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Uneven lithium deposition causing the growth of lithium dendrites is a major obstacle to the practical
application of high-energy lithium metal batteries. In this study, a simple hydrothermal reaction is
adopted to evenly coat copper foam (CF) with cuprous oxide particles. The resulting three-dimensional
composite current collector can achieve dendrite-free lithium plating. Control experiments show that
FeFs is a better oxidant than FeCls for creating a more uniform and dense cuprous oxide coating on the
CF. It is also found that the reaction temperature plays a crucial role in determining the thickness of the
coating layer. Furthermore, the electrochemical experimental results confirm that a dense and uniform
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Accepted 26th September 2023 coating layer with an appropriate thickness is essential in achieving high coulombic efficiency (CE) for CF
current collectors. The CF with the optimal coating exhibits only a small nucleation overvoltage (15 mV)
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1. Introduction

Lithium metal anodes have received considerable attention due
to their high specific capacity (3860 mA h g™, ten times higher
than that of graphite) and low reduction potential (—3.04 V vs.
the standard hydrogen electrode).* However, the non-uniform
deposition of lithium ions can lead to the uncontrolled
growth of implanted lithium and the unlimited volume change
of lithium metal, which severely affects the performance of
lithium metal batteries.> For instance, the growth of mossy
lithium and dendrites increases the roughness of the metallic
lithium surface, which enhances the reaction with the electro-
lyte. Moreover, lithium dendrites can lead to the rupture of the
solid-electrolyte interphase (SEI) formed on the surface of
metallic lithium, further promoting the occurrence of side
reactions. This not only results in a significant loss of active
lithium, but also leads to increased heat generation in the
battery, ultimately causing thermal runaway.*® In addition, the
growth of dendrites tends to puncture the separator, resulting
in a short circuit and further contributing to thermal runaway.”
Additionally, the generation of lithium dendrites can cause the
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1.0 mA h cm™2 in an ether electrolyte without lithium nitrate.

formation of dead lithium, increasing the battery impedance
and reducing the utilization rate of metal lithium.® Due to the
intrinsic feature of Li metal, which determines its unlimited
volume change in electrochemical reactions, the SEI film can
rupture, leading to side reactions between the electrolyte and
exposed fresh lithium metal, and reducing the coulombic effi-
ciency (CE) of the lithium metal battery.”'® Therefore, solving
the aforementioned problems with lithium metal anodes is the
key to realizing the commercialization of lithium metal
batteries."* Scientists have proposed several strategies to
address the issues around lithium metal anodes, for instance,
modifying the surface of lithium metal (artificial SEI),"**®
modifying the electrolyte (electrolyte additives),'® modifying the
separator,”* modifying the current collector* or using a solid
electrolyte with a high Young's modulus® and a three-
dimensional (3D) current collector.”**® Among them, the use
of a 3D current collector is a very effective method to address the
issues associated with lithium metal anodes. Firstly, the 3D
collector has a large specific surface area, which can reduce the
local current density and slow down the growth rate of lithium
dendrites.”**° Secondly, the 3D current collector has a large
internal space, which can accommodate the deposited lithium
metal, reduce the volume change of lithium metal, and stabilize
the SEI. However, most of the 3D metal current collectors (Cu
foam,*® Ni foam,*?*" metallic glass-fiber* and nitrogen-doped
3D carbon skeleton®®) show poor affinity to Li, which can lead
to a large nucleation over voltage in the initial lithium deposi-
tion stage, which is extremely unfavorable for the subsequent
uniform deposition of lithium. Li ions prefer to nucleate on the
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conductive junctions and accumulate on the top surface of 3D
lithiophobic metal current collectors rather than inside the
pores, which can damage the CE of lithium metal batteries.”®
Therefore, the 3D lithiophobic current collector itself does not
exhibit uniform lithium deposition characteristics. Modifying
lithiophilic materials can be a highly effective approach to
achieve uniform Li deposition within the 3D current collector.
For instance, lithiophilic silver nanoseeds anchored on a 3D
carbon matrix can guide the uniform deposition of lithium
metal, forming a dendrite-free Li metal anode.** Another
example involves coating a 3D metal Ni current collector with
graphene oxide, which enables the uniform coating and
promises a dendrite-free Li metal anode. Graphene oxide
provides numerous nucleation sites that promote the even
deposition of lithium.*® However, these methods are often
complex and expensive, making them impractical for wide-
spread use. Therefore, it is essential to develop a simple and
effective method to modify the 3D collector for high-
performance lithium metal anodes.

