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ABSTRACT 

 

Metallic zinc (Zn) has been considered one of the most promising anode materials for next-

generation aqueous Zn batteries due to its low redox potential and high storage capacity. However, 

excessive dendrite formation in Zn metal, corrosion, the evolution of hydrogen gas during the 

cycling process, and the poor Zn-ions (Zn2+) transport from the electrolyte to the electrode limits 

its practical application. One of the most effective strategies to suppress Zn dendrite growth and 

promote Zn2+ transport is to introduce suitable protective layers between the Zn metal electrode 

and the electrolyte. Herein, we mathematically simulated the dynamic interactions between the Zn 

deposition on the anode and the resulting displacement of a protective layer that covers the anode, 

the latter of which can simultaneously inhibit Zn dendrite growth and enhance the Zn2+ transport 

through the interface between Zn anode and the protective layer. Our simulation results indicate 

that a protective layer of high Zn2+ diffusivity not only improves the deposition rate of the Zn metal 

but also prevents the dendrite growth by homogenizing the Zn2+ concentration at the anode surface. 

In addition, it is revealed that the anisotropic Zn2+ diffusivity in the protective layer influences the 

2D diffusion of Zn2+. Higher Zn2+ diffusivity perpendicular to the Zn metal surface inhibits the 

dendrite growth, while higher diffusivity parallel to the Zn metal surface promotes dendrite 

growth. Our work thus provides a fundamental understanding and a design principle of controlling 

anisotropic Zn2+ diffusion in the protective layer for better suppression of dendrite growth in Zn 

metal batteries.  

 

Keywords: phase-field simulation, zinc metal battery, dendrites growth, anisotropic diffusion, 

protective layer 

 



3 

 

1. Introduction 

The current market of power supply for portable electronic devices and electric vehicles is 

dominated by Lithium-ion batteries (LIBs) due to their high energy density and long lifetime. 1,2 

However, traditional LIBs using graphite as anode materials have reached their theoretical limits 

and hence cannot meet the growing demand for energy storage. 3 One potential solution is to 

replace graphite with lithium (Li) metal for anode materials. However, the use of toxic organic 

electrolytes, the scarcity of Li metal resources, and the severe Li dendrite growth issues prevent 

its practical application. 1,4 Recently, zinc metal battery (ZMB) has been considered one of the 

most promising next-generation batteries because of the use of non-toxic aqueous electrolyte, 

abundance of Zn metal on the earth, low redox potential (-0.762 V versus standard hydrogen 

electrode), and high theoretical capacity (820 mAh/g). 5,6 However, ZMB also suffers from 

uncontrollable Zn dendrite growth that hinders its practical applications. During cycling the Zn 

anode deposits irregularly, resulting in spiky structures known as dendrites. 7 These dendrites not 

only decrease the capacity of the battery but can also penetrate the separator and reach the cathode 

side, resulting in an internal short circuit that leads to failure of the battery and other safety issues. 

8 Additionally, in aqueous electrolytes, Zn is thermodynamically active and the direct contact 

between Zn metal and the mild aqueous electrolyte could result in the dissolution of Zn, the 

hydrogen evolution reaction (HER), and the formation of by-products such as Zn4(OH)6SO4.xH2O. 

9,10 The continuous production of hydrogen gas causes electrolyte leakage and the swelling of a 

sealed battery due to an increase in internal pressure. 11 

Over the years, several strategies have been developed to suppress the Zn dendrite growth 

and to improve the performance of Zn metal batteries, such as creating an artificial solid-electrolyte 

interface (SEI) layer, 6,12-14 adding additives in the electrolyte solution to regulate the 

electrodeposition kinetics, 15-17 replacing liquid electrolyte with solid polymer electrolytes, 18-20 
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and coating a protective layer on Zn metal surface that can physically prevent the Zn dendrite 

growth. 4,7,21 It has been reported that rampant 2D diffusion of Zn2+ could be the reason for Zn 

dendrite growth in Zn metal batteries. 22 Hence, an effective strategy to inhibit Zn dendrite growth 

is to promote Zn2+ to move in the horizontal direction (perpendicular to the anode surface) and 

inhibit its lateral movement (parallel to the anode surface). 23 Therefore, the ideal protective layer 

should have higher Zn2+ ionic conductivity to restrain 2D diffusion, low electron transference 

number, and good mechanical strength. 24,25 The higher ionic conductivity facilitates the diffusion 

of Zn2+ through the electrolyte/electrode interface and hence prevents Zn2+ concentration 

