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Fig. S1 EDS spectrum of 3D-Cu@Ag subjected to GD for tgp = 10 s.

100 pm

Fig. S2 Low-magnification SEM images of 3D-Cu@Ag frameworks for (a) tgp = 10 s, (b) tGp
=155, (¢) tgp =30 s, and (d) tgp = 60 s.

Fig. S3 (a) SEM image (top view) of 3D-Cu@Ag for tgp = 10 s and (b) the corresponding
EDS mapping result for Ag.



Ag ~715nm

_-_-_T-_-_—

Cu

Fig. S4 Cross-sectional SEM image of 3D-Cu@Ag for tgp = 15 s.
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Fig. S5 Voltage profile of the 2D Cu foil measured during Li plating (2.0 mAh cm2 at 0.5 mA

cm?).



Fig. S6 Photographs of 2D Cu and Cu@Ag foils. The 2D Cu@Ag foil was prepared by the
GD process for tgp = 10 s.
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Fig. S7 (a—c) Cross-sectional SEM images of 3D-Cu taken after Li plating (2.0 mAh cm™ at
0.5 mA cm?) and (d, €) the corresponding EDS mapping results for Cu and O. The electrode
was exposed to ambient atmosphere prior to EDS analysis, and the oxygen signal was recorded
to determine the spatial distribution of LiO,.
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Fig. S8 (a—c) Cross-sectional SEM images of 3D-Cu@Ag taken after Li plating (2.0 mAh cm2
at 0.5 mA cm?) and (d—f) the corresponding EDS mapping results for Cu, Ag, and O. The
electrode was exposed to ambient atmosphere prior to EDS analysis, and the oxygen signal was
recorded to determine the spatial distribution of LiO,.

Fig. S9 SEM images of (a) 3D-Cu and (b) 3D-Cu@Ag taken from the surfaces without Li
dendrites. Li plating was performed with 2.0 mAh cm™ at 0.5 mA cm™2.



Note 1. Equivalent circuit and modeling analysis of Li plating

Li plating in a 3D framework involves the two reactions: (1) Li plating on the top surface (on
the separator side) (designated as ‘1’ in Figure 5a) and and (2) Li plating inside the pore
(designated as ‘2’ in Figure 5a).

(1) Reaction 1: Li plating on the planar top surface involves interfacial charge-transfer and
double-layer charging, and thus, it is simply described by an equivalent circuit (Z)
consisting of R s and Cy connected in parallel.

(2) Reaction 2: Li plating in a pore involves Li* migration in the electrolyte-filled pore and
interfacial charge-transfer, double-layer charging. This process can be described by a
modified transmission line (Z,) that has a network of distributed resistive and capacitive
clements. As illustrated in Figure 5b, Z; is composed of (i) series-connected r;,, elements
related to Li* migration in the pore and (ii) parallel-connected 7, and ¢ associated with
interfacial charge-transfer and double-layer charging.

Given that the two Li plating processes on the top surface (1) and in a pore (2) are indepedent
of each other, Z; and Z, are connected in parallel. For simulations, Z, was constructed with 20
distributed elements of r;p, rp, and cqp (i.€., n = 20), and the following parameters and
assumptions were used: electrode area = 2.05 cm?; electrode thickness = 500 um; cylindrical
pore shape; pore diameter = 250 um; distance between pores = 100 pm; electrolyte conductivity

=1.0 x 1072 S cm™!; double-layer capacitance = 1.0 x 107 F cm?; exchange current density =
1.0x 103 A cm=25!
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Fig. S10 Local current densities on different locations of the 3D framework calculated using
Res=2,570 Q cm? and exchange current density = 0.67 x 10~3 A cm2. The total current density
was 0.5 mA cm™,
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Fig. S11 (a) Voltage profile of 3D-Cu@Ag|AO measured during Li plating (5.0 mAh cm™ at
0.5 mA cm2) and (b—d) SEM images taken after Li plating: (b) top surface (facing the separator)
and (c, d) back side. The photograph of the electrode was also included in the inset of (b).