In this paper, we use oxidizing agents and copper foam (CF)
under hydrothermal conditions to form a layer of Cu,O on the
surface of CF to enhance its lithium affinity. Fe** is often used
as an etching metal copper because of its strong oxidation, and
FeCl; is often selected as an oxidant because of its better solu-
bility. However, when we used FeCl; to react with CF, we found
that the structure of CF was severely damaged and lost its
original flexibility and became very brittle. When assembling
a half-cell, it was often easy to pierce the separator, making the
battery unable to work. Here, a uniform Cu,O coating layer on
CF was prepared via a one-step hydrothermal method at a rela-
tively low temperature using FeF; as an oxidant. When FeF; is
used as an oxidant, the CF structure maintains its integrity and
retains its original flexibility. The selection of Cu,O to modify
CF was based on its good affinity to lithium metal. Moreover,
synthesis of a Cu,O modified CF surface is facile and applicable
for large-scale production. During the electrochemical reaction,
the Cu,O coating layer is transformed into lithium oxide (Li,O)
and copper coating layers. Li,O is known to facilitate Li"
transportation within the anode and ensure uniform Li" flux on
the whole electrode surface due to its ability for uniform electric
field distribution. Thus, the good lithiophilicity of the Cu,O
particle modified layer can significantly reduce the nucleation
overvoltage of CF and achieve smooth lithium deposition,
resulting in a stable CE of 98% for 120 cycles at a current density
of 1 mA cm™? and a capacity of 1 mA h ecm 2. Furthermore, the
CE remained almost unchanged even with a double capacity of
2 mA h em?, indicating excellent performance of the modified
CF current collector.

2. Results and discussion

Fig. 1a displays the process of synthesizing the Cu,O modified
layer on CF. This involved using a saturated aqueous solution of
FeF; to soak the CF piece and obtaining the Cu,O coated layer
by a one-step hydrothermal reaction at 80 °C, named CF-80. The
morphologies of CF and the Cu,O coating layer are shown in the
insert SEM images. Fig. 1b illustrates the different lithium
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nucleation and plating processes on CF and CF-80 current
collectors. Without modification, the lithium ions first nucleate
on the CF skeleton and then deposit unevenly during the cycle
plating process. Comparably, after modifying the CF with the
Cu,O0 layer, the lithium ions first react with Cu,O to form Cu
and Li,O. Cu is the same component of CF and has good
conductivity for electron transportation. Li,O is lithiophobic
and can induce the uniform deposition of lithium ions,
resulting in a homogeneous deposition layer on the 3D current
collector.

To characterize the modified coating layer on CF, X-ray
diffraction (XRD) tests of the samples were conducted. Fig. 2a
shows that there are typical Cu diffraction peaks (PDF 65-9743)
in CF, while Cu,O diffraction peaks (JCPDS 77-199) appear in
CF-80 spectra. X-ray photoelectron spectroscopy (XPS) was used
to analyze the surface components of CF-80 (Fig. 2b). The
results of Cu 2p spectra show three significant peaks at 933.50,
933.12 and 932.70 eV, which can be attributed to different
valence states of copper in CuO, Cu,O and Cu, respectively. CuO
is present on the surface due to the ease with which Cu,O
oxidizes in air. The TEM images indicate that the particles
formed in the coating layer are irregular in shape (Fig. 2c). The
corresponding HRTEM image in Fig. 2d shows lattice fringes
with a spacing of 0.21 nm, which corresponds to the (200) plane
of Cu,O (JCPDS 77-199). The mappings of the coating layer
particles in Fig. 2e demonstrate that both O and Cu elements
are uniformly present in them. Therefore, all the above char-
acterization outcomes confirm the existence of Cu,O in the
coating layer of CF-80.

