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Anode-free batteries possess high energy density and avoid the use of reactive Li during battery fabrication, and
thus are highly desirable for high energy density batteries. However, they encounter fast failure due to the inferior
electrochemical reversibility. One main reason is the fast inactive Li accumulation caused by the coupling of side
reactions and mechanics during complicated Li plating/stripping processes, among which, mechanical stability
of plated Li on current collector is crucial but often ignored. To achieve good electro-mechanical stability, we
construct a stable lithium-metal alloy interphase for Li plating, which sharps the Li deposition morphology and
enhances the connection with deposited Li. The Li-metal alloy possesses reduced Li nucleation energy barrier
and strong bonding with metallic Li, which enables dense and chunky Li deposits with firm connection with the
substrate in sharp contrast the fully peeling off of metallic Li for bare Cu after 50 Li plating/stripping cycles.
A Li-Sn alloy-modified Cu anode displays stable Li plating/stripping cycling with average Coulombic efficiency
of 94.1% for 400 cycles at 1 mA cm™ and 1 mAh cm™2, significantly outperforming the bare Cu electrode. As
a demonstration, in an anode-free cell with Li rich Mn-based cathode, 16.7% increase in capacity and 14.1%
increase in capacity retention for 20 cycles are achieved using alloy-modified anode. This sheds new insights
on the improvement of dynamic mechanical stability between Li deposits and current collector by regulating Li
plating and its connection with the current collector and guides the design of high-performance initial-Li-free

anode.

1. Introduction

Lithium (Li) metal batteries are considered as one of the most promis-
ing rechargeable Li-based batteries with high energy density, due to the
highest specific capacity (3860 mAh g1) and lowest working potential
(—3.04 V vs. standard hydrogen electrode) of metallic Li anode [1-4].
To fully explore the advantage of high energy density, it is highly de-
sirable to integrate ultrathin Li metal anode (e.g., < 25 um) or even
initial-Li-free anode [5-7]. However, ultrathin Li metal suffers poor me-
chanical processability, high chemical reactivity with moisture and oxy-
gen in ambient condition, and poor electrochemical reversibility. In this
respect, anode-free batteries with initial-Li-free anode could avoid the
direct use of metallic Li and maximize the battery energy density, where
the cathodes provide active Li, and metallic Li is deposited on current
collectors during the battery charge process and dissolved during the
subsequent battery discharge process [8,9]. Note that the electrochemi-
cal Li plating behavior on current collectors plays crucial role in the elec-
trochemical reversibility of the initial-Li-free anode [10,11]. Dendritic
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and porous Li deposits with inferior mechanical durability and electro-
chemical reversibility tend to form during Li plating. Dendritic metallic
Li with high surface area reacts with electrolyte, which generates abun-
dant solid electrolyte interphase (SEI) on its surface. During Li stripping,
Li dissolution can take place from the “root” of Li dendrite, and inactive
metallic Li residual wrapped by SEI may be produced due to the mechan-
ical/physical connection failure and loss of electronic contact with the
current collector [1,12]. The active Li and electrolyte would be quickly
consumed, and the inactive metallic Li would aggravate the lithium-
ion diffusion barrier, which deteriorate the Coulombic efficiency and
eventually lead to fast failure of anode-free batteries [13,14]. Thus, it
is urgent to suppress the formation of inactive metallic Li, and improve
mechanical stability and electrochemical reversibility of initial-Li-free
anode.

The ideal electrochemical Li plating/stripping behavior for initial-Li-
free anode involves the formation of uniform and dense electrochemical
Li deposition layer with good mechanical connection with the current
collector, and its complete dissolution. There exists large discrepancy
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for metallic Li plating on different substrates [15,16]. Taking Li metal
and Cu substrates as model systems that are mostly investigated, they
both show large lithium nucleation overpotential, dendritic growth of
metallic Li, and low Coulombic efficiency in widely used carbonate elec-
trolyte [17,18]. Electrolyte additives and Cu substrate interphase design
can regulate the Li plating/stripping behavior and improve the electro-
chemical reversibility [4,19,20]. Typically, gold (Au) and silver (Ag)
species deliver low Li nucleation overpotential. Through structure de-
signs with Au and Ag on substrates, electrochemical Li plating behav-
iors are significantly improved, including carbon hollow particles with
implanted Au nanoparticles, and Ag@polydopamine nanoparticles pro-
tected by graphene oxide [21,22]. However, Au and Ag possess high
cost, and they would dissolve into Li during Li plating and precipitate
out during Li dissolution, leading to possible structural instability of the
electrodes during long-term cycling [16]. Thus, it is highly desirable to
explore advanced current collectors that could regulate Li metal plating
with high electro-mechanical stability and low cost. Besides, the intro-
duction of lithiophilic phases (e.g., lithiated carbon materials and alloys)
in Li has been improved an effective approach to stabilize Li plating be-
havior [23,24].

