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Figure S1. The surface morphology of the pristine Li foil before cycling.  
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Figure S2. The morphology of Li deposition on the closed Li nanotube after cycling. 
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Figure S3. The current density simulation results of uniform microtubes sample. a) Plot of 

normalized current density along the tube length for uniform nanotube and microtube. b) The 

Li-ion concentration distribution on a 2D cut-plane along the uniform microtube wall at t0 = 5 

ms. c) Plot of time against Li-ion concentration at the middle of the tubes for 2 different cases.
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Figure S4. Characterization and electrochemical performance of hollow C-wood as a host 

structure for Li metal anode. SEM images of the Li metal anode based on a wood scaffold a) 

before and b) after 100 cycles. c) Symmetric cells electrochemical measurement cycling at a 

current density of 4 mA cm-2 and cycling capacity 4 mA h cm-2.
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Phase-field Modeling for Electrodeposition 

In this work, the non-linear phase-field model, developed by L. Chen,[12] is used to simulate the 

evolution of Li plating on the electrode surface. The model accounts for the electrochemical 

reaction kinetics at the surface of the electrode (Li+ + e  Li). The phase-field parameter (ߦ), 

which continuously varies from 0 to 1, is used to differentiate between the Li metal electrode 

ߦ) = 1) and the electrolyte (ߦ = 0). The morphological evolution of Li plating is governed by 

Allen-Cahn equation integrating Butler-Vomer kineties, expressed as 

ߦ߲
ݐ߲

= −(ߦ)ఙ(݃ᇱܮ− (ߦଶߘߢ − (ߦ)ఎ݃ᇱܮ ቊexp ቈ
(1 − ௔ߟܨ݊(ߙ

ܴܶ
቉ − ܿାexp ൤

௔ߟܨ݊ߙ−
ܴܶ

൨ቋ, (1) 

where ℎ(ߦ) = 	 ଶߦଷ(6ߦ − ଷߦ15 + 10)	is an interpolating function, L and Lη are the interface 

mobility and the reaction-related constant, respectively, ߟ௔ is the activation overpotential. The 

first and second term on the right-hand side (RHS) of Equation 1 are related to the driving force 

due to the interfacial energy and electrochemical reactions, respectively. Equation 1 is solved 

simultaneously with mass and charge conservation equations, which can be written as 

߲ܿା
ݐ߲

= ߘ ⋅ ቈܦ௘௙௙ܿߘା +
ାܿߘ௘௙௙ܦ
ܴܶ

቉߶ߘܨ݊ −
ܿ௦
ܿ଴
	
ߦ߲
ݐ߲

, (2) 

ߘ	 ⋅ [߶ߘ௘௙௙ߪ] = 	 ோܫ , (3) 

where 	ܦ௘௙௙ = (ߦ)௘ℎܦ		 + −௦(1ܦ ℎ(ߦ)) is the effective diffusion coefficient, De and Ds are the 

Li-ion diffusion coefficients in the electrode, and in the electrolyte, respectively, ߪ௘௙௙ =

(ߦ)௘ℎߪ		 + −௦(1ߪ ℎ(ߦ)) is the effective conductivity, and ߪ௘and ߪ௦ are the conductivities of 

electrode and the electrolyte solutions, respectively. In Equation 3, the source term ܫோ =

 is associated with charges leaving/entering due to the reaction rate. The Li plating ݐ߲/ߦ௦߲ܿܨ݊

was simulated on COMSOL Multiphysics 5.3, employing the finite element method. We chose 

the adaptive mesh with small enough minimum grid spacing to effectively capture the moving 
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interface. For the spaced Li nanotubes, the tube diameter, the tube length and the 

inter-nanotube space were 90 nm, 650 nm, and 150 nm, respectively (Figure S5). For the 

closed Li nanotubes, the tube spacing was reduced to 50 nm. However, for Li foil, the domain 

size was 4.0 x 4.0 µm. Simulation parameters are listed in Table S1. For initial conditions, the 

uniform Li nucleation sites were applied over the nanotube surfaces due to the uniform current 

density distribution near the nanotube walls. However, a few Li metal perturbations, resulting 

from the large volume change during cycling, were designed on the Li foil surface. The initial 

Li-ion concentration in the electrolyte domain is 1.0 M, while the initial Li-ion in the electrode 

was absent, 0.0 M. The initial electric potential in the electrolyte domain and Li metal were 0.1 