To investigate the CF's electrochemical properties with Cu,O
coating layers formed at different temperatures, serial coating
layers were prepared at 60 °C, 80 °C, 100 °C, and 120 °C
(denoted as CF-60, CF-80, CF-100, and CF-120, respectively) and
tested within Li-Cu asymmetric cells (Li foil as the counter
electrode). The stripping processes were adjusted by setting
a cut-off voltage of 0.5 V. At a current of 1 mA cm™ > with a Li
areal plating capacity of 1 mA h cm ™2, the cycling results (Fig.
S1-S57) show that the CE of CF-60, CF-80, CF-100, and CF-120 is
higher than that of pure CF (only retained 60% after 80 cycles).
Higher CE means more stability of lithium deposition and
stripping behaviors. Therefore, this indicates that lithiophilic
coatings' modification is favorable for reversible lithium depo-
sition and stripping on CF skeletons. Notably, CF-80 has the
highest CE (retained 98% after 120 cycles) and the best cycling
stability. Due to the use of FeCl; as an oxidant, the CF obtained
becomes more brittle, making it easy for the brittle CF to
penetrate the separator during battery assembly. In order to
function properly, when assembling the battery, the pressure
during packaging should be reduced by half. For comparison,
FeCl; was used instead of FeF; at an optimal reaction temper-
ature of 80 °C to obtain the product named CF-80-FeCl;. As
shown in Fig. S6,1 the CE of the CF-80-FeCl; electrode is less
than 80% and shows random oscillation after 40 cycles.

To analyse the effect of the coating layer on the electro-
chemical performance under different temperature conditions,
optical photos and SEM images of CF, CF-60, CF-80, CF-100 and
CF-120 were obtained. As shown in Fig. S7,7 it is evident that the
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Fig. 1 (a) Two kinds of synthesis processes of the Cu,O modified layer on CF; (b) schematic illustration of the lithium nucleation and plating

process on CF and CF-80 current collectors.

surface color of samples CF-60 to CF-120 gradually darkens as
the reaction temperature increases and the coating layers
become more rough. At 80 °C, the product CF-80 has a relatively
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Fig.2 (a) The XRD patterns of CF and CF-80;
image of particles in the coating layer of CF-
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(b) Cu 2p XPS spectra of CF-80; (c) TEM image of particles in the coating layer of CF-80; (d) HRTEM
80; (e) elemental mappings of particles in the coating layer of CF-80.
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of brick-red Cu,O to black CuO, which is also consistent with
the XRD results depicted in Fig. S8.f With Li plates as the
counter electrodes, the electrochemical impedance spectros-
copy (EIS) analysis of Li-Cu asymmetric cells was conducted.
Fig. S9f shows that the electrochemical impedance of the
modified CF electrodes increases as the preparation tempera-
ture increases. When FeCl; replaced FeF; as the oxidant, CF-80-
FeCl; showed a more dark color in the optical photos (Fig. S10t)
than CF-80. From SEM images, it can be clearly seen that the
skeleton of CF-80-FeCl; is seriously corroded and partially
destroyed (Fig. S111) and the coating layer is thicker compared
with CF-80 (Fig. S12}). Furthermore, the EIS results in Fig. S9t
also indicate that CF-80-FeCl; exhibits the highest impedance,
which logically accounts for its exceedingly low CE. FeCl; is
more soluble than FeF;. As an oxidant for CF modification,
FeCl; results in a faster reaction rate that makes it more chal-
lenging to regulate the deposition process and forms a modified
layer that is comparatively less dense and thicker. When FeF; is
used as the oxidant and the temperature is controlled,
a uniform and dense coating layer can be achieved through the
gradual reaction between Fe®* and CF. This is crucial in
enhancing the reversibility of lithium deposition and stripping.
The hydrothermal reactions of Fe*>" and CF are shown in the
following equations:

Cu + 2Fe*" — Cu?' + 2Fe?*

4Cu>* + 4H,0 — 2Cu,0 + O, + 8H™

We proceeded to perform more detailed electrochemical
characterization studies of CF-80 and pure CF, with a focus on
analyzing the reasons for the improved electrochemical
performance of CF-80. Firstly, the galvanostatic lithium depo-
sition and stripping tests on CF-80 and CF electrodes were
performed at 1 mA cm ™2 with 2 mA h em ™2, and the discharge-
charge curves at 1%, 60™ and 120™ cycles are presented in
Fig. 3a and b. During the 1* cycle, the nucleation overpotential
for the CF electrode is 49.2 mV (Fig. 3c). In contrast, the initial
lithium deposition curve of the CF-80 electrode exhibits a very
smooth voltage dip at the nucleation stage, with a nucleation
overpotential of only 15 mV. Furthermore, a sudden voltage
drop to 69 mV was observed on the CF electrode, indicating that
lithium metal begins to nucleate. The voltage then returns to
a relatively stable plateau at 19.8 mV, which represents the
mass-transfer-controlled  overpotential. Nucleation over-
potential is strongly associated with the lithiophilicity and
deposition barrier of the electrode.*® To directly compare the
lithiophilicity of CF-80 and the CF, their molten Li wetting
capability is shown in Fig. S13.7 Molten Li uniformly spread out
on the CF-80 whole surface after 40 s and the color of CF-80
changed from brick red to silver bright, while CF retains its
original color after 40 s. This directly indicates that CF-80 has
strong lithium affinity. Compared with the CF electrode, CF-80
has ultra-low nucleation overvoltage, which indicates that the
energy barrier of lithium deposition on the CF-80 electrode is
much lower, which is conducive to uniform and dense
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deposition of lithium metal. The chemical compositions of CF
and CF-80 electrodes were analyzed through XPS techniques
when they were discharged to 0.01 V (lithium metal will be
deposited). The results showed that there is Li,O on the surface
of the CF-80 electrode when it is discharged to 0.01 V, while no
Li,O is detected on the CF electrode (Fig. S147). Li,O is desig-
nated to homogenize the electric field strength distribution
within the whole electrode and facilitate Li* transportation.®”
Therefore, the extremely low nucleation overvoltage of CF-80
can be attributed to the following reasons: (1) CF-80 has
strong lithium affinity; (2) the Li,O formed in situ during the
electrochemical deposition process has a low energy barrier for
lithium ion migration, which is crucial for the uniform distri-
bution of lithium ions on the electrode surface and avoids the
sporadic deposition of lithium metal to a considerable extent.

The voltage hysteresis is defined as the voltage difference
between the charging platform and the discharging platform.
For the first 20 cycles, both CF and CF-80 show a decreasing
voltage hysteresis, which may be due to the gradual activation of
the electrodes (Fig. 3d). In this stage, CF-80 shows a greater
voltage lag than the CF electrode, which can be attributed to the
increase of CF-80 impedance by the Cu,O coating layer. In the
following cycles, the CF-80 electrode exhibits relatively smooth
voltage hysteresis with cycling, whereas that of the CF electrode
is relatively stable only in the next 10 cycles, and then the
voltage hysteresis increases sharply. These results mean that
the CF-80 electrode can inhibit the growth of an excessive SEI
film compared with the CF electrode, which also suggests that
CF-80 is capable of achieving uniform and dense lithium
deposition, while simultaneously reducing the likelihood of
side reactions. The voltage hysteresis diagram can directly
reflect the difference in voltage-time curves of CF and CF-80
electrodes. The voltage-time curves of the CF-80 electrode at
a current density of 1 mA cm ™ with a capacity of 2 mA h cm ™2
are shown in Fig. 3e. Stable Li plating/stripping curves for more
than 450 h can be achieved for the CF-80 electrode, while the
voltage-time profile of the CF electrode shows significant
voltage fluctuations and the overvoltage increases obviously
with the cycling time (Fig. 3f). Finally, the CE of CF-80 and CF
electrodes at different current densities is tested. As shown in
Fig. 3g, the CE of CF-80 is higher than that of the CF electrode in
the first 120 cycles. After that, the CE of CF-80 maintains at
97.6%, compared to 75% for CF at 1 mA cm ™ 2 and 2 mA h cm ™2
deposition capacity. When the current density increases by
twice and the deposition capacity remains unchanged, the CF-
80 electrode still has stable and high coulomb efficiency. After
100 cycles, the CE of the CF-80 electrode is maintained at 97%,
while the CE of the CF electrode is only 49% (Fig. 3h).

