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A B S T R A C T

Lithium metal is a promising anode for high-energy-density batteries owing to its large theoretical capacity and
highly negative electrochemical potential. However, its commercial application is stalled by the undesired
dendritic growth of lithium during cycling. Here we report a facile one-step electrodeposition process for low-
cost, scalable fabrication of copper current collectors with 3-D architected porous structures composed of in-
terconnected nanoparticles of Cu. Li anode deposited onto this porous current collector exhibits good cycling
stability of> 340 h in symmetric cells without short-circuit. When tested in full cells with liquid or solid-state
electrolyte, the Li anode hosted on the 3-D Cu current collector demonstrates excellent cycling performance with
no dendrites formation. This process is extremely simple and scalable for mass production of dendrite-free and
high capacity current collector for Li-batteries, which can be easily incorporated into the roll-to-roll manu-
facturing processes of battery industries.

1. Introduction

With the growing needs for rechargeable batteries with ultrahigh
energy densities for portable electronics, electric vehicles, and electrical
grids, research efforts beyond conventional Li-ion batteries, such as Li-
S [1], Li-O2[2],and solid-state batteries [3,4] have been thriving in the
last decade. Among the approaches, Li-metal batteries attract a lot of
attention, where Li-metal is used as the anode while the cathodes of Li-
ion batteries are still used [5,6]. This approach adapts the mature
cathode technology from Li-ion batteries and focuses on solving the
problems in Li-metal anode, e.g., the dendrite growth and low cy-
clability [7–9]. This approach not only has the potential for very high
energy density, benefiting from the high capacity of Li-metal anode
(3840mAh g−1), but also has the advantage that it does not need to
address the problems in cathode side as Li-S or Li-O2 batteries do.

The problems of Li-anode are, however, very challenging. Besides
the well-known safety problem [10], stripping of Li from the root of the
dendrites also results in electrical isolation of some small Li metal
pieces (i.e., the “dead Li”[11]) and thus low Coulombic efficiency. A
widely accepted model for Li dendrite growth is the space charge
model [12]. When the local current density J at the anode exceeds the
diffusion-limited value J*, limitation in mass transport results in de-
pletion of ions near the surface of the electrode, creating a space charge
layer and a strong local electric field, which accelerates a local

deposition or dendritic growth of Li. The space charge theory, however,
cannot explain the occasional dendrite growth in low current below J*.
Another model [13] indicates dendrites can also grow at nucleation
sites where local resistivity is low, i.e. areas with good SEI or defects.
Tremendous efforts have been made to address the challenges regarding
suppression of Li dendrite and stabilization of SEI, including 1) elec-
trolyte engineering [14–18]; 2) interfacial engineering [19–26],
[41–44]; 3) use of solid electrolyte [27–29], and 4) use 3-D structured
current collectors [30–40]. Among these promising approaches, inter-
facial engineering and the use of 3-D current collector represent some
new promises. Compared to flat foil current collectors, 3-D structured
current collectors have much larger active surfaces area, thus effec-
tively reduce the actual current density J for the same apparent current
and lower the possibility of stimulating dendritic growth. Many 3-D
structures of current collectors have been demonstrated to have positive
effects to mitigate Li dendrite growth, such as 3D submicron Copper
(Cu) skeleton [30], free-standing Cu nanowires (NWs) [31], hollow
carbon fibers [32], graphitized carbon fibers [33], de-alloyed 3D porous
Cu [34], vertically aligned Cu microchannels [35], crumbled graphene
balls [36], pie-like porous Cu NW/graphene [37], carbon fiber pa-
pers [38], nitrogen doped graphene [39], and nitrogen doped graphitic
carbon foams [40]. Interfacial modification is usually realized by in-
troducing heterogeneous nucleation sites by coating conductive mate-
rials (e.g., hollow carbon spheres with nanoparticles seeds inside [41],
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Li-rich composite alloy films [42]) or insulating layers (e.g., glass fiber
cloth [43], poly(dimethylsiloxane) [44]) to facilitate the simultaneous
plating of Li on the modified surface.

