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The development of lithium-metal batteries (LMBs) is seriously restricted by the out-of-control dendrites
growth and infinite volume expansion. Herein, a pervasive organic-inorganic layer construction strategy
is reported for the composite lithium metal anode with congener-derived organic-inorganic solid elec-
trolyte interphase (SEI). In this strategy, the organic-inorganic Ag@polydopamine (Ag@PDA) layer is coated
on the arbitrary substrates by a simple two-step method. The thin and stable congener-derived SEI is in-
situ formed with fewer inorganic components and more organic components during charging/discharging.
The polydopamine with sufficient adhesion groups and lithiophilic Ag layer realize near-zero nucleation
overpotential during lithium deposition. The low interface resistance and stable lithium deposition are
achieved. Moreover, the practical areal and volumetric capacities of the composite anode with three-
dimensional copper (3DCu) as the substrate are 10 mAh/cm? and 1538 mAh/cm? (vs. the mass of anode).
The symmetrical cell shows very low polarization voltage (10mV) and more than 2500h cycles life at
1mA/cm? (1 mAh/cm?). The LiNiggCop;Mng;0, (NCMS811)-based full cells show improved capacity re-
tention (82%) after 100 cycles at 0.5 C. The modified lithiophilic anode with congener-derived interphase
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provides a promising strategy to realize the next-generation dendrite-free LMBs.
© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Rechargeable batteries with high energy density and long
cycle life are essential for portable electronic devices, electric
vehicles, and large-scale energy storage systems [1,2]. In re-
cent years, lithium-ion batteries based on graphite anode have
found it increasingly difficult in meeting the higher energy den-
sity demand [3,4]. Intensive research on lithium metal batteries
(LMBs), including lithium-sulfur, lithium-air, and lithium metal ver-
sus intercalation-type cathodes [5-7], are enthusiastically pursued.
LMBs have been widely studied because of lithium’s ultra-high
volumetric capacity (2061 mAh/cm3, three times the graphite of
719 mAh/cm3) and extremely negative redox potential (—3.04V vs.
SHE) [8]. However, the practical application of rechargeable LMBs
are still hindered by two main problems. First, as a kind of “non-
host” anode, the plating/stripping process of lithium will probably
involve dramatic changes [9-11], such as uneven volume change
and the exposed fresh lithium metal, resulting in a low coulom-
bic efficiency [12-14]. The uneven lithium deposition leads to the
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formation of tip protuberances, causing internal short circuits and
severe safety risks [15,16].

To solve these problems, many strategies have been proposed
to inhibit dendrite growth and stabilize solid electrolyte interphase
(SEI) [17,18]. It can be roughly divided into the following types: (1)
The construction of higher mechanical modulus and stable coat-
ings on lithium anodes [19-24]; (2) effective electrolyte additives
to build a stable SEI away from irreversible reactions with or-
ganic electrolytes [25,26]; (3) solid and gel electrolytes with high
shear modulus inhibit the dendrite’s growth [27,28]; (4) construct-
ing 3D current collector according to the “sand” time model [29-
32]. However, because of the poor lithiophilicity and unstable SEI
of most collectors, it is still challenging to achieve a uniform de-
position into the 3D structure without dendrites [33]. There have
been some previous works to modify current collectors with in-
organic or organic compounds while most anodes are difficult to
cope with the huge volume changes under long cycles and have
great limitations in practical applications [34-36].

Incorporating organic-inorganic SEI onto a modified anode
to build congeneric organic-inorganic composite interphase/layers
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could combine the merits of both the individual components and
provides stable performance. This strategy enables the simulta-
neous formation of a compatible organic-inorganic composite an-
ode layer with its congeneric organic-inorganic interphase, which
is in situ formed during charging/discharging. Unfortunately, the
organic-inorganic composite interphase is prone to phase separa-
tion which results in inhomogeneous deposition and low coulom-
bic efficiency owing to the inherently poor compatibility of in-
organic layers with organic materials. Therefore, a pre-existing
lithium plating framework with its congener-derived SEI is highly
desirable and necessary for obtaining high capacity and long-life
LMBs.