After lithium ion deposition and stripping, the morphologies
of CF-80 and CF electrodes were characterized with SEM images
as shown in Fig. 4. Fig. 4al and a2 present the initial surfaces of
CF-80 electrodes with different resolutions. When 1 mA h cm >
of Li ions was plated on CF-80 at a current density of 1 mA cm ™2,
no significant lithium deposition was observed on its surface in
the SEM image (Fig. S15at). However, after the SEM image was
magnified, a small amount of smooth lithium deposition was
observed, as shown in Fig. S15b.T When the Li plating capacity

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Galvanostatic lithium deposition and stripping curves of (a) CF-80 electrode and (b) CF electrode at 1 mA cm~2 with 2 mA h cm™2; (c)
voltage profiles of CF-80 and CF during initial Li deposition at 1 mA cm™2; (d) voltage hysteresis diagram of CF-80 and CF electrodes at 1 mA
cm™2 with 2 mA h cm™2; (e) voltage—time profile of the CF-80 electrode at 1 mA cm~2 with 2 mA h cm™2; (f) voltage—time profile of the CF
electrode at 1 mA cm™2 with 2 mA h cm™2; (g) the CE of CF-80 and CF electrodes at 1 mA cm™2 with 2 mA h cm™2; (h) the CE of CF-80 and CF

electrodes at 2 mA cm™2 with 2 mA h cm™2.

was increased to 2 mA h cm ™2, lithium deposits on the surface
of CF-80 increased and thickened (Fig. 4a3). A further magnified
image suggests that the lithium deposits are relatively dense
and no visible lithium dendrites appear on the surface of CF-80
(Fig. 4a4). When the lithium deposition capacity is further
increased to 6 mA h cm™?, the compactness of the lithium
deposits is further increased, and no lithium dendrites are
visible on the surface of CF-80 (Fig. 4a5 and a6).

When the capacity for depositing lithium increases to 8 mA h
cm 2, the pores of CF-80 are filled with the deposited lithium
metal, and the basic frame of CF-80 is covered with lithium
metal, resulting in an even and smooth surface (Fig. 4a7 and
a8). In order to test whether lithium can be deposited in an
orderly manner after the CF-80 framework is completely covered
by lithium metal, we further performed lithium deposition to
achieve a deposition capacity of 10 mA h cm > as shown in
Fig. 4a9 and a10. Obviously, the deposition of lithium is still
uniform and dense. The uniform Cu,O coating layer is believed
to be the reason for the evenly distributed nucleation sites and
smooth initial deposition of lithium, which is crucial for the
ordered lithium plating that follows. To further demonstrate
the effectiveness of the Cu,O coating layer, we performed
lithium stripping on CF-80 and observed the reversibility of the
electrochemical deposition and stripping process, as shown in
Fig. 4a11-a18. As the lithium was stripped away, the framework
of CF-80 gradually became visible until it was completely
exposed. Compared to the original CF-80 framework, there was

This journal is © The Royal Society of Chemistry 2023

little change in morphology. Further magnification revealed
a relatively smooth surface of CF-80 with no signs of dead
lithium. The reversibility of lithium deposition and stripping
was excellent, corresponding to the high CE of CF-80.