These works demonstrated the promise of the 3-D structured current
collectors and strategies of increasing nucleation sites. However, most
of these successes are in lab-scale with coin cells and most of the
methods are sophisticated and expensive, not scalable and compatible
with the roll-to-roll manufacturing processes of current Li-ion battery
industry. For example, the synthesis of Cu nanowires or nanoparticles
requires multi-step wet chemistry reaction and following heat treat-
ment [31]. The carbonaceous current collectors, although having ex-
cellent performance, do not have high enough mechanical strength to
be used as the current collectors for roll-to-roll processing, and it is
difficult to bind the carbon films tightly onto any metal foils. Facile,
scalable and low-cost method to obtain effective 3-D structured current
collector is a challenge yet to be met. Towards addressing this chal-
lenge, we report a facile and scalable one-step electrodeposition method
to obtain Cu current collector with 3-D surface structures at room
temperature. This electrodeposited Cu current collector enabled stable
Li plating/stripping for more than 340 h tests under a large current
density of 2mA cm−2 with a reasonably small voltage hysteresis of less
than 50mV, as well as excellent cycling performance of full cells with
LiFePO4 cathode with liquid electrolyte and TiS2 cathode in all-solid-
state cells. Besides the promising electrochemical performances, this
new method distinguishes itself from previous methods in that it is very
easy to scale up with no expensive equipment or processing steps re-
quired. Electrodeposition of Cu has been widely used for more than a
hundred years in many applications and large size electrodeposited Cu
foils for pouch cells can be easily produced with low cost. More at-
tractively, the manufacturing of Li-metal cells with using this current
collector is not different from the existing Li-ion battery manufacture,
which further reduces the barrier to the commercialization of this new
technique.

2. Experimental section

2.1. Preparation of electrodeposited Cu film

A typical electrodeposition processing of copper current collector is
as follows: A two-electrode system was used and a constant voltage
electrodeposition process was controlled with using a battery cycler
(Arbin, BT2043). Copper foil with thickness of 0.0005 in. (MTI corp.)
and area of about 6.75 cm2 was used as the working electrode, while a
platinum plate with area of 0.25 cm2 was used as the counter electrode.
The electrolyte consists of 0.5M copper sulfate heptahydrate (VWR
International LLC) in 20mL deionized water. In addition, poly(acrylic
acid)−5000 (PAA-5000, 50 wt%, ACROS Organics) and sulfuric acid
(95–98%, BDH Chemicals) were used as additives to control the mor-
phology of the deposited Cu surface layer. With using 0.5mM PAA-
5000 and 0.1M sulfate acid as additives, nanometer-sized clusters can
be obtained. The electrodeposition was conducted with potentiostatic
mode, with a constant potential of 2.5 V for 20min. The current density
of working electrode was controlled between 3.5 and 3.7 mA cm−2, to
ensure no Cu dendrite is formed [45]. The reactions at the working
electrode and counter electrode are (1) and (2) below, respectively.

Cu2+ + 2e → Cu (1)

2H2O → O2 + 4e- + 4H+ (2)

2.2. XRD and SEM characterization

Ex-situ X-ray diffraction (XRD) measurement was performed using a
D8 Advance X-ray Diffractometer (Bruker AXS, Germany) equipped
with a Molybdenum radiation source (λ Kα1 = 0.7093 Å) to examine
the phase of the deposited copper. Morphology of the surface of the Cu

foils before and after electrodeposition processing, and the foils before
and after Li plating/stripping were investigated with using a Scanning
Electron Microscope (Hitachi SU8010).

