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Continuum model and parameterization

¢ Butler-Volmer equation, which correlates the Faradaic current density across the electrode-
electrolyte interface !se with the overpotential 77:
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e Charge conservation in the electrolyte:

e Mass conservation in the electrolyte:
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e Charge conservation in the electrode:
Model extensions in 1D:

e Change of Li volume fraction

o YT (S6)

e Specific surface area for Li plating with two contributions (plating on the uncovered surface
of the host structure and plating on the surface of existing Li deposits):

Ca(1- [Fr ) fe s
a=a,- (1-0)+a, (S7)
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Note, that Equation (S7) is an empirical expression based on the approach of Richter et
al..!” In general, the surface area of the host material decreases with €Li until it is fully

covered with Li, while the available surface of the Li deposits increases during initial
plating, but decreases later on due to pore clogging.

e Effective Li volume fraction Lieff (mean between the values for €Li of the control volume

IX and its direct neighbors of all three dimensions) to enable propagation of Li growth
between the control volumes of the spatial discretization.
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Figure S1. Schematic overview of interplay between simulations on 3D and 1D level.



Figure S2. Microstructure of the CC measured by micro-CT with a resolution of Sum.

Geometric parameter Value
Celgard 2325 Separator
Porosity €e 0.39
Bruggeman coefficient B 4
Thickness 25um
1071 HCB CC Anode
Porosity £e,0 0.5
Bruggeman coefficient B 2
Thickness 356um
Specific surface area % 242 m*/m’
Ge interlayer
Porosity £e,0 0.5
Bruggeman coefficient B 2
Thickness Sum
484 m?/m3

Specific surface area %o




Table S1. Geometric parameters of separator and anode for simulation of Li plating in a half cell.

Electrolyte parameter

Initial concentration e
Conductivity ¥

Diffusion coefficient D

t
Transference number = +

Thermodynamic factor f thermo

Value  Reference
1.25 mol/L
1.1 S/m 2
51010 3
m?/s
0.5 3
1

Table S2. Transport parameters of the LiTFSI + LiNO; in DOL/DME (1:1) electrolyte.

Kinetic parameter Value Reference
Rate constant kgy 2.5°107 4
m/s
Symmetry factor & 0.5
Open-circuit potential Ug (vs. Li/Li") ov
ELiref 5°10%
Miiref 8 1013
mol
Nucleation overpotential on CC Nnuce(co) 0-0.1V
Nucleation overpotential on Ge Mnuc(Ge) ov 5

Table S3. Kinetic parameters of Li plating on CC and Ge.
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Figure S3. 1D continuum simulations: Temporal evolution of the infilling of (a) CC and (b) GeCC with

plated Li at 0.1 mAcm? ("Tmuc(c¢)=20 mV). The current collector is located at x =0 pm, while the
separator is beginning at the end of the x-axis.

Microscopic plating morphology Liref

The reference volume fraction of Li éLiref at which the surface of the host material is fully covered by
plated Li, indicated whether the metal deposition is rather smooth or uneven. The theoretical minimum

value of £Liref is given by the specific surface area of the host material 0 and the radius of atomic Li
"Li (Equation (S9)), meaning that the host structure is covered by one perfect monolayer (ML) of Li.
ML _ . -8
Epiref = ELirer = Ao " 27 = 7410 (59)
However, in reality Li plating will occur via nucleation and growth. Thereby, the critical size of a Li
nuclei will be much larger than a Li atom, typically in the range of few nm (" Licrit ¥ 1-3nm, depending
on the current density).6 Consequently, the more realistic minimum value of Liref for perfectly smooth

Li deposition is in the range of 3-7-10" 7 which corresponds to approximately 3-10 ML of Li metal
(Equation (S9)). Practically, it can be assumed that even for relatively smooth Li deposition the value

of Liref will be significantly higher since it is very unlikely that the electrode surface gets completely
covered by Li nuclei of the critical size. Instead growth will play a role as well. As a result, even for a

ELiref that is a few orders of magnitude higher than its minimum value the plating morphology can still
be considered to be very smooth. Unfortunately, it is challenging to study the microscopic morphology

evolution during Li deposition. Therefore, the value for the model parameter ©Liref will remain a rough

estimate. To study the impact of ©Liref a parameter study is carried out and it is found that the &Liref
mainly determines the maximum filling of the CC pores with Li. (Figure S3). Since the SEM analysis
implies a quite dense Li infilling of the CC (Figure 4), a value in the range of 10->-10** ( = 100-1000

