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1. Experimental Section

1.1. Material Synthesis

Synthesis of ZMO@CC: The commercial carbon cloths (4 x 4 cm) were treated with
concentrated HNO; before use. The CC was immersed in a Teflon-lined stainless
autoclave with a precursor solution (40 ml) that contained ZnSO,4-7H,0 (0.25 mmol)
and KMnOy (0.5 mmol). After hydrothermally treated at 160 °C for 24 h, the CC sample
was cleaned with DI water and then annealed in air at 300 °C for 2 h to obtain the

ZMO@CC.

Synthesis of ZCO@CC: The hydrothermally treated process was similar to the previous
work[43].The CC was immersed in a Teflon-lined stainless autoclave with a precursor
solution (50 ml) that contained Zn(NO3),-6H,0 (1 mmol), Co(NOs3),-6H,0 (2 mmol),
NH,F (2 mmol), and CO(NH;), (5 mmol). After hydrothermally treated at 120 °C for
10 h, the CC sample was cleaned with DI water and then annealed in air at 300 °C for

2 h to obtain the ZCO@CC.

Synthesis of NCO@CC: The hydrothermally treated process was similar to the previous
work[44].The CC was immersed in a Teflon-lined stainless autoclave with a precursor
solution (50 ml) that contained Ni(NO;),6H,O (1 mmol), and Co(NOs3),-6H,0 (2
mmol), CO(NH;), (8 mmol). After hydrothermally treated at 120 °C for 10 h, the CC
sample was cleaned with DI water and then annealed in air at 350 °C for 2 h to obtain

the NCO@CC.

Synthesis of MnO;@CC: The CC was immersed in a Teflon-lined stainless autoclave
with a precursor solution (50 ml) that contained KMnO, (0.5 mmol). After
hydrothermally treated at 160 °C for 24 h, the CC sample was cleaned with DI water
and then annealed in air at 300 °C for 2 h to obtain the MnO,@CC.

Synthesis of ZnO@CC[45]: To obtain the ZnO@CC, a simple annealing treatment was

employed. Zn(NOs),6H,0 was dissolved in DI water with a concentration of 100 mg
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mL-!. After being immersed in Zn(NOj3); solution for 10 min, the CC was taken out and
calcined in a tube furnace (BEQ, BTF 1200C) at 500 °C for 10 min in argon, and then
the ZnO@CC was obtained.

Fabrication of Composite Li Anodes (Li-ZMO@CC, Li-ZCO@CC, Li-NCO@CC, Li-

MnO;@CC, and Li-ZnO@CC)

Firstly, the as-fabricated samples were cut into disks with a diameter of 12 mm.
The molten infusion process was carried out in an argon-filled glove box. The Li foils
were molten in a stainless-steel container at 300 °C. Subsequently, the Li-ZMO@CC,
Li-ZCO@CC, Li-NCO@CC, Li-MnO,@CC, and Li-ZnO@CC were obtained by
directly contacting molten Li with ZMO@CC, ZCO@CC, NCO@CC, MnO,@CC, and
ZnO@CC, respectively.

1.2. Electrochemical Measurements

Symmetric cells were employed to investigate the electrochemical cycling
performance and assembled in an argon-filled glove box. CR2032-type coin cells were
used for assembling the symmetric cell with two identical electrodes (Li foil or the as-
fabricated composite Li Anodes). The electrolyte was ether-based electrolyte, including
a mixture of 1M lithium salt (LiTFSI) dissolved in in 1,3-dioxolane (DOL) and 1,2-
dimethoxyethane (DME) (v/v=1:1) with 1% LiNO;, while the separator was Celgard
2400. The amount of electrolyte employed for each cell was 40 puL. The electrochemical
cycling performance were conducted on the Neware multichannel battery tester (CT-
4008). Electrochemical impedance spectroscopy (EIS) measurements were tested on a

Bio-Logic VSP multichannel electrochemical workstation with 0.01 Hz to 100 kHz.