Here, a strategy of incorporating versatile organic-inorganic lay-
ers with reversible lithiophilicity and congener-derived SEI is de-
signed. The PDA as the organic layer with abundant o-dione that
can adsorb Li* and assist in the deposition. The Ag particles as
the inorganic layer can form Ag-Li alloy with Li to significantly re-
duce the nucleation overpotential. After the initial lithium depo-
sition, the Li-Ag alloy is electrochemically formed on the surface,
forming a kind of congener-derived SEI with minor inorganic com-
ponents and more organic components. The effectiveness of this
strategy is verified on three-dimensional copper (3DCu) and porous
carbon skeleton (PCS) substrate respectively. Notably, this strategy
for preparing congener-derived templates is easy to put into the
manufacture and extended to other substrate materials.

Referring to the previous work [37-40], we adopt a simple and
low-cost strategy. First, the commercial H62 brass sheet (com-
posed of Cu and Zn with a mass ratio of 65:35) was cut into flakes,
and the surface oil and impurities were removed by ultrasonic
cleaning with acetone and ethanol, then it was soaked in 3 mol/L
hydrochloric acid (HCl)+ 5 mol/L ammonium chloride (NH4CI) and
heated in a water bath at 80°C. In this process, the Zn element
was preferentially removed, and the 3DCu structure with a high
specific surface area was obtained. Then used 0.01 mol/L trimethy-
lol aminomethane and 0.01 mol/L HCl to configure the Tris-HCl
buffer solution (pH 8.5), Subsequently, dopamine hydrochloride at
a concentration of 2 g/L was dissolved in it. Afterwards, the 3DCu
was immersed in the above-mentioned solution and heated at
40°C for 20h, during which dopamine will be self-polymerized
and coated on the 3DCu surface. Then, under the condition of mag-
netic stirring, the ammonia of 1 mol/L was added to the AgNO5 so-
lution with the concentration of 0.005 mol/L until the precipitation
was just dissolved to obtain the Ag ammonia solution, in which
the 3DCu coated with polydopamine (PDA@3DCu) was immersed
in the Ag ammonia solution and subjected to a 60°C water bath
for 10 min. After the completion of the reaction, Ag particles were
attached to the surface to obtain Ag@PDA@3DCu. In addition, The
Ag@PDA@3DCu-Li anode had a thickness of 65um after preloading
lithium 10 mAh/cm? (Fig. S1a in Supporting information).

The preparation process of PCS involved the carbonization of
rice paper film in a tube furnace at 500-800°C for 2h. The
subsequent coating process of the Ag@PDA layer was the same
as Ag@PDA@3DCu. In addition, Fig. S1b (Supporting information)
showed the Ag@PDA@PCS-Li anode had a thickness of 83 um after
preloading lithium 10 mAh/cm?, Its mass is only 8.4 mg, therefore,
it also has a higher volume-specific capacity.