It still remains unclear that whether and how the substrate can reg-
ulate the electro-mechanical stability of metallic Li, and improve the
electrochemical performance. Li could form stable alloys with various
metal materials that have no (or ultra-low) solubility in metallic Li, such
as tin (Sn), antimony (Sb), and zinc (Zn) [21], and thus would not have
the dissolution problems that novel metals (e.g., Au and Ag) face. Us-
ing current collectors with such metal species, lithiophilic Li-metal (Li-
M) alloys would be first in situ formed before Li plating [25,26]. Thus,
in-plane growth of metallic Li on such Li-M alloy modified substrates
can be expected, and thus good electro-mechanical stability could be
realized. We emphasize that current collector with plane geometry is
ideal for Li metal plating in comparison to other forms, such as three-
dimension (3D) porous structures, since it is beneficial for producing
dense Li metal deposition layer with small accessible surface area to
liquid electrolyte, high packing density and good mechanical stability
[27,28]. Here, we showed the successful design of using Li-Sn alloy in-
terphase on commercial Cu foil in improving the electro-mechanical sta-
bility of initial-Li-free anode. The low Li nucleation energy barrier on
Li-Sn alloy and high binding energy between Li and Li-Sn alloy ensured
the dense and in-planar metallic Li plating with good electro-mechanical
stability. The Li-Sn alloy modified Cu electrode exhibited high electro-
chemical reversibility for 400 cycles at 1 mA cm™ and 1 mAh cm™2
with average CE of 94.1% in a regular carbonate electrolyte, and the
deposited Li metal layer remained intact and was closely contacted with
the Cu foil on cycling. In contrast, the bare Cu electrode displayed much
lower average CE of 82.4%, and failed within 70 cycles, where the Li
deposits peeled easily after 50 cycles. In an anode-free batteries with Li
rich Mn-based cathode, we showed 16.7% increase in cycling capacity
and 14.1% increase in capacity retention for 20 cycles by replacing bare
Cu anode with Li-Sn alloy modified Cu foil anode, suggesting the suc-
cess of the design of electro-mechanically stable initial-Li-free anode. To
show the generality of using Li alloys to regulate Li deposition with good
electro-mechanical stability, we also successfully conducted the studies
of Zn, Al and Sb interphase on Cu foils for Li metal plating/cycling, and
improved electrochemical reversibility were also realized.

2. Experimental
2.1. Materials preparation

Metallic Sn, Zn, Al, and Sb nanolayers coated Cu foils with controlled
thickness were fabricated using magnetron-sputtering, which were la-
beled as Cu/S-Sn, Cu/S-Zn, Cu/S-Al and Cu/S-Sb electrodes, respec-
tively. Before electrode fabrication, Cu foil was cleaned with 20% ace-
tone solution and then 1% HNO; to remove the native oxide layer. A
slurry process was adopted to prepare a Sn particle coating layer on
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Cu foil (Cu/C-Sn) with average active mass loading of ~0.06 mg cm2,
which consisted with 92wt% Sn powder (<1 um) and 8wt% lithium
polyacrylate (LiPAA). Li rich Mn-based cathode (LRM) was purchased
from Guangdong Canrd New Energy Technology Co., Ltd. A slurry
with 80 wt% LRM active materials, 10 wt% carbon black and 10 wt%
Polyvinylidene fluoride (PVDF) was adopted to prepare LRM electrode

with average active mass loading of ~10.0 mg cm™2.

2.2. Materials characterization

Scanning electron microscope (SEM, Nova NanoSEM 450) was used
to investigate the structure and morphology of the as-prepared elec-
trodes before and after Li plating/stripping cycling. Electron probe mi-
croanalysis (EPMA, EPMA-8050-G) was conducted to identify the ele-
mental information and distribution of samples.