For comparison, we also observed the morphologies of
lithium deposition and exfoliation of CF electrodes under the
same conditions. Fig. 4b1 and b2 display the initial surfaces
of CF electrodes with different resolutions. The surface of the
CF electrode has a large amount of lithium metal and clearly
visible lithium dendrites, with a lithium deposition capacity
of 1 mA h em™? (Fig. S15¢c and d).T As mentioned earlier, there
is no visible lithium on the surface of CF-80 when 1 mA h
em 2 lithium is deposited. This indicates that lithium plating
on the CF-80 electrode is uniform throughout the overall
framework rather than selectively deposited on the top
surface. As the lithium deposition capacity increases, the CF
framework gradually becomes covered by the deposited
lithium metal. However, the deposited lithium metal is rela-
tively loose and generates a large number of lithium
dendrites, as shown in Fig. 4b3-b10. During the electro-
chemical exfoliation deposition of lithium, an increase in the
exfoliation amount leads to the gradual emergence of the CF
framework (Fig. 4b11-b16). However, even after complete
exfoliation of the CF framework, there are still non-
electrochemically active dead lithium particles present on
the surface (Fig. 4b17 and b18), indicating poor electro-
chemical reversibility of lithium ion deposition and lithium
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Fig. 4 (al, a2) Top-view SEM images of initial CF-80 electrodes; (a3—-al0) top-view SEM images of CF-80 electrodes after being plated at 1 mA
cm™2, with2 mAhcm™2 6 mAhcm 2 8 mAhcm™2 and 10 mA h cm™2, respectively; (all-al8) top-view SEM images of CF-80 after being
plated with 10 mA h cm™2 and stripped at 1 mA cm™2 with 2 mAhcm™2, 4 mAhcm™2 8 mA hcm™2, and 10 mA h cm™2, respectively; (bl and b2)
top-view SEM images of initial CF electrodes; (b3-b10) top-view SEM images of CF electrodes after being plated at 1 mA cm~2 with2 mAhcm™2,
6 mAhcm™2 8 mAhcm™2 and 10 mA h cm™2, respectively; (b11-b18) top-view SEM images of CF electrodes after being plated with 10 mA h
cm~2 and stripped at 1 mA cm ™2, with 2 mA hcm™2, 4 mAh cm™2, 8 mA h cm™2, and 10 mA h cm™2, respectively.
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stripping on CF. After 20 cycles at 1 mA cm ™ with a deposi-
tion capacity of 4 mA h em ™2, the morphologies of CF and CF-
80 electrodes were also investigated by SEM. As shown in Fig.
S16,T a thick coating layer was observed on the surface of CF,
with the amplification showing the formation of many dead
lithium particles. This suggests that during the deposition of
lithium on the CF electrode, more mossy lithium and
dendrite lithium were produced, greatly increasing the
contact area between metal lithium and electrolyte, resulting
in more side reactions. The root exfoliation of the dendrite
lithium will produce more dead lithium, leading to increased
battery impedance and polarization. In comparison, the CF-
80 electrodes exhibited a lower number of by-products on
their surface, while their surface appeared smooth without
any noticeable dead lithium when viewed at higher magnifi-
cation. This indicates that the deposition of lithium on the
CF-80 electrode was orderly and dense, resulting in a smaller
contact area with the electrolyte and fewer side reactions. The
cross-section views of CF and CF-80 electrodes after the
deposition and stripping of lithium ions are depicted in Fig.
S17.1 At a current density of 1 mA ¢cm ™ and a deposition
capacity of 4 mA h em™?, the lithium metal on the CF-80
electrode pervades the entire cross section, whereas the
lithium metal on the CF electrode is primarily accumulated
on the surface. Upon removing the deposited lithium, no
visible dead lithium is present on the surface of CF-80 elec-
trodes, while a large amount of porous dead lithium persists
on the surfaces of the CF electrodes. The corresponding
schematic diagrams of the lithium ion deposition and strip-
ping on CF and CF-80 electrodes in the cross section are
illustrated in Fig. S18.7 This is also consistent with the results
of the electrodes’ CE curves, as shown in Fig. S19.7 The CE of
CF-80 at the first cycle is as high as 94%, indicating that the
deposited lithium metal is basically stripped completely,
while the CE of the CF electrode at the first cycle is only
61.9%, indicating that a large part of the deposited lithium
metal on the CF electrode cannot be stripped.

To better understand how lithium deposition and strip-
ping occur on CF and CF-80 electrodes, we measured the
electrode impedance of both electrodes during different

200
(a) o o Initial CF
o © CF after 20 cycles
160+ ° o CF after 40 cycles
o
a 1204
N
N 804
7' (Q)

80 120 160 200
Z'(Q)
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cycles, as shown in Fig. 5a and b. Prior to cycling, the
impedance of the CF-80 electrode was larger compared to that
of the CF electrode, which may be due to the increased
impedance of CF-80 with Cu,O coating. After 20 cycles, the
impedance of both electrodes decreased significantly, which
could be attributed to the activation of the electrode. After 40
cycles, the impedance of the CF electrode increased while that
of CF-80 remained largely the same. The increased impedance
of the CF electrode might be caused by the buildup of the SEI
film and the increase of dead lithium, while CF-80 remained
stable, indicating that the SEI film was stable and would not
generate dead lithium during the lithium stripping process.
This is consistent with the results of SEM images of both
electrodes after cycling.

