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Abstrac

P

The dowmblessidedmeoated electrodes with active materials are widely used for commercial Li-ion
batteries hher energy density. Accordingly, developing an anode current collector that can

accommodate thef$table and homogeneous Li plating/stripping on both sides will be highly desired

C

for practicdlLi | batteries (LMBs) with better performance. Herein, an integrated bidirectional

S

porous Cu (IBP-Cu) film with a through-pore structure is fabricated as high-performing Li metal hosts

U

using the ntering method. The resultant IBP-Cu current collector with tunable pore volume

andsize e its high mechanical flexibility and stability. The bidirectional and through-pore structure

n

enables the IBP-Cu host to achieve homogeneous Li metal deposition and effectively suppresses the

a

dendritic L Impressively, the as-fabricated Li/IBP-Cu anode exhibits a remarkable capacity of

up to 7 cm* for deep plating/stripping, outstanding rate performance, and ultralong cycling

ability Coulombic efficiency of ~100% for 1000 cycles. More practicably, a designed pouch

¥

cell coupled with one Li/IBP-Cu anode and two LiFePO, cathodes exhibits a highly elevated energy

r

density (~ ompared with a pouch cell with one anode and one cathode. Such design of a

bidirection s Cu current collector with stable Li plating/stripping behaviors suggests its

promising p, applications for next-generation Li metal batteries.

n

1. Introdugtion

t

The speci y density of the state-of-the-art Li-ion batteries based on graphite anodes

U

has almost reachgd the theoretical limit (~350 Wh kg), which is still far below the increasing

A
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requirement of high-energy-density applications.[** Among various anode materials, Li metal

is regarded as the ultimate anode material due to its high theoretical specific capacity (3860

mAh g) redox potential (-3.04 V versus standard hydrogen electrode).[613! This
motivates research efforts in next-generation batteries, such as Li-S, Li-O», Li-CO;
H I

batteries.® 21 However, the commercialization of the Li metal anode is still hindered by its

[

huge vo@ change and uncontrolled dendrite growth during the repeated
plating/strigpigBaThese drawbacks will cause a series of issues, e.g., irreversible capacity loss,
low Coulombic efficiency (CE), internal short circuits, and even battery explosion-?2-2¢! To
address taes, considerable efforts have been focused on optimizing electrolytes,?7-31
introducir@icial SEl layers,32371  modifying separators,'®841 and designing
nanostrucm‘“ﬂ However, the fundamental problem of Li dendrite growth remains to be
solved as “Li“Metal anodes are operated under high current densities and deep
pIating/strlpEcycling.[“s49] Thus, developing an easy approach to overcome volume
expans ieve dendrite-free Li anodes with high stability at high current density and
deep platifig/stripping conditions is of great significance.

Porousith optimized mass and charge transport behaviors have been widely

developed le uniform Li deposition and mitigate the stress and volume change of Li
metal ﬁAmong the reported hosts for Li metal, 3D porous Cu is regarded as a
promising r stabilizing Li since Cu is the commercialized current collector for Li-ion
batteries ils®3D porous structure can effectively regulate the deposition behavior of Li

<
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metal. Up to now, tremendous progress has been made for the mechanisms of preventing Li
dendrite irowth by employing 3D porous Cu films as current collectors for Li metal anodes,
including igiing a large electroactive surface area, decreasing local current density, and
affording Qiﬁusion channels to enable the ions transport.>>1 OQverall, the porous
H
structure s the Cu current collector plays the most important role in the above-mentioned
working n@ms. Optimizing and modulating the porous structure of the Cu host will be
desired foggfu r improving the overall electrochemical performance for Li metal anodes.
However, the current previously reported 3D porous Cu for Li metal batteries only used one

side to aadate Li plating/stripping. We assumed that it will be practicable to use

powder si!tered porous Cu as a bidirectional Li plating/stripping host to make full use of the

through-pmcture feature of the porous Cu, i.e., use one anode coupled with two
sifc

cathodes ch a design can greatly reduce the mass ratio of the current collector in Li

metal ano increase the energy density of the batteries.