The morphology, pore size, microstructure, and element dis-
tribution of Ag@PDA@3DCu and Ag@PDA@PCS samples were ob-
served by scanning electron microscope (SEM, Helios G4 CX) and
energy dispersive spectroscopy (Helios G4/EDS). The FTIR spec-
trophotometer (Nicolet 5700) was used to characterize the chem-
ical structure of the introduced PDA layer. X-ray photoelectron
spectroscopy (XPS) measurements were performed on a Thermo
ESCALAB 250 spectrometer, using non-monochromatic Al Ko X-
rays as the excitation source and choosing C 1s (284.8eV) as the
reference line.
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To evaluate the electrochemical performance of half-cells and
Li-Li symmetrical cells, the CR2032 coin cell was assembled, Cel-
gard2400 microporous polypropylene film as separator, and 1 mol/L
LiTFSI in cosolvent of 1,3-dioxolane (DOL) and 1,2-dimethoxyethane
(DME) (1:1, v/v) with 1 wt% LiNO3 as the electrolyte solution.
These cells were assembled in an argon-filled glove box. The as-
sembled half-cells were prepared with various substrates as work-
ing electrodes and Li as the counter electrode. To test the nucle-
ation overpotential, 1 mAh/cm? of Li was deposited at 0.5 mA/cm?,
To test CE, a fixed amount of Li of 1 mAh/cm? was deposited
at 0.5mA/cm? and 1mA/cm?2, then stripped to 1V in each cy-
cle. Electrochemical impedance spectroscopy (EIS) measurements
using CHI660e electrochemical station in the frequency range
from 100kHz to 10 mHz. Before assembling the symmetrical
cell, the selected substrates (2DCu, 3DCu, PDA@3DCu, Ag@3DCu,
Ag@PDA@3DCu and Ag@PDA@PCS) were deposited with a capacity
of 10 mAh/cm? at a current density of 0.5 mA/cm?2. Then, the cells
were disassembled and the composite anodes were washed with
DOL. In the full-cell experiment, the slurry was prepared by mixing
LiFePO4 (LFP), conductive carbon additives, and polyvinylidene flu-
oride (PVDF) into N-methyl pyrrolidone (NMP) at an 8:1:1 mass ra-
tio. Then, the paste was coated on aluminum foil, and the electrode
was dried overnight in a vacuum at 120°C. The mass loading is
about 4mg. Similarly, LiNiggCog1Mng;0, (NCM811) was prepared
by mixing NCM811, conductive carbon additives, and polyvinyli-
dene fluoride (PVDF) into N-methyl pyrrolidone (NMP) at 18:1:1
mass ratio, the mass loading is about 6 mg. The electrolyte used
in the full cell test was 1.0mol/L LiPFg in EC/DMC/EMC (1:1:1,
v/v/v) with 5% FEC. When equipped with LFP cathode. The full
cells were cycled between 2.8V and 4.2V. When equipped with
NCMS811 cathode, the operating voltage range of the full cells is
2.8-4.3V.

All calculations were performed by using the projector aug-
mented wave method in the framework of the density functional
theory (DFT), as implemented in the Vienna ab-initio Simulation
Package (VASP), and the results were visualized in VESTA. In DFT
calculations, the Generalized gradient approximation (GGA) and
Per-dew-Burke-Ernzerhof (PBE) exchange function were used. The
plane-wave energy Cut-off was set to 520eV, and the k-point mesh
of 3x3 x1 in the Gamma-centered grids for the structural relax-
ation. To explore the interactions between Li atom and Cu (111),
Ag (111), PDA, and Ag@PDA, the adsorption energies of one Li atom
on the substrate surfaces were calculated. A vacuum region of 15A
was applied to avoid interactions between the neighboring config-
urations. The binding energy (E;,) was calculated by the energy dif-
ference of the system after and before the adsorption:

Ep = Eiotal — Esup — Ei (1)

where E.,, Er; and Eg,, represent the DFT energies of the Li ad-
sorbed substrate, the energy of an isolated Li atom, and the energy
of the substrate, respectively.