ML Li) overall seems to be a reasonable estimation for Liref (Table S3). It is also found, that the
influence of £Liref on the general plating mechanism (top-down vs. bottom-up) is neglectable (Figure
S3) and therefore the exact value of Liref is not crucial for the simulation results. Only for very low
ELiref, close to the absolute minimum value, the filling mechanism changes from bottom-up filling to

on-top plating. However, such a low value for €Liref would imply a perfect layer-by-layer growth, which
is not very likely.
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Figure S4. 1D continuum simulations: Influence of £Liref on the infilling of GeCC with plated Li after

4 mAhem? at 0.1 mAcm? (Thuc(c)=20 mV). The Ge interlayer is positioned at 0-5 um and is facing
towards the current collector.



For the 3D simulations based on the model of Hein et al.” the value of éLiref is converted into a molar

ML
quantity of Li metal ™Liref. Following their approach, the value for 1 ML ™Liref can be calculated based
on the voxel size of the microstructure (5 pm), the atomic radius of Li and its molar volume (Equation

ML
(S10)) which directly correlates to the previously determined value of €Liref (Equation (S9)).
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Figure S5. Figure S1. Schematic illustration representing steps towards the synthesis of Ge NWs
decorated on CC (GeCC).

Figure S6. SEM images of (a) CC and (b) Sn coated CC. (Inset: high magnification image of Sn
coated CC fiber)
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Figure S7. Histogram representing diameter distribution of Ge NWs. The average diameter of Ge NWs
was 150.4 nm.

Figure S8. Photographic images of (a) CC, (b) Sn-CC after Sn thermal evaporation and (c) GeCC after
Ge NWs growth on Sn-CC substrate. The image also shows high flexibility of GeCC substrate.
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Figure S9. XPS analysis of GeCC interlayer representing core-level spectra of (a) Ge 3d, (b) Sn 3d,
and (c) C 1s.
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Figure S10. Segmented XRD analysis of GeCC interlayer between (a) 18°-30° and (b) 38°-40° to
represent major Li;sGe, peaks appearing after lithiation using short-circuiting method.
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Figure S11. XRD analysis of lithiated GeCC showcasing formation of Li;sGe, after short-circuiting
method.

For the XRD analysis, lithiated GeCC was removed from the underlying Li foil to enhance the signals
generated from Li;sGe, phase. A background spectrum of Mylar film has also been included which was
used to protect sample from oxidation in air.
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Figure S12. Ist cycle voltage-specific capacity profile of (a, b) CC and (c, d) GeCC cycled at 2 mA
cm?2, 2mAh cm?. (¢) Columbic efficiency vs. cycle no. plot of CC and GeCC vs. Li at 2 mA cm2, 2
mAh cm2. The delithiation voltage was setat 1.0 V.
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Figure S13. The voltage-time graph of Li, LiCC and LiGeCC at various time frames of (a) 0-50h , (b)
160-240 h, (c) 340-400 h, (d) 2400-2500 h.
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Figure S14. Comparison of symmetric cell cycling with LiGeCC (Ge side facing lithium) and LiGeCC
(Ge side facing separator) at 2 mA cm2, 2mAh cm™.



Figure S15. The equivalent circuit used to calculate Rs, Rgg; and R, Rs is the ohmic resistance of the

CPE CPE
S NN
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cell, Rct is the charge transfer resistance, CPE is the capacitance while Z,, is the Warburg factor.

Sample | Cycle R, Rses Rt Rsrict
no. (Ohm) | (Ohm) | (Ohm) | (Ohm)
1t 6.2 15.2 26.5 41.7
Li
100t 7.0 18.6 26.6 45.2
i K 5.9 13.6 22.6 36.2
LiCC
100t 7.2 14.6 23.2 37.8
1t 6.1 6.9 8.5 15.4
LiGeCC
100th 7.1 3.1 5.6 8.7

Table S4. Table representing Rs, RSEI, Ret and total cell internal cell resistance (RggitR).
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Figure S16. A comparison of the voltage vs. Areal capacity graphs of (a) Li, (b) LiCC and (c¢) LiGeCC
at various current densities with fixed current density of 2 mA cm.
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Figure S17. Symmetric cell performance of Li, LiCC and LiGeCC anodes at (a) 4mA cm2, 2mAh cm?
and (b) 4 mA cm2, 4 mAh cm?2.



Metal anode interlayers | Current density (mA cm2) | Areal capacity (mAh cm2) | Hours (h) Ref.