Enlighten by that powder sintering is a facial method for fabricating 3D porous Cu with
tunable pwzr 631 we here fabricated an integrated bidirectional porous (IBP-Cu) current
collector @ tunable through-pore structure for ultrastable Li metal anode through
sintering Cugmiceopowders. Impressively, the IBP-Cu incorporated with Li (Li/IBP-Cu) exhibits

extrao cture stability over 4000 h under 1.0 mA cm™ and 1.0 mAh cm™ in the

T

symmetriﬂen under an extremely deep plating/stripping condition (7.0 mAh cm),

Li/IBP-Cu

<
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cycles. By coupling with LiFePO4 (LFP) or S cathode, the coin cells with Li/IBP-Cu anode show

significantly improved electrochemical performance in capacity, rate capability, and cycling

performa pared to the cells with Li/planar Cu (Li/PL-Cu) anode. Most importantly, the

LFP|Li/IBQ@uch cell using IBP-Cu as bidirectional current collector significantly
I I

increases ¥he anode utilization and result in an improvement of ~187.5% for the energy

£

density th@n the BFP | Li/IBP-Cu pouch cell. The electrochemical performance of IBP-Cu as host

G

for Li metw is among the best for the reported porous Cu current collector. Such an
easy and scalable method for fabricating integrated bidirectional porous Cu film as the current
collector f; ogeneous Li deposition not only suggests the feasibility of bidirectional

porosity 1sign for high-performing Li metal anode but also demonstrates its great potential

for futuremions.
2. Resu isgussion
The ass lating and stripping processes of metallic Li on planar Cu, unidirectionally

porous Cu, and IBP-Cu current collectors are schematically illustrated in Fig. 1. Owing to the

disorder ted nucleation site of the planar surface, dendritic Li tends to grow on PL-

Cu after tted plating/stripping. For the unidirectionally porous Cu, i.e. the dense Cu

substrate rous surface, its dense inner structure is not favorable for high current

collect n and will result in a low mass loading of Li. In contrast, the IBP-Cu current

o=

collector :ble for bidirectional stable Li plating/stripping due to the through-pore
u

architect high surface area and well-distributed pores. Besides, the highly porous

<
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structure is beneficial for reducing the host mass. To study the influence of pore structure on
Li deposition behavior, COMSOL Multiphysics was conducted to simulate the current density
and Li* com distribution (Figure 1b,c,d). The current density on the IBP-Cu current
collector i n the planar Cu (PL-Cu) because of the larger outer and inner surface
H
area of th&porous Cu skeleton (Fig. S1). In addition, the current density in the inner porous
Cu skelet is myeh larger than that on the outer surface, resulting in preferential nucleation
and depos mu inside the skeleton. Besides, the IBP-Cu also shows better wettability than

the PL-Cu, which should be ascribed to the porous structure (Figure S2, S3). According to the

H

first Fick" d Poisson's equation, the diffusion flux of Li* near the current collector
surface is @to the electric field and the concentration gradient of Li-ion (Figure 1d).[6%]
The IBP- C a more homogeneous Li* diffusion path, concentration distribution, and
electric f| the PL-Cu, which is favorable for the uniform Li deposition and better

electroche rformances.

Author M
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atic illustration of the effects for three different current collectors on Li
havior. (a) Schematic of Li plating/stripping process on the PL-Cu, unidirectional
Cu current collectors during cycling; schematic diagram for the designed IBP-Cu
model (b) and the corresponding current density (c) and Li-ion concentration (d) distribution in it.

PowdeMg is a facile and low-cost method to fabricate flexible IBP-Cu on a large scale

(Figure 23 m color of the Cu micropowders changes from brick red to light pink after

sintering ( ), indicating the reduction of the oxide layer. This is verified by XRD patterns
(Figure ing temperatures from 600 to 900 °C were applied to control the IBP-Cu
currentc ith optimized morphology and pore structure. Notably, the Cu particles can
be fully in for producing a free-standing film at 750 °C. With increasing the sintering

<
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temperature, the sintering neck grows gradually (Figure S5). Meanwhile, the Cu particles

merged as a result of the highly decreased porosity (Figure S6). The ink penetration and

{

diffusion ients also reveal the porosity evolution of IBP-Cu obtained under different
temperat : can only filter through the IBP-Cu obtained below 800 °C, indicating the
I I

through-p@re structure for the IBP-Cu obtained below this temperature (Figure S3). Under an

optimizedSinterifig temperature of 750 °C, the resultant IBP-Cu exhibits a well interconnected

C

through-page cture with a porosity of 45.19%. Such a highly porous structure is favorable