V, and 0.0 V, respectively. The Dirichlet boundary conditions for Equation 2 and Equation 3 

were only employed at the opposite side of the electrode with the Li-ion concentration of 1.0 M 

and the electric potential of 0.1 V, respectively, to represent the bulk electrolytes. The electric 

potential of 0.1 V is chosen based on the magnitude of measured overpotential in 

electrochemical measurements at the first few cycles. The plots in Figure 4 are captured at the 

simulation time of 800 s.
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Current Density Distribution Modeling 

The secondary current distribution, which is a built-in model in COMSOL Multiphysics 5.3, is 

used to predict the current density and electric potential distributions in the electrolyte. The 

model assumes that in the electrolyte the charge transfer obeys Ohm’s law, that is 

݅ =  (4) ,߶∇ߪ−

where ݅ is the current density, ߪ is the conductivity, and	߶  is the electric potential. The 

model considers the activation overpotential, ߟ௔ = ∆߶ − ௵ܧ , where ∆߶ , and ܧ௵ are the 

potential difference at the interface and the standard half-cell potential, respectively. The 

Butler-Volmer equation was chosen to describe the relationship between the overpotential and 

current density at the electrode interface, expressed as 

݆ = ݆଴ ቆexp ቈ
(1− ௔ߟܨݖ(ߙ

ܴܶ
቉ − exp ൤

௔ߟܨݖߙ−
ܴܶ

൨ቇ, (5) 

where ݆ is the charge transfer current density, ݆଴ is the exchange current density, ߙ	is the 

cathodic charge transfer coefficient. The current density (݆) was simply used to describe the 

boundary condition related to electrochemical reaction at the electrode surface, ݊ ∙ ݅ = ݆ . 

Lastly, Equation 4 was solved together with Nernst-Planck equation to predict ions movement 

under migration and diffusion in the dilute electrolyte, which can be written as 

߲ܿା
ݐ߲

= ߘ ⋅ ൤ܿߘܦା + ݖ
ାܿܦ
ܴܶ

 ൨, (6)߶ߘܨ

where c+, z, and ܦ denote the Li-ion concentration, charge number and diffusion coefficient, 

respectively. For meshing, the very fine mesh size was applied on the electrode surface where 

the gradient of current density likely occurred. A uniform nanotube had the inner and outer 

radius of 35 and 45 nm (for skeleton), respectively, with the Li metal layer of 10 nm covering 

the outer surface. A non-uniform nanotube was randomly designed with extremely 
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non-uniform curvatures. For both cases, the length of the tubes was 650 nm. For simplicity, 

only movement of Li-ions was considered. The Li-ion diffusion coefficient was 0.9 × 10-9 

m2 s-1. The exchange current density (݆଴), and cathodic charge transfer coefficient were 

assumed to be 500 A/m2, and 0.5, respectively. The electrode surface areas were selected as 

shown in Figure S6, with the designed electric potential of -1.25 V, while the rest of the 

surfaces were insulated. We considered no ion flux moving in/out the electrolyte boundary, 

except at the top boundary where a constant Li-ion concentration of 1 M is set. Lastly, for the 

initial condition, the electrolyte potential, and Li-ion concentration are assumed to 0 V, and 0 

M, respectively.
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Figure S5 2D nanotube geometry used in phase-field electrodeposition modeling.
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Figure S6 3D geometry of the uniform nanotube used in current density distribution 

modeling.
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Table S1. Simulation parameters used in phase-field electrodeposition modeling.  

Parameters Value Normalized value 

 
Gradient energy coefficient, κ 

 

 
1.5 x 10-5 (J m-1) 

 
0.01 

Li+ diffusivity in liquid, ܦ௅௜శ
௦  9.0 x 10-10 (m2 s-1) 180 

Li+ diffusivity in electrode, ܦ௅௜శ
௘  9.0 x 10-13 (m2 s-1) 0.18 

 
Electrolyte conductivity, ߪ௦ 

 
1 (S m-1) 100 

Electrode conductivity, ߪ௘  1 x 107 (S m-1) 109 

 

Interfacial mobility, L 
 

Reaction-related constant, Lη 

 

1.33 x 10-5 (m3 J-1 s-1) 
 

0.02 (s-1) 

200 
 

400 

 

 
 
 

 