2.3. Li plating/stripping tests and cycling performance tests in liquid
electrolyte

Standard CR2016-type coin cells were assembled in an Argon (Ar)
filled glove box for all liquid-based electrochemical testing, including Li
plating/stripping stability tests, Coulombic efficiency tests, electro-
chemical impedance spectroscopy (EIS), and full-cell cycling tests. For
Li plating/stripping and Coulombic efficiency tests, a piece of Li foil
with thickness of 0.25mm was used as the counter electrode, while the
electrodeposited Cu foil was used as the working electrode. The elec-
trolyte was 1M LiTFSI (99.95%, Sigma-Aldrich) in DOL/DME (1,3-
Dioxolane, 99%, Sigma-Aldrich/1,2-Dimethoxyethane, 99.5%, Sigma-
Aldrich) in 1:1 vol ratio. No additive was used unless otherwise noted.
The Li plating/stripping behavior was tested under current density of 2
and 8mA cm−2 for 1 and 4mAh cm−2, respectively, in each cycle with
using an Arbin BT2043 battery cycler. Bare Cu foils (b-copper) with no
deposition and electrodeposited Cu foils with nanometer-sized structure
(n-copper) were tested under the same conditions for comparison. In
further electrochemical tests, n-copper was used. Columbic efficiency
was calculated based on the ratio of Li stripped to Li plated. One wt%
LiNO3 was added into the electrolyte in this test to stabilize the solid-
electrolyte-interphase (SEI). The cell was first cycled between 0 and 1 V
(versus Li+/Li) at 50 μA for 5 cycles to remove surface contamination
and stabilize the SEI. Then, 1mAh cm−2 of Li was plated onto the Cu
current collector under a 1mA cm−2 current density, followed with
charging to 0.5 V under a current density of 0.5mA cm−2. EIS mea-
surement was conducted using a Bio-Logic MP3 impedance spectro-
meter in the frequency range of 100 mHz and 100 kHz. For the full-cell
tests, LiFePO4 (MTI Corp.) was blended with carbon black (Super P,
MTI Corp.) and Polyvinylidene fluoride (PVDF) (Sigma-Aldrich) with a
weight ratio of 8:1:1 as the cathode. The cathode film was made using a
typical doctor-blade method, with using N-Methyl-2-pyrrolidone (NMP)
(J.T. Baker) as the solvent and applying the slurry onto an aluminum
foil with an areal capacity of ~0.73mAh cm−2. 2 mAh cm−2 Li was
electrochemically deposited onto n-copper to be used as the anode. The
full cell was assembled and tested under the rate of 1 C between 2 and
4.2 V. One wt% LiNO3 was added into the electrolyte. All the reaction
and measurements were conducted under room temperature.

2.4. Preparation of solid-state symmetric cells

The solid-state symmetric cells were fabricated as follows: the n/b-
copper was used as the working electrode, as-synthesized Li6PS5Cl (see
Supporting information for the process of synthesis) was used as the
solid electrolyte, and Li foil was used as counter and reference elec-
trode. The three components were added in order into a polycarbonate
tube (12.7mm inner diameter) and pressed together under a pressure of
50 bar. Finally, the tri-layer assembly was sandwiched between two
stainless steel rods which were used as current collectors. The solid
state symmetric cells were tested under the same electrochemical
parameters as the symmetric coin cells.

2.5. Preparation of solid-state full cells

The solid-state Li@Cu/ Li6PS5Cl /TiS2 full cells were fabricated as
follows: a composite of TiS2 and Li6PS5Cl (9mg, TiS2: Li6PS5Cl= 1:2 in
weight) was used as the cathode, with Li6PS5Cl (150mg) as the solid
electrolyte, and pre-lithiated Li@Cu as the anode. The anode was pre-
lithiated by plating 2mAh cm−2 of Li onto the n-copper foil in a sym-
metric coin cell and disassembled in the glove box. The tri-layer full cell
was set in a polycarbonate tube (1.27mm in diameter) and pressed
together under 50 bar and then sandwiched between two stainless steel
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current collectors.