Fig. 1 shows the schematic of the process for Ag@PDA@arbitrary
substrates and its congener-derived SEI. As shown in Fig. 1a, sev-
eral typical structures such as 3DCu, PCS, and other matrices are
coated with the Ag@PDA layer, obtaining stable congener-derived
SEI after lithium deposition. The strategy is first validated on 3DCu,
the 40 um thickness brass sheet is dealloyed in dilute hydrochloric
acid. Fig. 1b shows the 3DCu with pore diameters from 200 nm
to 2um. Fig. 1c shows the polydopamine (PDA) firmly adheres to
the 3DCu substrate. In Figs. 1d and e, the Ag nanoparticles are re-
duced on PDA@3DCu substrates by Ag mirror reaction evenly. The
size of Ag particles is around 30-100 nm. Figs. 1f-i show the distri-
bution of the three elements Cu, Ag and C, The total spectrum of
the element distribution map in Fig. S2 (Supporting information)
shows that the Zn element is completely removed. Here, the poly-
dopamine is used as a reducing agent to slowly reduce Ag™ and
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adhere to the substrate. Without this polydopamine layer, Ag crys-
tals will quickly grow in the form of dendrites on the 3DCu (Fig.
S3 in Supporting information). Fourier transform infrared spec-
troscopy (FTIR) proved that PDA still exists after the introduction
of Ag particles (Fig. S4 in Supporting information), the FTIR spectra
of PDA@3DCu is similar to Ag@PDA@3DCu, the absorption peak at
3425 cm~! is ascribed to O-H/N-H stretching vibrations between
PDA molecules, the peaks at 2930 cm~! and 2850 cm~! are at-
tributed to the C-H stretching vibration, the peak at 1630 cm~! is
the overlapping peak of C=C stretching vibration and N-H bend-
ing vibration on the benzene ring, the peak at 1050 cm~! is at-
tributed to C-N stretching vibration. The above results prove that
the Ag@PDA layer is successfully coated on the 3DCu substrate.

To further study the surface and SEI composition after cycling,
the anodes were analyzed after 20 cycles by XPS spectrum. There
are four peaks in the C 1s spectrum at 289.8, 288.83, 286.36 and
284.8 eV, corresponding to Li,CO3, C=0, C-0O, and C-C (Figs. 2a
and e). F 1s spectrum shows two peaks in 688.6eV and 684.9eV,
corresponding to C-F and LiF, respectively (Figs. 2b and f). Li 1s
spectrum has three peaks at 55.6, 55.2 and 54.7 eV, correspond-
ing to LiF, Li;CO3, and C-O-Li (Figs. 2c and g). The O 1s spectrum
shows three peaks at 532.7, 531.7 and 531.08 eV, corresponding to
C-0, C=0 and C-0-Li, respectively (Figs. 2d and h). These results
show that the composition of SEI mainly comes from the decom-
position of electrolytes. The main components of SEI are listed in
Fig. 2i with the proportion of each component. By comparison,
the inorganic components such as Li;CO3; and LiF on the surface
of Ag@PDA@3DCu are significantly less than those of ordinary Cu
foil. The proportion of organic components such as C-0O-Li is rel-
atively higher. In addition, the full spectrum of XPS and the ra-
tio of each element are shown in Fig. S5 (Supporting information).
The lower ratio of Li element on the surface of Ag@PDA@3DCu
also proves that it has higher Coulombic efficiency, and the de-
posited Li can be stripped to a greater extent. The amount of par-
ticipation in the formation of SEI and “dead lithium” is very small.
The characteristic peaks of N and S signals were provided in Fig.
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Fig. 1. (a) Schematic diagram of Ag@PDA@arbitrary substrates and its congener-derived SEI. SEM images of (b) 3DCu, (c) PDA@3DCu, (d, e) Ag@PDA@3DCu. (f-i) Element
mapping and proportion of the Cu Ag and C.
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S6 (Supporting information), and the weakening of the peak in-
tensity of the inorganic component LiNO, was also observed. This
shows fewer inorganic components and more organic components,
forming a thin and flexible SEI on the Ag@PDA@3DCu after many
cycles. A reasonable amount of inorganic components could en-
hance and stabilize the SEI layer, while too many inorganic compo-
nents make the deposition of lithium ions more inhomogeneous.
The stable congener-derived layer/interphase contains rigid inor-
ganic components and flexible organic components, which provide
flexibility and elasticity to stabilize the lithium metal anode dur-
ing cycling. In order to explore nucleation characteristics of the
congener-derived anode, the nucleation and growth model were
explored in the symmetrical cell at a constant potential at —0.3 V.
From the time-current curve in Fig. 2j, the time corresponding
to the maximum point here is ty (relaxation time), and the cor-
responding peak current is iy (current caused by the nucleation
process) [41], In this test, The t;, of Ag@PDA@3DCu-Li is smaller
than Li, which proves the relaxation time is shorter, and the iy
of Ag@PDA@3DCu-Li is larger, indicating the growth rate of crystal
nucleus is faster. The tmim? is positively correlated with the num-
ber of crystal nucleation [42,43], it is proved that the number of
crystal nucleation on the Ag@PDA@3DCu-Li is much higher. Fig. S7
(Supporting information) shows the description of the classical nu-
cleation theory for instantaneous nucleation and progressive nucle-
ation. The normalized curve in Fig. 2k shows that both of them fol-
low an instantaneous nucleation model compared to the standard
nucleation curve. However, in the formation stage of SEI, the nu-
cleation curve of lithium deviates from the standard curve earlier
and continues to be higher than Ag@PDA@3DCu-Li. Thus, the side
reactions in SEI continue to take place on the surface of Li, bring-
ing more by-products such as Li,CO3, while Ag@PDA@3DCu-Li sig-
nificantly inhibits this process due to the stable congener-derived
SEL

