 pum in thickness) was firstly stamped into circular disks with a diameter
of 14 mm, and then washed with acetone, ethanol, diluted HCI and deionized water for several times
under ultrasonic to remove surface impurities and oxides. The pretreated Cu foils were immersed into
a 30 mL aqueous solution containing 0.913 g (NH4)2S20s and 3.2 g NaOH at room temperature for 20
min. Then the samples were taken out and washed with deionized water for several times and then
dried in air at room temperature. After that, the samples obtained were placed in a tube furnace and
heated to 300 °C at a heating rate of 2 °C min™ and held for 2 h. The schematic representative of the
synthesis of 3D porous CuO NWA@Cu current collector is shown in Fig.1.

2.2. Materials characterizations

X-Ray diffractometer (XRD, D/MAX 2500, Rigaku) was equipped with Cu Ka radiation was
used to characterize the composition and structure of obtained current collector. A scanning electron
microscope (SEM, Hitachi, S-4700) operating at 3 kV was employed to observe the morphology of
sample. The CuO NWA@Cu and planar Cu foil used as current collectors were assembled in CR2032
coin cells with Li metal as the reference and counter electrode to evaluate the electrochemical
performance, respectively. The electrolyte was 1 M lithiumbis(trifluoromethanesulfonyl)imide
(LiTFSI) in the solution of 1,3-dioxolane (DOL) and 1,2-dimethoxyethane (DME) (volume ratio:1:1,
80 uL) with 1% LiNO3 as the additive. The Celgard2400 polypropylene membrane was used as
separator. These batteries were assembled in an Ar-filled glove box and tested by a multi-channel
battery testing system (Land 2001A Battery Testing System). To test the coulombic efficiency, a fixed
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amount of Li (1 mAh cm) was deposited on the current collector and then stripped until the voltage
reaches 1 V (vs Li*/Li) at 0.5 mA cm™ or 1 mA cm for each cycle, respectively.

3. RESULTS AND DISCUSSION

Thermal
Dehydratlon

(NH,),S,04+
NaOH

Cu foil Cu(OH), NWA@Cu CuO NWA@Cu
Figure 1. The Schematic representative of synthesis of 3D porous CuO NWA@Cu current collector

The morphologies of Cu(OH)2 NWA@Cu and CuO NWA@Cu is shown in Fig.2. The 3D
structured Cu(OH)> NWA@Cu (Fig.2 a, b, ¢) is composed of bundles of Cu(OH): fibres with 0.3 pm
diameter. 3D Cu (OH). NWA@Cu is calcined to obtain 3D CuO NWA@Cu(Fig.2 d, e, f). The CuO
NWA@Cu is thinner than the former, and the CuO submicron fibres (about 0.2 um) are roughly
perpendicular to the foil, forming a jungle-like porous layer, and the uniform surface without
secondary structure is more conducive to uniform deposition of lithium, which is close or superior to
previous reports[2,25].

Figure 2. SEM images of Cu(OH)> NWA@Cu(a, b, ¢) and CuO NWA@Cu(d, e, f) at different
magnifications.

The structure of the CuO NWA@Cu and Cu(OH). NWA@Cu was characterized by XRD, as
shown in Fig.3. The black XRD peaks show the mid-product (before calcination) on the surface of Cu
foil is mainly Cu(OH). according to the typical peaks of Cu(OH). located at 32.4°, 35.5°and 38.7°,
which are assigned to the (002), (111) and (130) lattice planes of Cu(OH). (PDF#13-0420)[2,25].
Simultaneously, the red (after calcination) show the typical peaks of Cu(OH). disappear and the peaks
located at 35.5° and 38.9° start to appear, which are assigned to the (002) and (200) lattice planes of
CuO (PDF#45-0937), and the same peaks located at 43.3°,42.7°,17.1° are assigned to the (111), (200)
and (220) lattice planes of Cu (PDF#85-1326), which indicates that the CuO is grown on the surface of
Cu foil[2,25].
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Figure 3. XRD patterns of Cu(OH)> NWA and CuO NWA