3. Results and discussion

3.1. Processing and characterization of electrodeposited Cu current
collector

To create more nucleation/deposition sites on the surface of the
current collector, an electrodeposition process was used to control
nanometer-sized structure of Cu on the surface of a conventional copper
current collector foil in a 0.5M copper sulfate heptahydrate solution
with PAA-5000 and sulfuric acid as additives. Fig. 1a shows the XRD
patterns of the bare and deposited samples and it can be clearly seen
that only metallic Cu phase is formed in both electrodeposited films.
The insets in Fig. 1a show the photographs of these samples. The
nanometer-structured Cu foil sample (hereby denoted as n-copper)
shows a dark color, likely due to strong absorption of visible light by the
nano-porous film on the surface, unlike the bare copper foil (hereby
denoted as b-copper). Fig. 1b and c show the SEM images of b-copper

and n-copper respectively. The n-copper film has a porous 3-D nanos-
tructure consisting of interconnecting primary particles of ~50 nm and
the porosity was estimated to be ~76% (see Supporting Information for
calculation). Careful analysis of the microstructures indicates that the
size of the primary particles, the porosity, and the surface morphology
of the porous Cu films can be tuned in a wide range by the type and
amount of additives used, which form intermediate complex at the
copper substrate and function as seeds to form nanoclusters [46]. The
optimal condition of electrodeposition, including the concentration of
additives and the deposition time, was determined by a series of tests.
Both homogeneity and porosity of the deposited layer are critical for
the subsequent electrochemical tests. We expect that the nanometer-
sized primary particles in the n-copper sample can serve as the de-
position/nucleation sites for Li plating and the high porosity of the
deposited layer may allow more Li storage inside the porous Cu layer, in
addition to the Li plated on the top of the Cu layer. It is worth noting
that the deposited layers in n-copper are very robust and adhere well to
the Cu substrate, implying a good electrical connectivity and good
mechanical integrity. The deposited n-copper layer is typically of

Fig. 1. a) XRD patterns of bare Cu (b-copper) and electrodeposited nanometer-sized Cu (n-copper). Insets are the corresponding photographs of b-copper, and n-
copper; b) SEM image of b-copper with a scale bar of 50 μm. Inset is the zoom-in view with a scale bar of 5 μm; c) SEM image of n-copper Cu with a scale bar of 5 μm.
Inset is the zoom-in view with a scale bar of 500 nm.

Fig. 2. Voltage profiles of Li plating/stripping of the b-copper and n-copper symmetric cells at a) 1mAh cm−2 and c) 4mAh cm−2, respectively. b) The detailed
voltage profiles from 320th to 340th cycle in a). d) The detailed voltage profiles from 200th to 220th cycle in c).
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~5 μm thick and the copper foil is as flexible as previous and can be
directly used in roll-to-roll processes.

3.2. Li metal plating/stripping behavior

The performance of the n-copper current collectors in Li plating-
stripping cycles in various areal capacities was evaluated in symmetric
Li/Li@Cu cells using a Li counter/reference electrode and a Cu working
electrode, as reported previously [30–40]. For all cells, 2 mAh cm−2 of
Li was first plated onto the electrodeposited Cu current collectors at a
constant current density of 2mA cm−2. Then, the symmetric cells were
cycled with various areal capacities of 1 and 4mAh cm−2, respectively,
with both charge and discharge times of each cycle being set to be 0.5 h
(i.e., with current density of 2 and 8mA cm−2, respectively). The vol-
tage profiles are shown in Fig. 2. In the tests of 1mAh cm−2, shown in
Fig. 2a, the symmetric cell with b-copper shows spiky voltage oscilla-
tions as large as 1 V, implying internal short-circuits, as also reported by
others [30–40], likely due to the formation of Li dendrites. In contrast,
the n-copper cell shows much better cycling stability with reasonably
small voltage amplitude and negligible voltage fluctuations up to 340 h
cycling, indicating significantly improved lithium plating/stripping
stability. Fig. 2b shows the zoom-in voltage profiles of the three cells
within 320–340 h. The voltage amplitude of n-copper is ~ 50mV, in-
dicating low interfacial resistance and facilitated ionic and electronic
conduction, which can be ascribed to the much larger electroactive
surface areas than those of b-copper and a more uniform SEI. The large
active surface area of n-copper foil is ascribed not only to the nanos-
tructured top surface, but also the pores in which electrolyte can easily
throughout percolate. The resistance to interfacial ionic transport is
drastically reduced. In the tests with larger areal capacities of 4mAh
cm−2 (current density 8mA cm−2), n-copper cells also show excellent
stability and far lower resistance than those of the b-copper, as shown
in Fig. 2c and d. In commercial Li-ion batteries with graphite or Si-C
anode, typical areal capacity ranges from 1.5 to 3mAh cm−2 [47,48].
The excellent reversibility and stability in a long time for the n-copper
samples at high areal capacities of 4mAh cm−2 demonstrates the pro-
mise for it to be used in large form cylindrical or pouch cells.