To further assess the effectiveness of the CF-80 electrode, we
introduced Li//Li and CF-80/Li//CF-80/Li symmetrical cells during
cycling. The cells were cycled galvanostatically at 1 mA cm ™2 with
a capacity of 1 mA h em™>. As seen in Fig. 6a, the voltage-time
curves of the bare Li and CF-80-Li symmetrical batteries were
compared. The voltage hysteresis of bare Li was distinctly
increased, whereas the CF-80/Li electrode had a much smaller
hysteresis compared to the bare Li electrode and the voltage-time
curve was more stable. In order to evaluate the practical applica-
tion of the CF-80/Li anode, pure lithium anode and CF-80/Li
anode were paired with NCM-811 cathodes respectively to form
a full cell, and their electrochemical performance was compared.
Fig. 6b displays the rate performance of the NCM//CF-80/Li battery
and NCM//Li battery. At different current densities, the NCM//CF-
80/Li battery has a higher discharge capacity than the NCM//Li
battery. Fig. 6c presents the galvanostatic charge/discharge
curves of the NCM//Li and NCM//CF-80/Li batteries at 500 mA
g in the voltage ranges of 2.7 to 4.3 V. The NCM//CF-80/Li bat-
tery's discharge capacity is higher than that of the NCM//Li
battery, and it has a smaller overvoltage. As shown in Fig. 6d,
the specific discharge capacity of NCM//CF-80/Li is 155.6 mAh g~
in the first cycle, and it remains at 132.7 mA h g~ " after 150 cycles.
By comparison, the NCM//Li battery's first cycle discharge capacity
is 153.7 mAh g™, and it retains 122.2 mA h g~ after 150 cycles. It
is evident that the CF-80/Li composite electrode has excellent
practical application prospects.

(b) 200
oo Initial CF-80
160- o CF-80 after 20 cycles
o o CF-80 after 40 cycles
—_
S 120 ° 8 o °
c ° 6 °
N ) K
80 1 = 4 o
'N o
2 fM
0
0 4 8 12
7'©)

120 160 200
Z'(Q)

Fig. 5 EIS spectra of different cycles of (a) CF and (b) CF-80 electrodes at 1 mA cm™2 with 1 mA h cm™2.
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(a) Voltage—time curves of the bare Li and CF-80-Li symmetrical batteries; (b) rate capability of NCM//Li and NCM//CF-80/Li full cells; (c)

charge—-discharge profiles at 500 mA g~ of NCM//Li and NCM//CF-80/Li full cells; (d) cycling performance of NCM//Li and NCM//CF-80/Li full

cells at 500 mA g%,

3. Conclusion

In summary, a 3D composite collector is successfully developed
comprising lithiophilic Cu,O coated on CF through a simple,
one-step hydrothermal synthesis method. It is found that
oxidants and temperature are critical factors that affect the
coulombic efficiency of CF current collectors. To achieve
optimal electrochemical performance of CF current collectors,
it is essential to use a mild oxidant and suitable temperature to
obtain a dense, uniform and appropriately thick Cu,O coating
layer. In this study, mild FeF; was chosen as the oxidizing agent
which resulted in the formation of a dense oxide layer on the
surface of CF. This can be attributed to the slower and more
controlled oxidation reaction between FeF; and CF. Addition-
ally, it is observed that lower reaction temperatures led to