LS

for reducing the ' mass of the current collector and accelerating the lithium-ion transfer (Figure
2d,e,f).[>% &0 nterconnected structure also enables the IBP-Cu with a highly enhanced

mechanicdl property and high structural stability (Figure S7). Moreover, the interconnected

f

through-p ture of IBP-Cu can be well maintained after changing the thickness (Figure

d

S8). The p mes for IBP-Cu film with a thickness of 100 um obtained at 600, 700, 750,

800, and 9 e 0.131, 0.067, 0.054, 0.053, and 0.003 cm? g, respectively (Figure S9). The

V]

pore si u obtained at different temperatures are all located at around 1 to 100 um

regardlesgiof the thickness change (Figure S10). The areal capacity density of the Li metal

[

accommo IBP-Cu with a thickness of 100 um obtained at 750 °C is estimated to be

~7.77 mAh

O

Table S1). Such an areal capacity density can fulfill most of the present high

Li loadi

N

s and can be improved by further increasing the thickness of the IBP-Cu.[**

{

50, 55, 56]

AU
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Figure 2. Mogical and structural characterizations of IBP-Cu current collectors. (a, b)
Photogra;:cre large-scaled IBP-Cu electrodes; (c) XRD patterns of Cu micropowders

before and\after sintering; (d, e) SEM image for top-view (d) and cross-section view (e) of IBP-
Cu obtaine r 750 °C; (f) porosity of IBP-Cu electrodes prepared at 600 to 900 °C with

the thickn@ss 0 um.

The IBP-Cu film with a thickness of 100 um obtained at 750 °C was specially acquired for
the followin surements due to the well-interconnected through-pore and the highest
areal capacity density of 7.77 mAh cm™ for Li deposition (Figure 2d,e and Table S1). To
investigatshe Li Plating/stripping behavior and structural reversibility of IBP-Cu, ex-situ SEM
observatig @ P-Cu were carried out under different galvanostatic discharge/charge states

(Figure3 a igure S11). Figure 3a shows the 1stand 100th plating/stripping voltage profiles

of the i alf-cell at different discharge/charge states, as marked in Figure 3b-i and

{

Figure S1la-h. As can be seen from Figure 3b-3f and Figure Slla-e, the interconnected

9

through-p e pristine IBP-Cu was gradually filled by the deposited Li with increasing the

A
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discharging time range from 1 to 7 h and finally, resulting in a smooth Li deposition

morpholoiy and an excellent deep plating/stripping performance (7.0 mAh cm™, ca. 90 % of

the theormum Li accommodation capacity). The homogeneous Li plating behavior

is ascribe terconnected through-pore induced homogeneous Li* diffusion path,
I I

concentralion distribution, and electric field (Figure 1c,d and Figure S11b,c). After the

E

depositedfli was @ntirely stripped out from IBP-Cu, its initial porous skeleton maintains (Figure

G

3b,g and Figu 1a,f), indicating the high reversibility of the IBP-Cu current collector during

S

Li plating and ‘stripping. The homogeneous Li plating behavior and well-interconnected

U

through-p BP-Cu still be well maintained even after cycling for 100 cycles, further

confirmingthe homogeneous Li plating behavior and high structural reversibility of IBP-Cu

[

(Figure 3h4 ure S11g,h).

d
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Figure 3. Wi | plating/stripping behavior in IBP-Cu host. (a) Electrochemical plating/
strippi rofile of IBP-Cu half-cell conducted at 1.0 mA cm™2. (b-g) Top-view SEM
images 0 u for the 1st cycle under the pristine states (b), a plating capacity of 1.0 mAh
cm2(c), 3. m2(d), 5.0 mAh cm2(e), 7.0 mAh cm2 (f), and fully-stripped (g). (h, i) Top-
view S f IBP-Cu for the 100th cycle under plating capacity of 7.0 mAh cm2 (h) and

fully-stripped (i).
The eIeSrochemicaI performances of IBP-Cu and PL-Cu as a current collector for Li plating

were first Qted by fabricating half-cells (Fig. 4a, Figs. S12 and S13). The initial CE of the

Li/IBP-Cu an Is 94.6% due to the stable and thin SEI layer formed on the surface of IBP-Cu.