Fig. S12 (a—) Cross-sectional SEM images of 3D-Cu@Ag|AO taken after Li plating (2.0 mAh
cm2 at 0.5 mA cm2) and (d—g) the corresponding EDS mapping results for Cu, Ag, Al, and O.
The electrode was exposed to ambient atmosphere prior to EDS analysis, and the oxygen signal
was recorded to determine the spatial distribution of LiO,. Note that the O signal originated
from both LiO, and Al,Os.
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Fig. S13 (a) Voltage profile of 3D-Cu@Ag|AO measured during Li plating (20 mAh cm™ at
0.5 mA cm™) and (b—e) SEM images taken after Li plating: (b, c) top surface (facing the
separator) and (d, e) back side. Note that Li deposits were observed on both top and back sides.
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Fig. S14 (a) Voltage profile of 3D-Cu measured during Li plating (20 mAh cm2 at 0.5 mA cm~

2) and (b—e) SEM images taken after Li plating: (b, c¢) top surface (facing the separator) and (d,
e) back side. Note that Li deposits were only observed on the top surface.



Note 2. Estimation of Coulombic efficiencies (CEs)
The CE value was determined using the following procedure proposed by Adams et al.S?:

(1) Pre-conditioning by Li plating to 2.0 mAh cm~ at 1.0 mA cm~2 and subsequent Li stripping
at 1.0 mA cm2to 1.5 V vs. Li/Li*;

(2) Plating of Li reservoir (Qr = 2.0 mAh cm~2) at 1.0 mA cm>;
(3) 10 cycles (n = 10) of Li plating—stripping (Qc = 1.0 mAh cm2) at 0.5, 1.0 or 2.0 mA cm;
(4) Full Li stripping at 1.0 mA cm™2 to 1.5 V vs. Li/Li* (Qs).

The average CE value was calculated by

_ nOc +0s

CE=—+~—>=—_
nQc +nQr 1

Table S1 Coulobmic efficiencies (CEs) of 3D frameworks measured at various current
densities.

Current density CE (%)
(mA cm’2) 3D-Cu 3D-Cu@Ag 3D-Cu@Ag/AO
0.5 93.8 96.3 98.5
1.0 92.9 95.6 98.2
2.0 92.1 94.5 96.9
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Fig. S15 Cycling performance for 3D-Cu|AO at 1.0 mA cm™.
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Table S2 Comparisons of technical approaches and electrochemical performance of various
various Cu-based 3D frameworks for Li electrodes.

Technical Current density* Capacity* CE
Electrode approach (mA cm ) (mAh cm?) (%) Reference
3D Cu H, bubble dynamic template 0.5 1 ~97 S1
3D Cu Electrochemical Zdr(laalloymg of Cu— 1 | 97.9 S
VA-CuO-Cu Vertically aligned CuO nanosheets 0.5 1 94 S3
Cu,S NWs/Cu In situ growth of Cu,S nanowires on 1 | 95.5 S4
Cu foam
Cu(OH), deposition, dehydration,
3D Cu submicron reduction 0.3 ! o7 S5
skeleton
with 0.005M Li,Ss additive 0.5 1 98.5 S6
Solvent evaporation assisted
CuNW assembly 1 1 98.6 S7
(with 0.005M Li,Sy additive)
3D Cu mesh Controlled mesh size 0.5 1 93.8 S8
3D Cu Vacuum distillation of Cu—Zn 0.52 0.26 ~90 S9
Cu-CuO-Ni Cu-CuO nanowire arrays 1 1 95 s10
on Ni foam
Lo . . 0.5 1 98.2 S11
3D Cu film Liquid GZ:;SSC?S alloying—
yme 1 1 ~97 S12
3D-Cu@Ag/AO Ag nanolayer ! ! 98.2 This work

Al20; passivating layer

* Test conditions for CE evaluations
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