25462 | J Mater. Chem. A, 2023, 11, 25455-25464

incomplete coating of the surface of copper foam, while higher
reaction temperatures resulted in the formation of a thicker
oxide layer, which may hinder the electrochemical reaction. The
uneven coating layer fails to provide uniform nucleation sites,
resulting in poor coulombic efficiency. A thick coating increases
impedance and leads to severe corrosion of CF, which, in turn,
destroys the structure and hinders the improvement of
coulombic efficiency. Our research demonstrates that CF-80
with the optimal coating layer exhibits the highest coulombic
efficiency and optimal cycle stability, with a current density of 1
mA cm~ > and a capacity of 1 mA h em ™. This configuration
maintains a coulombic efficiency of 98% after 120 cycles in
ether electrolyte without lithium nitrate. Furthermore, when the
deposition capacity is doubled, the efficiency remains high at
97.6% at the same current density for 120 cycles. This
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straightforward and effective method for preparing Cu,O coated
CF not only serves as a guide for creating a lithium affinity
coating layer, but also presents a promising approach for
developing a composite 3D current collector for practical
applications in the field of lithium metal batteries.

4. Experimental section

4.1. Synthesis of CF-60, 80, 100, and 120, CF-80-FeCl; and
CF-80/Li

Taking synthesis of CF-80 as an example, 200 mg of FeF; was
added to 50 mL of deionized water and stirred at 60 °C for one
hour. After allowing it to stand for 5 minutes, 5 mL of super-
natant was taken and added to a hydrothermal reactor. An
11 cm diameter CF slice was added, and the mixture was reacted
at 80 °C for 12 hours before cooling to room temperature
naturally. The prepared sample was washed multiple times with
water and ethanol and finally vacuum dried at room tempera-
ture, resulting in CF-80. CF-60, CF-100, and CF-120 were
synthesized under the same conditions except for the different
reaction temperature, where X in CF-X represents the reaction
temperature. CF-80-FeCl; was synthesized using the same
method as CF-80, except that a saturated FeF; solution at 60 °C
was replaced with a 0.1 mol L' FeCl; solution at room
temperature. CF-80/Li was prepared by a facile molten infusion
method for embedding molten Li into the 3D CF-80 skeleton.

4.2. Characterization

The morphologies of all samples were observed by scanning
electron microscopy (SEM, HITACHI S-4800). X-ray diffraction
patterns were collected using a Rigaku X-ray diffractometer
(XRD, Ultima IV-185) with Cu Ka radiation. X-ray photoelectron
spectroscopy (XPS, Al Ka. source, 1486.6 eV) was carried out on
a Thermo Escalab 250Xi instrument.

4.3. Electrochemical measurements

All coin cells (Li-Cu, Li-Li, and NCM-811-Li) were assembled with
CR2032 coin cells. The CE of the asymmetrical Li-Cu half-cell was
tested by depositing preset capacity of Li onto the CF, CF-X or CF-
80-FeCl; current collector followed by stripping to 0.5 V. For the
Li-Li symmetric battery, both the working electrode and counter
electrode are pieces of pure lithium foil or CF-80/Li. Ether elec-
trolyte (1.0 mol LiTFSI in a mixture of DOL and DME (1:1 by
volume) without the LiNO; additive) was used for both symmetric
Li-Li and asymmetric Li-Cu batteries, and the amount of elec-
trolyte is 60 uL. The NCM-811 working electrodes were prepared
by mixing NCM-811 (80 wt%), Ketjen black (10 wt%), and poly-
vinylidene fluoride (10 wt%) in N-methyl-2-pyrrolidone (NMP) to
form an evenly dispersed slurry. The slurry was uniformly coated
on Al foil and dried at 80 °C in vacuo overnight before being
punched into the disks (diameter: 11.0 mm) and used as
aworking electrode. Li plates or CF-80/Li were used as the counter
electrodes. The electrolyte consisted of 1 M LiPF6 dissolved in
a mixture of ethylene carbonate (EC)/diethyl carbonate (DEC)/
ethyl-methyl carbonate (EMC) (1:1:1 v/v/v). All batteries were
assembled in a glove box filled with Ar and oxygen and water

This journal is © The Royal Society of Chemistry 2023
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content below 0.1 ppm. Galvanostatic charge-discharge
measurements were performed on a LAND CT2001A instrument
at room temperature over the potential range of 2.7-4.3 V. The
electrochemical impedance spectroscopy (EIS) measurement was
performed in a frequency range between 10°> and 10~ ' Hz with
a voltage amplitude of 10 mV using an electrochemical worksta-
tion (CHI6081D, Shanghai Chenhua, China).
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