For full cell, the LiFePO, (LFP) cathodes (active mass loading: 3.5 mg cm2) were
prepared by blade-casting the mixed slurry containing LFP powder, carbon black, and
polyvinylidene fluoride (mass ratio of 8:1:1) onto the aluminum foil, following a

vacuum drying process at 120 °C for overnight. The pouch cell with size of 4 x 2 cm?
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was assembled in the glove box by pairing composite Li anode and LFP cathode (active

mass loading: 16 mg).

1.3. Materials characterization

A scanning electron microscope (SEM, Helios G4 CX, FEI) equipped with an
energy dispersive X-ray spectrometer (EDX) was employed to observe the morphology
and chemical element distribution of the samples. The XRD patterns were measured by
Rigaku SmartLab (Cu Ka radiation, 40 kV, 30 mA). To avoid air pollution of Li, the
electrode after Li infusion was encapsulated in CR2032 case (Shenzhen Kejing) with
one side Kapton window before the XRD analysis. XPS analysis was explored by an
X-ray photoelectron spectrometer (Thermo Scientific K-Alpha, Al Ka radiation). TEM
and SAED were performed on a field emission transmission electron microscope (JEOL

JEM-2100F).

1.4. Operando Optical Testing

The optical microscopy videos were taken with a 6XB-PC Shanghai Guangxue
microscope at 10X with a plan objective. A sealed electrochemical pool (STC-Q
Shenzhen Kejing) using ether-based electrolyte was used for visualization in-situ
morphology studies. The electrochemical measurements during the in-situ processes

were carried out on a Bio-Logic VSP multichannel electrochemical workstation.

1.5. Theoretical calculations

Theoretical calculations were performed using the Vienna Ab Initio Simulation
Package (VASP) with the ionization potentials, including the effect of core electrons,
being described by the projector augmented wave (PAW) method [46, 47]. In this work,
the Perdew—Burke—Ernzerhof (PBE) GGA exchange—correlation functionals were
used to relax the structures of compounds of interest, which h can be obtained from
material projects, such as ZnMn,O4(mp-18751), ZnCo,04(mp-753489), NiCo,0O4(mp-
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1096547), MnO,(mp-510408), ZnO(mp-2133), Li(mp-51), Mn(mp-35), LiZn(mp-
1934), Li,0(mp-1960), Ni(mp-23), Co(mp-102). A plane-wave energy cutoft of 500
eV is used in all calculations. For the geometric relaxation of the structures, a
summation over the Brillouin Zone (BZ) was performed with the Monkhorst—Pack k-
point with spacing smaller than 0.04 A-' to guarantee precision. All structures are
geometrically relaxed until the total force on each ion was reduced below 0.01 eV A~
The bulk Gibbs free energy can be assessed with the consideration of the dictating
phonon entropy for each phase[48]. Therefore, the Gibbs free energy change (AG)

between products and reactants can be quantified as follows:

AG = (Gproducts - Greactants)/ n,

where n is the number of atoms in products or reactants.
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Fig. S1. SEM images of different bimetallic and monometallic oxides. (a) ZCO@CC,
(b) NCO@CC, (¢) ZnO@CC, and (d) MnO,@CC.

Fig. S2. Digital images of molten Li infusing processes. Time-lapse images for Li-metal

infusion of (a) ZMO@CC, (b) ZCO@CC, (c) NCO@CC.
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Fig. S3. Digital images of the composite Li anodes after removing Li metal. The digital
camera images of (a) Li-ZMO@CC, (b) Li-ZCO@CC, (c¢) Li-NCO@CC, (d) Li-
ZnO@CC, and (e) Li-MnO,@CC after removing Li via absolute ethyl alcohol.