3.3. Morphology evolution of Li deposited on the current collectors

Careful SEM characterizations were used to understand the ex-
cellent cycling performance of the electrodeposited copper current
collector and to explore the Li storage mechanism. Fig. 3 shows the top
view and cross-sectional view of the n-copper foil after Li plating and Li
stripping of various capacities, respectively. In Fig. 3a, the size of the
primary particles obviously increases from ~50 nm in pristine film
(Fig. 1c) to ~200 nm after 1mAh cm−2 plating, indicating substantial
amount of Li is plated onto the surface of Cu particles. Meanwhile, the
porosity of the surface layer visually decreases significantly, implying
that Li is also deposited into the pores. For comparison, images of b-
copper are also provided in Fig. S1, from which large amount of Li
dendrites form on top of b-copper can be seen. With increasing amount
of Li plated to 2 and 4mAh cm−2, it can be clearly seen that the size of
the primary particles further increases to ~400 nm (2mAh cm−2), and
eventually, ~800 nm (4mAh cm−2), yet still with a smooth and gran-
ular surface, as shown in Fig. 3b and c. When the capacity increases to
6mAh cm−2, as shown in Fig. 3d, the individual particles are large
enough to interconnect and form locally flat surfaces where island-like
Li dendrites can grow from, same as what commonly occurs on the
surface of Li foil. The suppression of Li dendrite growth is due to the
direct deposition only on the highly conductive Cu both on top surface
and into the pores, but not on the flat surface of Li.

For Li metal anode, it is confusing to use “theoretical capacity” as
the capacity limit, as the maximum amount of Li deposition that would
not stimulate dendrites growth oftentimes is not a clear cut. Therefore,
we suggest using “practical capacity” to refer to the capacity limit. In

this case, the practical areal capacity of n-copper sample processed with
current electrodeposition parameters seems to be between 4 and
6mAh cm−2. This capacity is higher than the maximum amount of Li
that can be stored in the pores (see Supporting information for calcu-
lation) of the 3-D structure, indicating the structure itself could effec-
tively reduce local current density and accommodate more homo-
geneous Li deposition on top of the structure. However, this value
already exceeds that of commercial graphite anodes and can be further
improved with increasing the thickness and porosity and tuning the
morphology and composition of the deposition layer.

In the Li stripping tests with capacities of 1, 2, 4, and 6mAh cm−2,
the current densities were set at 2, 4, 8, and 12mA cm−2, as shown in
Fig. 3e, f, g, and h, respectively. It is shown that for the tests of 1, 2, and
4mAh cm−2, after stripping, the granular morphology of n-copper is
retained, yet with decreased porosity and increased size of primary
particles, which is mainly due to the remaining SEI covering on the
surface of Cu particles. However, after 6mAh cm−2 deposition, as
shown in Fig. 3h, the stripping of same capacity results in a very dif-
ferent morphology, with irregular matrix of connecting large particles
and some voids.