In order to further explore the lithiophilicity of the congener-
derived template. 2DCu, 3DCu, and Ag@PDA@3DCu were used to
assemble coin cells. At 0.5mA/cm?, their nucleation overpoten-
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cycles. (i) Distribution map of various components in SEIl. AG@PDA@3DCu-Li and Li were deposited at constant potential to obtain (j) current-time curve and (k) normalized
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Fig. 3. (a) Constant current curves of the Li plating on the 2DCu, 3DCu and Ag@PDA@3DCu at 0.5 mA/cm?. (b, ¢) Electrochemical impedance before and after cycle. (d)
Summary of the calculated binding energy of Li atom with Cu, Ag, PDA and Ag@PDA surface. The charge density differences with one Li atom adsorbed on the (e) Cu, (f) Ag,
(g) PDA, (h) Ag@PDA. The isosurface value is set to 0.0008 bohr—3. (i) The molten lithium photos of contact angle for 2DCu, 3DCu and Ag@PDA@3DCu.

tial is studied in Fig. 3a. The overpotential of lithium deposi-
tion on 2DCu is 40mV, while 3DCu is 13 mV. The Ag@PDA@3DCu
shows nearly zero nucleation overpotential, which means an im-
proved lithiophilicity and reduced nucleation barrier. Electrochemi-
cal impedance spectroscopy (EIS) of the cells with different current
collectors was determined to investigate the interfacial stability in
Figs. 3b and c. The charge transfer resistance of 2DCu and 3DCu
electrodes before cycling are 251.2 Q2 and 127.4 2, respectively. The
Ag@PDA@3DCu has the lowest charge transfer resistance of 78.52
Q. After 60™" cycles, the Ag@PDA@3DCu electrode maintains the
lowest Ry; of 5.063 €2, while the Ry; of 3DCu and 2DCu electrodes
after 60 cycles is 6.54 Q and 38.706 €2, respectively. The results
indicate that the introduced congener-derived layer/interphase is

beneficial to the redox reactions and promote the process of charge
transfer.

To further understand the function of each component in
Ag@PDA@3DCu, the density functional theory (DFT) calculations
were carried out. Referred to the previous work [44,45], The 5,6-
indolequinone was studied as a typical structure after oxidation
of PDA, the binding energies and charge density differences of
lithium atom on Cu, Ag, PDA, and Ag@PDA substrates were calcu-
lated respectively. The several adsorption sites of Li on PDA are all
shown in Fig. S8 (Supporting information). The lithium atom has
the strongest binding energy near the carbonyl group. In Fig. 3d,
the Ag@PDA composite structure shows the lowest binding energy
for lithium with the auxiliary PDA. The results indicate that the
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): (a, e, i) Cross-sectional SEM images of 2DCu at the pristine state, the 20 cycle, and the

100t cycle. (b, f, j) Top-view SEM images of the 2DCu at the pristine state, the 20 cycle, and the 100t cycle. (c, g, k) Cross-sectional SEM images of Ag@PDA@3DCu at the
pristine state, the 20" cycle, and the 100™ cycle. (d, h, 1) Top-view SEM images of the Ag@PDA@3DCu at the pristine state, the 20 cycle, and the 100%™ cycle. Schematic

illustration of Li deposition behavior on (m) 2DCu and (n) Ag@PDA@3DCu substrates.