2.3. Electrochemical testing

Electrochemical performance was tested using the coin cell config-
uration using polypropylene as the separator. The electrolyte was 1 M
LiPFg in mixed solvents of ethylene carbonate (EC) and dimethyl carbon-
ate (DEC) (1:1 in volume) with 5 wt% fluoroethylene carbonate (FEC)
as additives, unless otherwise stated. Cyclic voltammetry (CV) and elec-
trochemical impedance spectrum (EIS) tests were performed on Biologic
VMP3 electrochemical workstation. CV for Li||Cu/S-Sn and Li||Cu cell
was conducted at a scanning rate of 0.01 mV S~! with the voltage from
0.01 V to 1.5 V. EIS was conducted with the frequency from 100 mHz
to 100 kHz. Initial Coulombic efficiency was tested by plating Li on
substrates at 0.1 mA cm=2 for 10 h followed by stripping Li with the
cut-off voltage of 1.0 V. Coulombic efficiency for Li plating/stripping
cycling was tested in Li||Cu cells. Before electrochemical measurement,
the electrodes were pre-cycled between 0 V and 0.5 V for 5 cycles at
50 pA for activation. The cells were then cycled by discharging for 1 h
and charging to 1.0 V at 1 mA cm2. The electrodes used in anode-free
batteries were also electrochemically activated using the same proce-
dure in half cells. Anode-free cells with LRM cathodes were activated
at 0.1 C (1 C = 200 mAh g!) and then cycled at 0.2 C with potential
range from 2.0 to 4.8 V. The electrolyte for anode-free full cells was
1 M LiPFg in FEC/3, 3, 3-fluoroethylmethyl carbonate (FEMC)/1, 1, 2,
2-tetrafluoroethyl-2’, 2/, 2’-trifluororoethylether (HFE) with a weight ra-
tio of 2: 6: 2.

2.4. Density function theory (DFT) calculation

The DFT calculations were performed with Vienna Ab initio Simula-
tion Package (VASP) code [29]. The Perdew-Burke-Ernzerhof (PBE) was
applied to approximate the exchange-correlation functional. The pro-
jector augmented wave (PAW) method was used for electron and core
interaction [30-32]. The Li,,Sns (352Li, 80Sn) and Cu (256Cu) bulk
structures were constructed. A cut-off energy of 400 eV was used for
all calculations. The convergence criteria for electronic relaxation was
107> eV and the convergence criteria for ionic relaxation was set to be
0.01 eV/A, respectively. All structures were fully relaxed and reached
the required accuracy. The (100), (110) and (111) surface orientations
were considered for surface energy calculation of LiyySng and Cu. All
slab structures were constructed by using material studio. The surface

energy “y” was defined as follows [33]:

Y= (Eslab_Ebulk ) /2A

Where E,;, is the total energy of the slab structure, Ey is the to-
tal energy of the bulk structure and A is the surface area. Based on the
lowest surface energy of Li,,Sns, and Cu, the corresponding surface ori-
entations were used for binding energy calculation. The binding energy
of Li,»Sng and Cu with one Li atom binding on the surface were calcu-
lated. The binding energy E;, was described as follows [34]:

Ep=Equb+1i— (Equb+Eri)
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Fig. 1. Schematic diagram of the initial Li plating process and the evolutions of the morphology and structure of the (a) Cu/S-Sn and (b) Cu electrodes on cycling.
Top-view SEM images of the (c) pristine Cu/S-Sn and (f) Cu electrodes. The inserts were the corresponding digital photos. Cross-section SEM images of the (d) Cu/S-Sn
and (g) Cu electrodes after the 1st Li plating. Cross-section SEM images of the (e) Cu/S-Sn and (h) Cu electrodes after the 50th Li plating. Schematic diagrams of the
evolution of (i, left) Cu/S-Sn and (j, left) Cu electrodes on cycling. The digital photos of the (i, right) Cu/S-Sn and (j, right) bare Cu electrodes at the 50th Li plating
after shaking in electrolyte for 5 s. The test was conducted after Li plating at 1 mA em™2 for 1 h followed by charging to 1 V at same current density to make Li strip

for each cycle.

Where Eg;,,1; is the total energy of the slab structure bonding with
one Li, Eg;, is the total energy of surface structure, and Ej; is the total
energy of one Li.