From the cross-sectional view of Li plating/stripping in Fig. 3(i-l),
there is a clear trend that with increasing plating capacity, the primary
particle size increases throughout the whole thickness of the porous
layer yet with little Li dendrite grown on top of the surface, confirming
the Li storage in the pores and preferably deposit on Cu nanoparticle
sites due to the lower local current density. Compared with bare Cu, the
n-copper offers more nucleation sites for Li to avoid dendrite formation.
With the proceeding of Li stripping, the pristine porous structure can be
largely retained, comparing with cross-sectional view image of pristine
n-copper (Fig. S2). In both plating and stripping processes, the thickness
of the electrodeposited Cu layer does not change significantly, implying
the Li deposition pathway is good for maintaining a more homogeneous
morphology thus relatively constant volume of the anode during cy-
cling. Fig. 3m schematically shows the Li storage mechanism with in-
creasing deposition capacities. When the deposition capacity is small,
the storage in the pores is the major mechanism; while when the de-
position capacity is large, the deposition on the top is the major storage
mechanism. Even after all top surface is covered by deposited Li, be-
cause the top surface still has nanometer sized features and still offers
many nucleation sites. The deposition of Li on the top surface is still
reasonably homogeneous and with no dendrites, until the plating ca-
pacity is too large (in this case, ~6mAh/cm2) and the deposited Li
largely flattens the top surface.

3.4. Electrochemical characterization and testing

Electrochemical cycling tests on symmetric cells with constant-
current plating (cut with designed capacities) and constant-current
stripping (cut with 0.5 V voltage limit) were done and the results are
shown Supporting information (Fig. S3). To evaluate the feasibility of
using this electrodeposited Cu in practical battery systems, full-cell tests
were performed. Both n-copper and b-copper were first pre-lithiated in
a symmetric cell with 2mAh cm−2 of Li. Then the symmetric cell was
taken apart and the obtained lithiated n-copper and b-copper were used
as the anode coupled with a LiFePO4 cathode. Fig. 4a shows the vol-
tage-capacity profiles of the cells with b-copper and n-copper anodes at
0.1 C (1 C=170mA g−1) in a voltage window of 2.0–4.2 V. The cycling
up to 4.2 V may induce some minor gradual loss of the ether-based
electrolyte, but this did not seem to significantly affect the cycling
performance up to 100 cycles. The cell with n-copper anode delivers an
initial discharge capacity of 154.6 mAh g−1, slightly higher than
149.5 mAh g−1 for the b-copper cell. Fig. 4b presents the charge/dis-
charge curves of the cell with n-copper substrate in the 1st, 2nd, and
10th charge/discharge cycles at 0.1 C, showing good consistency of the
voltage profile. In the higher rate cycling tests at 1 C (Fig. 4c), the cell
with b-copper anode presents a capacity decay from 132.6 to

X. Ma, et al.



92.6 mAh g−1 in 100 cycles with a capacity retention of 69.8%. In
comparison, the cell with n-copper anode exhibits excellent cycling
performance. It delivers a capacity of 127.6 mAh g−1 after 100 cycles
and with a capacity retention of 95%. The Coulombic efficiency of the
cell with electrodeposited n-copper anode is ~99.66% at 1 C upon 100
cycles, which is much better than that with b-copper substrate and is
comparable to high performance carbonaceous-based current collector
material [36,39,40]. Though comparable with the reported work, the
capacity fading of the liquid full-cell is slightly faster than that of
conventional half cells with LiFePO4 cathode. This is possibly due to

that our anode has much less Li than Li foil used in half cells and the
irreversible Li consumption resulted from SEI formation and clogged
pores. In short, the electrochemical performance of n-copper used in the
LiFePO4 full cell shows its potential in practical application. A lager
form 5 cm*5 cm single layer pouch cell was also assemble and tested.
The performance is similar to what was obtained in coin cells (see Fig.
S4 in Supplement information), which further demonstrates the scal-
ability of this method.

To explore the possibility of using this novel 3-D nanostructured
current collector in all-solid-state batteries, which is another promising