1 CNTs 1 1 200 h 8

2 Ni mesh 1 1 ~1400 h 9
3 1 ~650

3 Stainless steel mesh 1 1 250 h 10
5 1 250 h

4 Copper mesh 0.5 1 1280 h 11
1 1 600 h
2 1 120 h

5 Carbon cloth 1 1 400 h 12
3 1 ~140 h
5 1 ~100 h

6 Coiled glass fiber 1 1 ~1000 h 13
2 1 270 h
5 1 150 h

7 Mullite fiber 2 1 ~1000 h 14

8 GZCNT (CNT-ZnO interlayer) 1 1 1040 h 15
S 1 ~120 h
10 1 ~100 h

9 Grl10 (Gradient coating of polymer, 1 1 Over 2000 h 16

Znions) 6 1 100 h

4 2 180 h

10 SFC/CNTs 2 2 600 h 17
5 2 200 h

11 GeCC 2 2 2500 h This work
2 4 1000 h
4 2 500 h
4 4 250 h

Table S5. Comparison of the current density vs. plating capacity w.r.t to the life span of symmetric
cells with previously published studies based on interlayer/ Li metal anode.




LiGeCC

Figure S18. SEM analysis of (a, b) LiCC and (c, d) LiGeCC anodes after 100 cycles at 2 mA cm,
2mAh cm. The anodes were examined after the stripping step.

Figure S19. Comparison of cross-sectional SEM of LiCC and LiGeCC at 4 mAh c¢m? plating capacity
after 100 cycles.



Uncoated side of GeCC facing Ge NW coated side of GeCC
separator facing Cu current collector

Figure S20. Li plating on CC (a) facing the separator and (b) facing the Cu current collector. Li plating
on the GeCC (c) CC side facing the separator and (d) Ge NW side facing the Cu current collector. For
both samples 4 mAh cm Li was plated at a current density of 2 mA cm2.

200 pm GeCC facing Cu current collectol

Figure S21. Cross-sectional SEM images of (a, b) CC and (c, d) GeCC as substrates after 4 mAh cm
Li plating in a Li vs. CC and Li vs. GeCC half-cell.
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Figure S22. Voltage vs. Specific capacity plot of Li-LFP, LiCC-LFP and LiGeCC-LFP at various C-
rates.
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Figure S23. Comparison of voltage — specific capacity profile of Li-LFP, LiCC-LFP and LiGeCC-LFP
at0.2,1and 3 C.
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Figure S24. Voltage vs. Specific capacity plot of Li-LFP, LiCC-LFP and LiGeCC-LFP at various cycle
no.
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Figure S25. Voltage vs. Specific capacity plot of Li-NMC, LiCC-NMC and LiGeCC-NMC at various
cycle no.
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Figure S26. Rate capability performance of Li-LFP, LiCC-LFP and LiGeCC-LFP at various C-rates
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Figure S27. Voltage vs. Specific capacity plot of Li-NMC, LiCC-NMC and LiGeCC-NMC at
various C-rates.



List of symbols

Capital letters

D Diffusion coefficient
F Faraday constant

M Molar mass

N eeff Effective particle flux in the bulk electrolyte

R Universal gas constant
T Temperature
Uy Open circuit potential (OCV)

Lowercase letters

a Specific surface area for Li plating
a Specific surface area of the host material (CC)
c Concentration

fihermo ~ Thermodynamic factor

i Applied current density during galvanostatic cycling

I Amplitude of the Butler-Volmer equation (exchange current density)
Ise Current density at the electrode-electrolyte interface

Joeff Effective ionic current in the bulk electrolyte

Js Electric current in the bulk (solid) electrode

kgy Reaction rate constant of the Butler-Volmer equation

n Amount of substance



t

ty

Time

Transference number

Greek letters

ELieff

gLi,re f

nnuc

Symmetry factor of the Butler-Volmer equation
Bruggeman coefficient

Volume fraction of the electrolyte

Porosity of electrode or separator

Volume fraction of plated Li

Effective volume fraction of plated Li

Reference volume fraction of plated Li corresponding to a fully covered surface
of the electrode / host material (CC)

Overpotential of the electrochemical reaction

Nucleation Overpotential

Fractional coverage of the electrode surface with Li metal
Ionic conductivity of the electrolyte

Density

Electronic conductivity of the electrode

Tortuosity

Electrochemical potential of the electrolyte

Electric potential of the electrode

Subscripts s, e and Li indicate a quantity of the solid (host) electrode, the electrolyte and the

plated Li respectively.
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