Interface diffusion of Li and Li,,Sng layers: The Li/Li,,Sns interface
structure was created by binding the four Li layers and seven Li,, Sns lay-
ers together, in which four Li layers consisted 128Li and seven Liy,Sns
layers included 176Li, 40Sn. The ab initio molecular dynamic simula-
tion was performed to study the atomic interface diffusion of Li/Liy,Sns
structure. The atoms on the Li/Li,,Sn5 interface tended to mix together,
which formed the atoms mixing region between Li and Li,,Sns layer and
the height of the atoms mixing region was around 1.85 A. Besides, the to-
tal energy of initial and final Li/Li,,Sng structures were compared. The
initial and final Li/Li,,Sng structure were —742.27 eV and —755.12 eV,
which indicated that the Li/Liy,Sng structure was energetic preference
from initial Li/Li,,Sns structure to final Li/Liy,Sng structure with atoms
mixing region.

The Li/Li,,Sny interface structure was created by binding the four
Li layers and seven Liy,Sn; layers together, in which four Li layers con-
sisted 128Li and seven Li,,Sn; layers included 176Li and 40Sn. The ab
initio molecular dynamic simulation was performed to study the atomic
interface diffusion of Li/Liy,Sns structure. The atoms on the Li/Liy,Sns
interface tended to mix together, which formed the atoms mixing re-
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gion between Li and Li,,Sng layer and the height of the atoms mixing
region was around 1.85 A. Besides, the total energy of initial and final
Li/LiyySng structures were compared. The initial and final Li/Liy,Sns
structure were —742.27 eV and —755.12 eV, which indicated that the
Li/Liy»Sng structure was energetic preference from initial Li/Li,Sng
structure to final Li/Liy,Sng structure with atoms mixing region.

3. Results and discussion

Fig. 1a, b schematically illustrated the initial Li deposition processes
and the evolutions after cycling on Cu current collectors with and with-
out a uniform Sn coating nanolayer fabricated through a magnetron-
sputtering method (denoted as Cu/S-Sn foil and Cu foil), respectively.
For the Cu/S-Sn foil, the ultrathin Sn layer is first electrochemical lithi-
ated to form Li-Sn alloy (Liy»Sns for complete reaction), which is lithio-
philic, and delivers low Li nucleation energy barrier [35,36]. Impor-
tantly, the phase of Liy,Sng would not take in more Li and its structure
would remain stable during the subsequent Li plating/stripping, and
thus could enable in planar deposition of metallic Li with good electro-
mechanical stability. Due to the large lattice difference of Li and Cu,
Li shows huge energy barrier for nucleation and growth on Cu surface
[37,38]. Dendritic Li tends to form and expand, causing large accessi-
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ble surface area to organic electrolyte and severe side reactions between
them. During the subsequent cycling processes, Li dendrites dissolve and
reform, and their whisker and porous morphology is likely to lose elec-
tronic connection at the root of some Li dendrites during their dissolu-
tion, leading to the accumulation of residual inactive metallic Li and the
formation of porous Li layer [1,39].

The morphology and structure of the deposited Li on Cu/S-Sn and
Cu electrodes were investigated by SEM. Top-view SEM images of Cu/S-
Sn foil (Fig. 1c¢) showed smooth surface with dense and uniformly dis-
tributed Sn nanoparticles (<100 nm), in sharp contrast of the initial
rough surface of Cu foil (Fig. 1f). The inserted digital photos showed the
initial golden yellow of Cu foil turned gray after sputtering, suggesting
the successful formation of Sn surface layer on Cu substrate. The Cu/S-
Sn electrode possessed uniform and compact initial Li deposition layer
after plating 1 mAh cm2 of metallic Li (Fig. 1d), in sharp contrast to the
dendritic Li deposits on the bare Cu electrode (Fig. 1g). The thickness
of the Li deposition layer on Cu/S-Sn electrode was about 5 pum, close
to the theoretical thickness of a completely dense Li metal layer with an
area capacity of 1 mAh cm2, while the thickness of Li deposits reached
over 10 um for the bare Cu electrode, indicating their porous structure.
Top-view SEM images showed smooth surface of the Li deposits after 10
Li plating/stripping cycles (Fig. S4a), which was very different from the
mossy Li deposits on the bare Cu electrode (Fig. S4b). With the Li plat-
ing/stripping cycle number increasing to 50, flat Li deposition layer was
still maintained for the Cu/S-Sn electrode (Fig. 1e). In contrast, a loose
and porous Li structure was observed for the bare Cu foil electrode due
to the dendrite Li expansion, and inactive metallic Li and SEI accumu-
lation (Fig. 1h). Even after 150 cycles, planar Li deposition layer with
dense structure was still achieved for the Cu/S-Sn electrode, revealing
the superior structural stability of the Cu/S-Sn electrode (Fig. S5). The
cross-section SEM images further revealed the stable structure of de-
posited metallic Li layer on Cu/S-Sn electrode. It firmly connected with
the current collector and remained dense without obvious avoids after
the 10th (Fig. S6a) and 50th Li plating (Fig. 1e), which was strongly
related with the in-planar Li deposition behavior and the strong binding
between the metallic Li and Li-Sn alloy interphase on current collector.
In sharp contrast, the cross-section SEM images showed that there ex-
isted large abundant avoids or even gaps between the Cu current collec-
tors and the deposited layer in the observed area (Figs. S6b, 1h). These
results indicated the poor electro-mechanical stability of the metallic Li
plating on the Cu electrode. It caused the loss of mechanical and elec-
tronic connection between the active layer and current collector, which
lead to fast electrochemical failure as well.