lithium atom is preferentially adsorbed and complexed with the
o-dione of groups on the Ag@PDA structure. Thus, the Ag@PDA
layer can induce preferential adsorption and reduction, and fur-
ther form Ag-Li alloy, which effectively reduces the nucleation bar-
rier and promotes the uniform deposition of lithium. Since the de-
position morphology is closely related to the charge distribution
on the substrate surface, Figs. 3e-h show the charge density dif-
ference diagram of the above four models. When lithium is de-
posited on surfaces, the electrons near the deposition site tend to
be concentrated, resulting in non-uniform lithium deposition. For
the Ag@PDA, the interaction between Li* and PDA induces uni-
form charge distribution, lithium deposition, and uniform Li* flux.
Thus, the Lit in the electrolyte would not accumulate. This result
proves the improvement of the surface affinity of the accumulate
easily layer. Fig. 3i shows that molten lithium exhibits the small-
est contact angle on Ag@PDA@3DCu, which further demonstrates
its excellent wettability and the reduced nucleation barrier.

The congener-derived template was conducive to inhibiting the
side reactions, which was consistent with the thinner dead lithium
and fewer by-product layers observed in Fig. 4. The morphology
evolution is studied at different cycles at 1mA/cm? (1 mAh/cm?).
On the 2DCu, the thickness of deposited lithium increased from
39.93um to 89.58 um during 20-100 cycles, and its structure be-
came looser. This loose structure consists of moss-like lithium
and dead lithium (Figs. 4e and i), which further aggravates the
uneven growth of lithium. The plating/stripping of lithium on
Ag@PDA@3DCu is smoother and more stable. With the cycle in-
creased, the thickness of the lithium increased from 18.89pm to
25.9um (Figs. 4g and k), which indicates that the porous struc-
ture accommodates the volume expansion and the Ag nanoparti-
cles promote the reversibility of Li-plating/stripping. In addition,
according to the top view, the surface of the 2DCu becomes quite

loose after a long cycle, and much spherical lithium accumulates
on the surface after 100 cycles, indicating dendrites growth in the
subsequent cycle (Figs. 4f and j). The morphology deposited on
Ag@PDA@3DCu was significantly improved (Figs. 4h and 1).

To further explore the nucleation behavior, the Ag@PDA@3DCu
with an ultra-smooth lithium plating/stripping process is observed
at 1 mA/cm? in Fig. S9 (Supporting information). First, the 2, 4, 6, 8
and 10 mAh/cm? lithium was deposited, and then it was stripped
in turn. In process of plating, lithium is limited in the 3D struc-
ture; original pores are gradually filled, and the stripping process
can maintain stability. The discharge and charging curves show a
stable voltage platform, which means a stable electrochemical sur-
face during the cycle. Therefore, the porous Ag@PDA@3DCu can be
used as a robust framework for lithium deposition. On this basis,
dendrite puncture experiments were performed in Fig. S10 (Sup-
porting information). At 2mA/cm?, the cell with 2DCu and 3DCu
suddenly shorted at about 45 h and 32 h, respectively. However, the
cell with Ag@PDA@3DCu does not have a short circuit until the
lithium is exhausted.

This phenomenon is consistent with our preconceived mecha-
nism (Figs. 4m and n). When lithium is deposited on 2DCu, the
current is accumulated at the protuberances, further accelerating
the dendrite’s growth, as well as the fracture and regeneration of
SEI. Different from the vertical growth, lithium gradually fills the
pores and forms smooth Li layers and stable SEI due to the guid-
ance on the congener-derived template.