The CEs of planar Cu foil and CuO NWA@Cu electrodes cycled with fixed 1 mAh cm™ as
shown in Fig.4 (a, b). The CE of CuO NWA@Cu is close to 98% (average CE is close to 96%) after
100 cycles at a current density of 0.5 mA cm, much higher than that of the planar Cu foil (CE is close
to 75% and average CE is close to 90% after 50 cycles). Especially, the CE of CuO NWA@Cu is
about 95% (average CE is close to 93%) after 100 cycles at a current density of 1 mA cm2, however
the CE of planar Cu foil is closed to 62% (average CE is close to 78%) after 50 cycle. Here, we
compare the CE values of similar 3D current collector materials used in lithium batteries[25,26,30-35],
and the CE value of CuO NWA@Cu in this paper is close to or better than other 3D current collector
materials in the literature, as shown in Table 1. Therefore, CuO NWA@Cu is a anode current collector
with better stable cycle performance. This may be attributed to the jungle-like porous 3D structure of
CuO NWA@Cu with submicron framework, and a large amount of protruding tips on the submicron
fibres as the charge centres and nucleation sites[2,25]. The electric field is roughly uniform and the
charges are evenly distributed along the Cu framework[2,25]. Meanwhile jungle-like porous structure
of CuO NWA@Cu contribute to decreasing the effective current density, thereby inhibiting the growth
of Li dendrites. In addition, the porous structure can also effectively alleviating the volume expansion
caused by repeated plating/stripping of lithium, further improving battery performance[2,25,30].

Fig.4 (c) and (d) show the voltage profiles of Li plating/stripping on planar Cu and CuO
NAW@Cu, respectively. The voltage hysteresis of a planar Cu foil is about 100 mV after 10 cycles,
while the voltage hysteresis of the CuO NAW@Cu is as low as 50 mV after 100 cycles at the current
density of 0.5 mA cm™. The voltage polarization of the CuO NAW@Cu electrodes is much smaller
than that of the planar Cu foil, which is close to or superior than the reported results in previous
literatures[2,16,17,25]. Meanwhile it also indicates a much more stable Li plating/stripping process on
CuO NAW@Cu than that of planar Cu foil. This result could be attributed to the fact that the jungle-
like porous 3D structured CuO NAW@Cu has a larger specific surface area than that of the planar
one[2,25]. The larger electroactive area can offer a larger interface of Li/electrolyte, lower the actual
current density, and decrease the charge transfer resistance upon cycling compared with the planar
one[2,25].The low hysteresis of the Li anode is beneficial to decrease the voltage polarization during
cycling, and improve the cyclic stability of lithium plating/stripping[2,25].
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Figure 4. CE value of Cu and CuO NWA@Cu electrodes with a fixed lithium deposited amount of 1
mAh cm2 at the different current density of (a) 0.5 mA cm2 and (b)1 mA cm2 during Li
plating/stripping process; Voltage profiles of the Li plating/stripping cycle on (c) CuO
NWA@Cu and (d) planar Cu electrodes at different cycles at a current density of 0.5 mA cm™
with a fixed lithium deposited amount of 1 mAh cm™,

Table 1. CE values of similar 3D current collector materials used in lithium batteries

Types of materials Current density/mA cm Number of cycles CE Reference
CuO NWA@Cu 1 100 95% This work
3D LN 1 70 97% Ref.30
CuZn mesh 1 70 60% Ref.31
CGB 1 50 94% Ref.32
GF 1 90 45% Ref.33
AC/CNT 1 50 <95% Ref.34
SS 1 100 <90% Ref.26
SS/PIANC 1 140 88% Ref.26
VA-CuO-Cu 1 180 94% Ref.25
Cu foam 1 75 <90% Ref.35

4. CONCLUSION

In summary, we described a facile and scalable strategy to prepare CuO nanowire array on the
surface of Cu foil. When CuO NAW@Cu was utilized as the current collector of anode materials for
lithium batteries, demonstrating good electrochemical performances with coulombic efficiency of 98%
in a narrow voltage range at 1 mAh cm after 100 cycles. Meanwhile the voltage hysteresis of CuO
NAW@Cu is as low as 50 mV after 100 cycles at the current density of 0.5 mA cm, and far below
planar Cu foil (100 mV). These results indicate that CuO NAW@Cu would be a promising 3D current
collector of anode materials for lithium metal batteries.
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