We further compared the mechanical stability of the Li deposits on
Cu/S-Sn and Cu current collectors to support the robust planar Li depo-
sition on Cu/S-Sn substrates. Fig. 1i, left and j, left schematically showed
the morphologies and structures of Li deposits on Cu/S-Sn and Cu cur-
rent collectors, respectively. Compact in-planar Li deposits with strong
binding with the current collector would help to realize close connec-
tion with the current collector, suppress the increase in impedance, and
reduce the risk of the loss of electronic contact, which support highly
reversible Li plating/stripping cycling. In contrast, repeated dendritic
Li growth and its incomplete dissolution would lead to fast accumu-
lation of inactive Li, and the formation of porous and loose Li layers
with weak connection with the bare Cu substrate, which would easily
lead to the loss of electronic contact between the deposited metallic Li
and the substrate, and even their complete separation. Experimentally,
the Cu/S-Sn electrodes with 1 mAh em™ Li plating after different cycles
were taken out from the cells and rested in electrolyte. After mechanical
shaking, the electrolyte with the Cu/S-Sn electrode after the 10th (Fig.
S7a, b) and 50th (Fig. 1i, right) cycle-Li plating remained clear, and no
shedding metallic Li was observed in the electrolyte, which strongly sup-
ported the good electro-mechanical stability of the Cu/S-Sn electrodes.
Such electro-mechanical stability on cycling was beneficial for reducing
the accumulation of inactive Li on cycling, which supported the high
Coulombic efficiency of Cu/S-Sn electrode. In sharp contrast, the de-
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posited metallic Li on the Cu current collector showed fast separation
with the substrate in electrolyte after shaking. The electrolyte with the
electrode after the 10th-cycle Li plating became turbid (Fig. S7c, d), and
the situation become even worse after the 50th cycle (Fig. 1j, right). The
electrolyte turned turbid completely and large gray/black deposits were
dispersed in the entire suspension after immersion of the Cu electrode
without shaking, and the deposits were fully peeled after 5 s-mechanical
shaking. Thus, the planer Li plating behavior and its firm connection
with the current collector enabled long-term electro-mechanical stabil-
ity, which became one of the main reason for the enhanced electrochem-
ical performance of the Cu/S-Sn electrode. The good electro-mechanical
stability of Cu/S-Sn electrode on Li plating/stripping cycling ensured the
high utilization of active Li and reduced the accumulation of thick inac-
tive and porous Li layer on electrode, giving great potential for the in-
hibition of cell failure. Fig. S8 showed the EIS results of the Li||Cu/S-Sn
and Li||Cu cells after the 1st and 50th Li plating cycles. The Li||Cu/S-
Sn cell delivered much lower interface impedance (~24 and 27 ohms
at the 1st and 50th Li plating, respectively) than that of the Li||Cu cells
(~38 and 45 ohms at the 1st and 50th Li plating, respectively). This
result supported the reduced side reactions and suppressed inactive Li
formation due to the introduction of Cu/S-Sn electrode.