To further investigate the potential of the Ag@PDA@3DCu for
practical applications, coulombic efficiency was measured by plat-
ing 1 mAh/cm?2 Li at different current densities and then charg-
ing up to 1V (vs. Lit/Li) for cycles (Figs. 5a and b). Benefiting
from the better congener-derived surface, the Ag@PDA@3DCu can
be enhanced to 480 stable cycles and maintain a coulombic effi-
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Fig. 5. Coulombic efficiency of Li plating/stripping on 2DCu, 3Dcu, PDA@3DCu, Ag@3DCu and Ag@PDA@3DCu at (a) 0.5mA/cm? and (b) 1 mA/cm?. (c) Rate performance of
Ag@PDA@3DCu-Li||LFP and Li||LFP full cells. Voltage profiles of Li plating/stripping in symmetric cells with Li, 3DCu-Li, PDA@3DCu-Li, Ag@3DCu-Li and Ag@PDA@3DCu-Li
electrodes cycled at (d) 1mA/cm? (1 mAh/cm?) and (e) 2mA/cm? (1 mAh/cm?). Long-term cycling performance of full cells with (f) LFP and (g) NCM811 at 0.5 C.

ciency of more than 96%. In contrast, the CE of the PDA@3DCu
drops below 90% after 300 cycles due to the reversibility of PDA
is slightly worse. the CE of the Ag@3DCu decreases to less than
90% after 170 cycles due to the Ag dendrites blocking the pores
of 3DCu and making it lose its host role, Cu and 3DCu lose
their usefulness faster due to their poor lithiophilicity and un-
even lithium deposition behavior. With increasing current density
to 1mA/cm?, Ag@PDA@3DCu still exhibits a highly stable CE. To
emphasize the importance of Ag@PDA@3DCu-Li composite anode
after preloading lithium, the rate performance was tested with the
cathode of LFP. It can be seen from Fig. 5c that the anode of
Ag@PDA@3DCu-Li showed higher discharge capacity and had ad-
vantages even at a higher rate. To further study the long-term sta-
bility of the Ag@PDA@3DCu-Li, symmetric cells were assembled
and then cycled under 1mA/cm? (1 mAh/cm?). As shown in Fig.
5d, Ag@PDA@3DCu-Li shows a 30mV overpotential at the begin-
ning of the cycle and decreases to 10 mV after 50 cycles and main-
tains 2400 h, the other groups all failed in a shorter time due to
poor interfacial reaction and rapid consumption of electrolyte, it
can be seen from the detailed diagram that Ag@PDA@3DCu-Li has
the lowest overpotential, indicating that its congener-derived inter-
face is more favorable for lithium deposition. With increasing cur-
rent density to 2mA/cm?2, as shown in Fig. 5e, Ag@PDA@3DCu-Li
is able to maintain 15mV and cycle stably more than 500 h, while
the polarization voltage of Li foil starts to increase sharply from
200h (greater than 70mV). To further verify the applicability of
the composite anode under higher current and capacity, we tested
the symmetrical cells with 2mA/cm? (2 mAh/cm?2) and 5mA/cm?
(2 mAh/cm?). As shown in Fig. S11 (Supporting information), both
of them can run smoothly at a lower polarization voltage, showing
their potential to operate at high rates.

After that, using LFP and NCM811 as cathodes to assemble the
full cells to evaluate the cycle stability of composite anode in prac-
tical application. Fig. 5f shows the discharge capacity of full cells
using Li as the anode is about 144.75 mAh/g at the first cycle
and decays rapidly in 400 cycles (0.5 C), by contrast, cells with
Ag@PDA@3DCu-Li anode exhibit the much higher initial capacity of
154.4 mAh/g and improved capacity retention (97%) with a capac-
ity of 142.3 mAh/g after 400 cycles. From the voltage-specific ca-
pacity curve of the corresponding charge-discharge process shown

in Fig. S12 (Supporting information), from the 15t to the 400t cy-
cle, the full cell with Ag@PDA@3DCu-Li as the anode shows bet-
ter cycle stability and the polarization voltage is much lower than
the cell with Li anode, which indicates that the reduction of inter-
facial side reactions and favors to efficient Li* transport. Fig. S13
(Supporting information) shows the outstanding performance of
Ag@PDA@3DCu-Li||LFP at 1 C and 2 C. Further using NCM811 as the
cathode to assemble the full cells, the Ag@PDA@3DCu-Li|]|[NCM811
cell exhibits a high initial discharge capacity of 200.1 mAh/g, and a
high capacity retention rate of 82% after 100 cycles at 0.5 C, which
is higher than Li||[NCM811 cells with a capacity retention rate of
64.8% (Fig. 5g).