N

The half; f the Li/IBP-Cu anodes can run stably for 1000 cycles at a current density of

{

1 mA cm™#and a cycling capacity of 1 mAh cm2, the corresponding CEs > 99% can be obtained

J

during th -t8rm cycling process (Fig. 4a). The high coulombic efficiency in this study is

attribut e following reasons: (1) the IBP-Cu electrode was pretreated by cycling from 0

A
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to 1V at 50 uA cm2, which can remove the impurities on the current collector surface and

enable the formaiion of a stable SEl film in advance; (2) the relative large specific surface of

IBP-Cu elmn effectively reduce the local current density of the electrode, thus

favorable nd uniform SEI layer formation; (3) the high conductivity of the IBP-Cu
I I

electrode Ns_beneficial for charge transfer, which also favors the formation of a thin and

uniform layel (4) the IBP-Cu current collectors can effectively suppress the growth of

dendrites, ahi nsures the long lifespan of the battery. The n, (nucleation overpotential) of

SC

the IBP-Cu current collector presented at the first cycle is 36 mV, which is much smaller than
52 mV forEu current collector, suggesting the lower Li nucleation obstacle for IBP-Cu

(Fig. S12b)J. To study the effect of deposition amount of Li with pore volume, different

[

thicknessmCu current collectors were tested in the half-cell. As shown in Fig. S14, the

CEs of IBP- o IBP-Cu-500 can achieve 97.9%, 97.3%, 94.6%, 91.6%, 88.9 %, 83.48%, and

73.7% for t ycle, respectively. The CE values for the first cycle decrease with increasing

the thi e IBP-Cu. When the thickness increases to > 300 um, the obtained CE of
these curr!nt collectors drop and exhibit poor electrochemical stability during the long-term

cycling, s irreversibility due to the inferior ion and electron diffusion when the

O

thickness is T00 large. Hence, the optimal thickness of IBP-Cu should be below 200 um to

achiev ctrochemical performance.

th

Symme were assembled to study the Li plating/stripping behavior in IBP-Cu and PL-

U

Cu curren ors (Figs. 4b, c, and Fig. S15). As expected, Li/IBP-Cu based symmetric cell

A
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exhibits a low and stable polarization voltage of ~46 mV for over 4000 h at 1.0 mA cm™ and

1.0 mAh cm™. In contrast, Li/PL-Cu symmetric cell shows a large voltage fluctuation and

sudden vo op at around 460 h, which refers to the internal cell short-circuits caused by
Li dendrit “ABMAL the current densities range from 1.0 to 50.0 mA cm™? with a fixed areal
I I

capacity (&EO mAh cm?, Li/IBP-Cu based symmetric cell also exhibits the much higher rate

capabilityflower Bverpotentials, and longer cycling stability than those for the symmetric cell

C

based on LifP (Fig. S15). The lower electrochemical polarization for IBP-Cu than PL-Cu is

S

attributed to thé following two reasons. Firstly, the continuous conductive skeleton of IBP-Cu

U

with a lar, e area is favorable for reducing the Li nucleation resistance. Secondly, the

abundant(protuberant tips in IBP-Cu can act as the charge centers and nucleation sites for the

f

uniform Li on.

d

By v urrent density from 0.1 to 6.0 mA cm™ with a fixed Li plating/stripping time

of 1 h, the p ation voltage of IBP-Cu based symmetric cells is 10, 16, 20, 28, 40, and 73

mV at the corresponding current densities of 0.1, 0.2, 0.5, 1.0, 2.0, and 3.0 mA cm™2. Even

underad ng/stripping condition (6.0 mAh cm™2), the symmetric cells based on IBP-Cu

still exhibiffa stea@ly voltage hysteresis of 115 mV and show no evidence of a dendrite-induced

failure. ThisjsdR=sharp contrast to the much higher overpotential, lower rate capability, and
shorte£bserved for PL-Cu based symmetric cell, demonstrating the superiority in

QF

{

LE

deep plati ping stability of Li/IBP-Cu over Li/PL-Cu based symmetric cell (Fig. 4c). Such

a good pe ce of IBP-Cu for Li plating/stripping is even superior to most of the other 3D

A
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Cu-based Li metal anodes (Table S2). The superiority of IBP-Cu over PL-Cu as Li anode host was

further examined by coupling with LiFePO4 (LFP) and S as cathodes. The coin cell for both

{

Li|LFP orm with Li/IBP-Cu anodes always shows a much higher capacity and longer
cycling st hose with Li/PL-Cu anodes (Figs. S16-518).
I I

Author Manuscr
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FigureMchemical performance of Li/IBP-Cu electrodes. (a) CEs of the Li

pIating%n the IBP-Cu current collector at 1.0 mA cm™2 and 1.0 mAh cm™. (b) Voltage

profiles I -Cu and Li/PL-Cu based symmetric cells at 1.0 mA cm™ with fixed

plating/st ime of 1 h; (c) Rate performance of the Li/IBP-Cu and Li/PL-Cu based
symmetri different current densities and areal capacity.