The Coulombic efficiency for the initial Li plating/stripping cycle
was tested to show the enhanced electrochemical performance for Cu/S-
Sn foil electrode in half-cell configuration (Fig. S9). The value of initial
Coulombic efficiency of the Cu/S-Sn electrode reached as high as 97.1%
in carbonate electrolyte, much high than 93.5% for that of the bare Cu
electrode counterpart. The Coulombic efficiency measurement on cy-
cling was conducted to show the advancement of Li-Sn alloy interphase
layer of Cu/S-Sn electrode in improving the electrochemical Li plat-
ing/stripping reversibility. The results showed that Cu/S-Sn electrode
not only delivered much longer lifespan (Fig. 2a) but also possessed
higher Coulombic efficiency on cycling (insert in Fig. 2a) in comparison
to bare Cu electrode. Stable Li plating/stripping cycling with average
Coulombic efficiency of 94.1% for 400 cycles was realized for the Cu/S-
Sn electrode at 1 mA cm™2 and 1 mAh cm in carbonate electrolyte,
while the bare Cu electrode showed much lower average Coulombic ef-
ficiency of 82.4% and it failed within 70 cycles under the same test
conditions. The results of Coulombic efficiency tested at 1 mA cm=2 and
3 mAh cm2 (Fig. $10), and 2 mA cm™2 and 2 mAh cm~2 (Fig. S11)
also supported the significantly improved cycling stability and highly
reversible Li plating/stripping cycling of the Cu/S-Sn electrode in dif-
ferent test conditions.

The rate capability of Cu/S-Sn electrode was also conducted at differ-
ent current density and area capacity conditions. With fixed deposited
Li capacity of 1 mAh cm2, Cu/S-Sn electrode delivered highly sta-
ble cycling behavior at different current densities (0.5, 1, 2, 3, and
0.5 mA cm2 for every 30 cycles), and exhibited high Coulombic ef-
ficiency above 91% for all the current conditions (Fig. S12). Instead,
bare Cu electrode showed lower average Coulombic efficiency and fast
failure in less than 100 cycles (Fig. 2b). Moreover, large fluctuation in
values of Coulombic efficiency from 91.7% to 84.0% was observed for
the Cu foil electrode on cycling tested at 2 mA cm™2, in sharp contrast to
the stable values with small change from 95.2% to 93.5% for the Cu/S-
Sn electrode, indicating the much improved stability and reversibility of
the Cu/S-Sn electrode. The voltage profiles in Fig. 2c showed the every-
increasing voltage polarization of Li||Cu cells during cycling, indicating
the increased impedance caused by the deteriorated electro-mechanical
stability and accumulated Li loss. The Cu/S-Sn electrode also showed
advancement in electrochemical measurement at different area capaci-
ties (0.5, 1, 2, 3, 0.5 mAh cm™2) with fixed current density of 1 mA cm=2
(Fig. 2d). It showed stable Columbic efficiency with average value of as
high as ~95.0% at different fixed areal capacity for each 30 cycles (Fig.
$13). As comparison, the values of Coulombic efficiency for the Cu elec-
trode started to decrease quickly when the areal capacity switched to
3 mAh em2, and dropped to ~0% in 30 cycles. When the current den-
sity returned to 0.5 mAh cm™2, the value remained at 0% and could not
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Fig. 2. (a) Plots of Coulombic efficiency of Li||Cu/S-Sn and Li||Cu cells. The tests were conducted via plating Li on Cu/S-Sn and Cu substrates at 1 mA cm™2 for
1 h followed by charging to 1 V at same current density for each cycle. (b) Columbic efficiency of Cu/S-Sn and Cu electrodes cycled with Li plating capacity of
1 mAh cm and different current densities (0.5, 1, 2, 3 and 0.5 mA ¢cm™2) , and (c) the corresponding voltage profiles with time. (d) Columbic efficiency of Cu/S-Sn
and Cu electrodes cycled at current density of 1 mA em™2 and different Li plating capacities (0.5, 1, 2, 3 and 0.5 mAh cm), and (e) the corresponding voltage
profiles with time. The cells were cycled for 30 cycles at each current density condition and areal capacity condition, respectively.