Fig. 3. Morphology of deposited Li metal characterized by SEM. Top view images of n-copper electrode after Li plating of a) 1mAh cm−2, b) 2mAh cm−2, c)
4 mAh cm−2, and d) 6mAh cm−2. Top view images of n-copper electrode after Li stripping of e) 1mAh cm−2, f) 2 mAh cm−2, g) 4mAh cm−2, and h) 6mAh cm−2.
Scale bars are 5 μm. Insets are the zoom-in view with scale bars of 1 μm; Cross-sectional SEM images of n-copper electrode after i) 1mAh cm−2 and j) 4mAh cm−2 of
Li plating. Scale bars are 10 μm. Insets are the zoom-in views with scale bars of 2 μm; Cross-sectional SEM images of n-copper after Li stripping of k) 1mAh cm−2 and
l) 4mAh cm−2. Scale bars are 10 μm. Insets are the zoom-in views with scale bars of 2 μm. The yellow dotted lines denote the boundaries between n-copper (top) and
Cu substrate (bottom); m) Schematic illustration of n-copper current collector deposited with various amount of Li.
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Fig. 4. a) Charge/discharge profiles of the full cells with Li@b-copper and Li@n-copper, respectively. b) Charge/discharge profiles at 1st, 2nd, and 10th cycle of the
full cell with Li@n-copper electrode. c) Cycling performance and CE of full cells with Li@b-copper and Li@n-copper at 1 C.

Fig. 5. a) Voltage profiles of Li plating/stripping of the solid state symmetric cells (n-copper and b-copper at 1mAh cm−2, respectively); b) The detailed voltage
profiles from 490th–500th cycle in (a); c) Rate performance of Li plating/stripping of the solid-state symmetric cells (n-copper and b-copper at various current
densities); d) Cycling performance of the solid-state Li@n-copper/TiS2 full cells at 0.2 C.

X. Ma, et al.



technology that requires usage of Li-metal anodes, tests were conducted
in both symmetric and full cells. The symmetric cells (Li/Li@Cu) used
Li6PS5Cl (XRD pattern of as-synthesized Li6PS5Cl is shown in Fig. S5) as
electrolyte, Li foil as counter electrode, and b-copper or n-copper as
working electrode. As shown in Fig. 5a, cell with b-copper shows larger
voltage fluctuations, while for the cell with n-copper, excellent cycling
stability as well as much smaller voltage hysteresis is observed and the
performance stays unchanged for more than 500 h (Fig. 5b), indicating
good interface compatibility and stable plating/stripping at the solid-
solid interface as well. Cycling tests at various current densities were
also conducted to evaluate the rate performance. It is obvious that cell
with n-copper current collector exhibits smaller voltage fluctuations
than that of b-copper upon different areal densities (Fig. 5c). An all-
solid-state full cell was also assembled with using pre-lithiated n-copper
as anode and TiS2 as cathode to explore the potential of applications in
all-solid-state batteries. Fig. S6 shows the cross-sectional view of the
assembled all-solid-state battery. As shown in Fig. S7, the solid-state full
cell shows the typical charge and discharge curve of TiS2, which is in
consistent with previous reports [49]. As shown in Fig. 5d, solid-state
cell with n-copper can deliver an initial reversible capacity of
179mAh g−1 at 0.2 C (1 C= 239mA g−1) at 20 °C. After 20 cycles, it
can still maintain a reversible capacity of 156.5 mAh g−1 with a CE of
99.3%, corresponding to the capacity retention of 87.5%. This result
demonstrates the possible practical application of the electrodeposited
n-copper current collector in all-solid-state battery systems.

4. Conclusion

In conclusion, we have demonstrated the capability of electro-
deposited Cu 3-D nanostructures of accommodating Li within its porous
structure and on the top surface, which effectively suppresses Li den-
drite formation and provides a very high practical Li storage areal ca-
pacity of> 4mAh cm−2. The full cell tests with using both liquid
electrolyte and solid electrolyte show exciting high performances. Most
importantly, this facile one-step electrodeposition method is very
scalable for mass production. One easy configuration to realize it in
industrial scale is schematically shown in Fig. S8. The 3-D structure of
Cu can be simultaneously deposited on both sides of standard Cu foils
for bi-polar designs. The nanoporous layered electrodeposition coated
Cu foil can be produced with very low cost and this foil can be seam-
lessly incorporated into current Li-ion battery production lines with no
major changes required. In addition, this current collector can be used
not only in Li-ion, but also in Li-S and Li-O2 batteries, providing cathode
problems solved. The electrodeposition method also provides a lot of
flexibility and tunability of the deposited structure, which suggests
more Li may be accommodated and ultrahigh energy density batteries
may be developed along this promising approach.
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