I LiZMO@CC | LiZCO@CC | LiNCO@CC | LiZnO@CC | LiMno,@cC |

£ : 3 % 3

Fig. S4. Morphology characterizations of composite Li anodes. The SEM images of (a-
b) Li-ZMO@CC, (c-d) Li-ZCO@CC, (e-f) Li-NCO@CC, (g-h) Li-ZnO@CC, and (i-j)
Li-MnO,@CC.
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128 Fig. SS. Characterization of the electrodes before and after molten Li. The XRD
129 patterns of (a) ZCO@CC and Li-ZCO@CC, (b) NCO@CC and Li-NCO@CC,
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132 Fig. S6. EDX spectrum of ZMO@CC.
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134 Fig. S7. Raman spectra of ZMO@CC.
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Fig. S8. Morphology characterizations of Li-ZMO@CC. The (a) surface and (b)
cross-sectional SEM images of Li-ZMO@CC. (c¢) Digital images of ZMO@CC and
Li-ZMO@CC (the inset).
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Fig. S9. Morphology of Li foil during stripping/plating. The stripping capacity of (a) 5
mAh cm?2, (b) 10 mAh cm?, (¢) 15 mAh cm2, and then replating capacity of (d) 5 mAh

cm?, (e) 10 mAh cm2, and (f) 15 mAh cm™ at a current density of 1 mA cm™.



147
148 Fig. S10. Morphology evolution of Li-ZMO@CC and Li foil under different Li
149 stripping/plating capacities. Cross-sectional SEM images of the Li-ZMO@CC after (a,
150 c) stripping 15 mAh cm™ Li and then (b, d) plating back 15 mAh cm2 Li, Li foil after
151 (e, g) stripping 15 mAh ¢cm2 Li and then (f, h) plating back 15 mAh cm™ Li.

152
0.2
—Li-N
Z o1 i-NCO@CC
=
©-0.1
> - _ 10 mA cm? 10mAh cm?
0 200 400 600 800 1000
Time (h)
—~ 0.2
> — Li-ZCO@CC
2 0.1
% 0.0
=
©-0.1
> - _ 10 mA em” 10mAh cm™
70 200 400 600 800 1000
153 Time (h)

154 Fig. S11. Voltage profiles of Li-NCO@CC, Li-ZCO@CC anodes at 10 mAcm%/10
155 mAh cm?.
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Fig. S12. Electrochemical impedance spectroscope (EIS) of composite Li anodes. EIS

spectrum of Li-ZMO@CC and Li foil anodes after different cycles (b-c) at 1 mA cm-

2/1 mAh cm™.
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Fig. S13. The equivalent circuit of EIS.
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166 Fig. S14. The cross-sectional SEM image of Li foil at initial stage.
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Fig. S15. The schematic diagram of electrochemical pool.
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Fig. S16. Morphology evolution of full cells. The top-view SEM images of (a-c) Li|LFP
and (d-f) Li-ZMO@CCILFP anodes after 50t cycles at 2 C.
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184 Fig. S19. The digital images in Li-ZMO@CC electrode under bending state.
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186 Supplementary Table

187 Table S1. The calculated Gibbs free energy change of the reactions between bimetallic/

188 monometallic oxides and molten Li.

189
Materials Gibbs Free Energy Change (300 °C)
ZnMn,04 (ZMO) -66.22 KJ/mol
ZnCo,04 (ZMO) -81.2 KJ/mol
NiCo,04 (NCO) -99.9 KJ/mol
ZnO -111.35 KJ/mol
Mn,O -75.84 KJ/mol
190

191

15



192 Table S2. The cycle performances comparison of Li-ZMO@CC anode with previously

193 reported Li metal anodes under various current densities and capacities.

194
lecroge Corrent density - Aveal apacty oy
5 10 1200
This work 5 20 500
10 10 1900
Li-NCH@CF|1] 3 3 500
rGO-Ag-S-CNT|2] 2 1 500
Ag@CMFs-Li[3] 10 2 300
CNT/NiO@Li[4] 3 3 900
ZnO-MCNCFI5] 10 10 1400
Cu@MC@Li[6] 3 1 150
Li-Mn/G foam|7] 2 1 300
Cu@AuGA-Li|[8] 4 4 1200
195

196
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197 Table S3. The equivalent circuit fitting results of EIS measurements for Li foil and Li-

198 ZMO@CC anodes.

199
Anode Li foil Li-ZMO@CC
R(€2) Rsei(€2) Re(€2) Rsei(€2) R(€2)
e e s 1 1m0 e
Cse s sev e 207 1sts 2206
200
201
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