be recovered to a high value, indicating the complete failure of the bare
Cu electrode. The voltage profiles of the Cu/S-Sn electrode and the bare
Cu electrode were shown in Fig. 2e. Stable voltage profiles with low po-
larization were observed for the Cu/S-Sn electrode during the full cycle
operations under different areal capacities conditions, while the obvi-
ous increase of polarization and short-circuit occurred for the bare Cu
electrode with cycling. These results indicate the great advancement of
using Cu/S-Sn foil electrode to reduce active Li loss and improve the
electrochemical performance in high-energy-density LMBs systems.
The electro-mechanical stability of the Cu/S-Sn electrode and the
related mechanism behind were further investigated using both experi-
ment and theoretical simulation. The nucleation overpotential is defined
as the value for the voltage difference between the bottom of voltage dip
and the Li plating flat, which is an important parameter for the evalu-
ation of current collectors for Li plating. At different current densities
of 0.01 (Fig. S14), 0.1 (Fig. S15) and 3 mA cm2 (Fig. S16), the Cu/S-
Sn electrode delivered significantly reduced Li nucleation overpotential
in compared to the bare Cu electrode counterpart (Fig. 3a). The small
Li nucleation overpotential arose from the lithiophilic nature and low
nucleation energy barrier of Li-Sn alloy, which was critical for the sub-
sequent Li plating/stripping cycling [40,41]. The cyclic voltammetry
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(CV) curves of Li||Cu/S-Sn cell (Fig. 3b) clearly revealed the alloying
reaction of Sn during the cathodic scan. The reduction peaks at ~0.39 V
suggested the formation of Liy,Sng phase before Li metal plating [42].
As comparison, Li||Cu cell only showed broad peaks between ~0.56 and
~0.90 V, corresponding to the formation of SEI and the reduction of ox-
idation layer on the Cu foil surface (Fig. 3c) [43]. The simulation results
showed that Li diffusion into Li,,Sng layer tended to occur at the con-
tact interface (Fig. 3d—f), indicating good affinity between the deposited
metallic Li and the Li-Sn alloy substrate.

We further conducted the calculations of binding energy between Li
and Li,,Sng (Fig. 3g, j), and between Li and Cu (Fig. 3h, k). The cal-
culated binding energy was —0.53 eV between Li and Li,,Sns, in sharp
comparison to 0.18 eV for that between Li and Cu. These results sup-
ported the preferential deposition of metallic Li on Li-Sn substrate rather
than Cu substrate, in agreement with the lower Li nucleation energy bar-
rier of Li-Sn substrate than bare Cu substrate [35,44]. These calculated
results were confirmed by electrochemical Li deposition experiments,
which were carried out by plating Li on a Cu mesh coated with S-Sn on
Cu foil substrates (Fig. $17). With a low area capacity of 0.1 mAh cm2
(Fig. 3i), electrode with ultrathin Sn layer showed a dispersive distri-
bution of deposited Li on the skeleton and no metallic Li deposits were
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Fig. 3. (a) Comparison of the Li nucleation overpotential on Cu/S-Sn and Cu electrodes at different current densities. (b, ¢) CV results of the Li||Cu/S-Sn and Li||Cu
cells, respectively. (d-f) Simulation results of the interface diffusion between Li metal layer and Li,,Sns layer. (g, j) Calculation results of binding energy between Li
and Li,,Sng. (h, k) Calculation results of binding energy between Li and Cu. (i) SEM images of electrodes of Cu mesh with S-Sn on Cu foil after plating of 0.1 and (1)

1 mAh em™ Li at 0.1 mA cm™2.

observed on the bottom Cu substrate, showing the preferred Li plating
on Li-Sn substrate. With the increase of area capacity to 1 mAh cm2,
increased amount of Li deposits were observed on the skeleton of the
Cu mesh with ultrathin Sn layer, and the Cu foil substrate kept Li free
(Fig. 31). In contrast, Li was randomly plated on both the Cu foil sub-
strate and the skeleton of the Cu mesh for the electrode consisting of
Cu mesh on Cu foil electrode (Fig. S18). The preferential deposition of
metallic Li on the Sn-coated Cu skeleton rather than the bare Cu sub-
strate further verified the superiority of Sn (Li-Sn) layer for regulating
the lithium plating/stripping behavior in LMB systems. As probed above,
the Cu foil electrode with Sn layer possessed reduced Li nucleation bar-
rier and Li tended to be deposited on the Sn modified surface with good
mechanical connection, which would be helpful for suppressing den-
dritic Li growth and reducing Li loss during Li plating/stripping cycling,
and improve the lifespan of batteries.