The feasibjlity#of IBP-Cu as the bidirectional porous current collector for Li metal battery

This article is protected by copyright. All rights reserved.
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was evaluated in LFP|Li/IBP-Cu|LFP pouch cell. As depicted in Fig. 5a, the pouch cell was

fabricated by sandwiching one Li/IBP-Cu anode between two LFP cathodes. Such a design can

significantlygi ase the utilization of an anode current collector compared with the cell with
one anod ith one cathode. This is favorable for improving the energy density by
I I

reducing tae mass of the anode (Figs. S19 and S20). The initial capacity of the LFP|Li/IBP-

E

Cu|LFP p@is 163.0 mAh gt at 1 C, almost the same as the value of 154.0 mAh glina
typical coi d the value of 163.8 mAh gt in LFP|Li/IBP-Cu pouch cell (Fig. 5b, Figs. S16,
and 521).m0 cycles, the capacity retention of LFP|Li/IBP-Cu|LFP pouch cell is ~86.8 %
(141.5 mLEEesides the initial several activation cycles, the CE for LFP|Li/IBP-Cu|LFP
pouch ceEins ~100% during the following cycling process (Fig. 5c). Furthermore, the
LFP|Li/IBP, pouch cell delivers a much higher gravimetric energy density of 58.65 Wh
kgt than the L i/IBP-Cu pouch cell (31.28 Wh kg!). The significant improvement of energy
density (187 is ascribed to the increased utilization of the anode current collector (Figs.
S19, S e S3). Our demo experiments show that a timer can be powered by one
LFP|Li/IBI§u|LFP pouch cell under both flat and bending states (Figs. 5d,e). Moreover, the
timer can over 96 hours powered by the LFP|Li/IBP-Cu|LFP pouch cell, indicating the

potential o P-Cu current collector for practical applications Figure. 5f-g and Fig. S22).

This article is protected by copyright. All rights reserved.
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Figure 5.
mechanis ssembled LFP|Li/IBP-Cu|LFP pouch cell. (b) Galvanostatic discharge/charge
profiles o I/IBP-Cu|LFP pouch cell at 1 C. (c) Cycling performance and Coulombic

efficienci | Li/IBP-Cu|LFP pouch cell at 1 C. Photographs of a timer powered by
LFP|Li/IBP§Cu | LFP pouch cell upon (d) bending, (e) flat states, and (f-g) long-term endurance

test.

3. Conclusib
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In summary, we developed an integrated bidirectional porous Cu current collector via a scalable
powder-sintering strategy for improving the performances of Li metal batteries. The IBP-Cu with a
weII-intm skeleton improves the electrolyte wettability and ensures the homogeneous
electric fie centration distribution, leading to a uniform Li deposition. Moreover, the IBP-
Cu curreht coNector maintains the through-pore structure during the Li plating/stripping process,

providing a I:rgjurface for the Li accommodation and mitigating the volume change. Consequently,

the Li/IBP- exhibits extraordinary structure stability over 4000 h under 1.0 mA cm™2 and 1.0

mAh cm‘z.Wicated coin cell with Li/IBP-Cu anode and LiFePO, cathode also show improved

electroche:formance in capacity, rate capability, and cycling performance compared to the

cell with anode. Most importantly, the LFP|Li/IBP-Cu|LFP pouch cell with IBP-Cu as

bidirection@l current collector significantly increases the anode utilization and results in a much higher

improvemmergy density (~187.5%) than LFP|Li/IBP-Cu pouch cell. Such a facile and scalable

method for<¥p cing integrated bidirectional porous Cu film provides us a homogeneous Li

deposition collector and the opportunity for increasing the device energy density by elevating

the an

L
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An integrated bidirectional porous Cu (IBP-Cu) current collector with a through-pore structure is
served as an ultra-stable Li metal anode host that exhibits outstanding bidirectional stripping and
plating performance in a practical Li metal battery.
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