To further study the applicability of this strategy on other ma-
trices, commercial rice paper films were carbonized at high tem-
perature, and the prepared porous carbon structure (PCS) was di-
rectly used as a carrier for the modification of organic-inorganic
interphase layers. Fig. 6a shows the preparation process of the
Ag@PDA@PCS-Li composite anode and its corresponding morphol-
ogy at each stage. The pore size range of PCS is 10-30um, which
is much larger than that of 3DCu, implying a larger lithium storage
capacity. After preloading lithium, the original pores are filled, and
a lithium composite anode with a very flat and dense surface is
obtained. Fig. S14 (Supporting information) demonstrates the ex-
cellent stability of Li plating and stripping on Ag@PDA@PCS during
continuous cycling. Figs. 6b and c show the symmetric cell per-
formance at 1mA/cm? and 2 mA/cm?. The Ag@PDA@PCS-Li main-
tains an ultra-low polarization at 10mV for 2800h compared to
the higher polarization of the control group. Even if the current in-
creases to 2mA/cm?, it still maintains a low polarization for over
1800h. Fig. 6d shows the performance of two anodes assembled
with LFP cathodes at 0.5 C for 500 cycles with almost 100% ca-
pacity retention. Further assembly of the full cells with NCM811
as cathode shows that the Ag@PDA@PCS-Li||[NCM811 cell exhibits a
higher initial discharge capacity of 199.8 mAh/g and a higher ca-
pacity retention rate of 86.2% after 100 cycles at 0.5 C compared
to the Li||[NCM811 cell (Fig. 6e). This means the congener-derived
interphase/layer is also applicable and had an outstanding perfor-
mance on PCS. Thus, this strategy is a templated approach that
could be applied at any scale. Fig. S15 (Supporting information)
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in symmetric cells with Ag@PDA@PCS-Li, PCS-Li and Li-foil electrodes cycled at (b) 1 mA/cm? (1 mAh/cm?) and (c) 2mA/cm? (1 mAh/cm?). Cycling performance of full cells

used (d) LFP and (e) NCM811 cathodes at 0.5 C.

shows other substrates such as coin, glass, and rubber materials
are used as coating objects respectively, which is essential for prac-
tical applications in Li metal batteries.

In summary, we proposed a simple and effective strategy for
constructing a congener-derived lithiophilic organic-inorganic in-
terphase/layer on arbitrary collectors. After the initial lithium de-
position, the stable congener-derived SEI with relatively minor in-
organic components and more organic components is electrochem-
ically formed. The inorganic components such as Li;CO3 and LiF
on the surface are significantly less than those of the ordinary Cu
foil, while the C-O-Li is more. The reasonable content of inorganic
components could enhance the SEI layer, while too many inorganic
components make the deposition of lithium ions more inhomoge-
neous. The stable congener-derived layer/interphase contains rigid
inorganic components and flexible organic components, which pro-
vide flexibility and elasticity to stabilize the lithium metal anode
during cycling. The strong interaction between Li™ and o-dione of
PDA induces uniform lithium deposition and Li* flux. In the em-
bodiment, the submicron channel significantly restrained the vol-
ume expansion during the cycles and ensured the stability of the
structure which allowed plenty of space for deposition and alle-
viates the dendrite problem. This strategy is also applied to the
high-temperature carbonized rice paper film, which not only ob-
tained ultra-high capacity density, but also has ultra-stable cycle
stability and long life. This work provides a template method for
preparing anodes with congener-derived interphase, which has the
potential to realize the practical high-volumetric-capacities LMBs.
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