Cu/S-Sn electrode delivered planar Li deposition morphology with
good connection with the current collector and highly reversible Li plat-
ing/stripping behavior, showing great potential for high-energy-density
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LMBs. To reduce the cost and make good compatibility with the exist-
ing industrial application, we fabricated Sn coated Cu foil electrode via a
slurry processing approach (Fig. 4a) with an ultralow Sn mass loading of
0.06 mg cm™2 (defined as Cu/C-Sn, Figs. $19 and $20). As expected, the
Cu/C-Sn electrodes shared similar electrochemical characteristics for Li
electrochemical plating/stripping behavior with the Cu/S-Sn electrode.
It delivered low Li nucleation overpotential of ~8.0 mV during the ini-
tial Li deposition processes (Fig. $21) in comparison to 18.3 mV for the
bare Cu foil electrode at the same test conditions (Fig. S14b). Also, the
Li deposits on the Cu/C-Sn electrode were chunky and compact, with-
out producing undesirable dendritic Li (Fig. $22). During the electro-
chemical Li plating/stripping cycling, the Cu/C-Sn electrode delivered
high average Coulombic efficiency of 95.4% for 250 cycles (Fig. 4b) at
1 mA cm™2 and 1 mAh cm2, showing the generality of using Sn species
in improving the electrochemical Li plating/stripping behavior. Besides,
the fabrication of Sn-particle coating layer was robust for using different
commercial binders and they shared similar electrochemical behaviors
for the as-achieved Cu/C-Sn electrodes (Figs. S23-25). Better cycling
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stability could be achieved by further optimization for the size of Sn
particles, slurry viscosity, and the binder species. Similar with the Cu/S-
Sn electrode, the Cu/C-Sn electrode also showed uniform Li deposition
morphology with long-term cycling (Figs. $26 and S27), revealing the
successful extension of using such a slurry coating approach for improv-
ing the Li plating/stripping cycling.

Based on the evaluation of using Sn (Li-Sn) containing substrates for
electrochemical Li plating/stripping cycling, its application in anode-
free batteries was further explored. Li rich Mn-based cathode (LRM)
showed great potential in the application of high energy density batter-
ies due to its high reversible capacity and considerable cycling stability
at high charge cut-off voltage. LRM||Cu/C-Sn cell delivered similar ca-
pacity (201.2 mAh g™1) to that of the LRM||Cu cell (201.8 mAh g~1)
for the 1st cycle and showed 16.7% higher capacity after 20 cycles.
Also, the LRM||Cu/C-Sn cell delivered average Coulombic efficiency of
99.4% in comparison to the LRM||Cu cell (98.5%, Fig. 4c). The specific-
capacity curves of the LRM||Cu/C-Sn cell and LRM||Cu cell were com-
pared (Fig. 4d). The LRM||Cu/C-Sn delivered lower voltage polariza-
tion at the 1st and 20th cycles than that of the LRM||Cu cell, indicating
the significantly enhanced electrochemical reversibility for the Cu/C-Sn
electrode.

It is revealed that Li-Sn (Sn) could enable good electro-mechanical
stability and highly reversible Li plating/stripping cycling, which fea-
tures low nucleation overpotential of metallic Li and planar Li deposi-
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tion behavior with good connection with the substrates. With no solu-
bility in Li, the Li-Sn alloy functions as stable interphase that regulates
electrochemical Li deposition. Based on the understanding of Li-Sn alloy
for electrochemical Li plating/stripping, we believe that reversible and
stable Li plating/stripping cycling could also be achieved in some other
Li-M alloy containing substrates, which possess no or lower solubility in
Li. Experimentally, Cu/S-Zn, Cu/S-Al and Cu/S-Sb electrodes delivered
lower Li nucleation overpotential, suppressed Li dendrite formation and
stable electrochemical Li plating/stripping cycling (Figs. $28-S31).

In summary, we have revealed that electro-mechanical stability
plays important role in electrochemical cycling of initial-Li-free anode,
and Li-Sn alloy (Sn) containing substrates could regulate the Li plat-
ing/stripping behaviors, and enable good electro-mechanical stability
on cycling. Experimentally, we fabricated a Cu/C-Sn electrode through
a facile slurry coating approach for anode-free battery systems. Com-
pared with bare Cu, Li-Sn substrate delivered lower Li nucleation energy
barrier, good affinity and higher binding energy with Li. During Li plat-
ing, uniform and dense Li deposits forms, which is close contact with
the current collector formed, which significantly suppressed the side re-
actions, and enhanced the electrochemical reversibility. Furthermore,
other metal elements (Zn, Al and Sb) for metallic Li plating/stripping,
which could alloy with Li and possess no or lower solubility in Li, were
also investigated and enhanced electrochemical reversibility was also
realized.
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