polarization, whereas the high mechanical strength prevents the dendrites from physically 

damaging the protective layer. 26 For instance, Zhang et al. 21 synthesized Zn-Sb3P2O14 as an 

artificial protective layer filled with novel 2D Zn2+ adsorbed Sb3P2O14
3- nanosheets to mitigate the 

dendrite growth in the Zn metal battery. The protective layer builds the channels that allow Zn to 

deposit only along the horizontal direction and block 2D diffusion, enabling dendrite-free Zn 

deposition. Recently, Mu et al. 9 developed a ZnF2-Cu (in-situ) protective layer to inhibit dendrite 

growth and suppress corrosion on Zn metal due to side reactions with electrolytes. The protective 

layer enables Cu particles, which act as heterogenous seeds, to distribute uniformly along the Zn 

surface, resulting in the homogenous deposition of Zn. In addition, the ZnF2-Cu layer acts as a 

barrier to separate the Zn anode from the electrolyte, preventing the formation of byproducts and 

corrosion. More recently, researchers have successfully synthesized protective layers to effectively 

stabilize the Zn battery, such as spirally grown 3D ZnCo overlayer, 27 self-assembled multilayers 

(SAM) consisting of L-cysteine, 28 and tetramethylene sulphone (TMS) acting as a hydrated deep 

eutectic electrolyte. 29 On the other hand, some researchers have focused on developing an artificial 

solid-electrolyte interface (SEI) layer to suppress dendrite growth and avoid corrosion reactions. 
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For example, Yang et al. 24 constructed an artificial SEI layer consisting of Mg-Al layered double 

hydroxide (LDH). The SEI layer facilitates the Zn2+ diffusion from electrolyte to electrode, thus 

enabling the even distribution of Zn2+ and inhibition of dendrite growth. The SEI layer also 

improves the Coulombic efficiency by preventing hydrogen evolution reactions and H2O-induced 

corrosion.  

In parallel, computational method such as phase-field modeling has emerged as a powerful 

tool to simulate dendrite growth in Li, Zn, and Mg-based metal batteries. Based on the earlier 

phase-field model of electrochemistry, 30,31 Liang et al. and Chen et al. developed nonlinear phase-

field models to study the electrodeposition kinetics in batteries. 32-34 These models were further 

extended to investigate multiple factors on the dendrite growth, such as the elastic and plastic strain 

in the electrode and electrolyte, 35-37 the grain size and the grain boundary, 38,39 the applied voltage 

and current, 40 the temperature, 41,42 and the applied external pressure. 43 However, very few models 

studied the effect of a protective layer on dendrite formation and growth, due to the difficulties in 

simulating a dynamic protective layer that evolves with the metal anode deposition. The protective 

layer should remain attached to the Zn anode surface and move along with it during Zn deposition. 

Thus, in the simulation the displacement rate of the protective layer (𝑣𝑝) should be equal to the 

rate of the Zn anode/electrolyte interface movement during deposition (𝑣𝑍𝑛). Otherwise, the 

protective layer may either delaminate from the Zn electrode when 𝑣𝑝 > 𝑣𝑍𝑛, or unrealistically 

block the normal Zn electrode deposition when 𝑣𝑝 < 𝑣𝑍𝑛, neither of which is realistic from 

experimental observations. In addition, very few studies have been conducted to investigate the 

effect of the anisotropic diffusivity of the Zn2+ in the protective layer, although it could 

significantly affect the Zn deposition rate and dendrite morphology.  
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In this study, we developed a phase-field model to simulate the dynamic interactions 

between the Zn metal deposition and the protective layer displacement in Zn metal batteries. Our 

simulation results indicate that the protective layer remains on top of the Zn metal, physically 

blocks the dendrite growth, and enhances the transport of Zn2+. The protective layer reduces the 

high local electric field and large concentration gradient at the Zn surface, enabling the smooth 

deposition of Zn metal. In addition, it is found that ion diffusion behavior in the protective layer 

plays an important role in the suppression or promotion of the dendrites. Our simulation thus 

provides new insight into the roles of isotropic and anisotropic Zn2+ diffusion in the growth and 

morphology of dendrites in Zn metal batteries.  

 

 

2. Methods  

 

In this work, we consider a half-cell model consisting of a Zn metal anode, a protective 

layer that covers the anode, and an electrolyte solution. To differentiate these different regions, we 

employ two order parameters, 𝜉1 and 𝜉2 to represent the Zn metal anode (𝜉1 = 1, 𝜉2 = 0), the 

protective layer (𝜉1 = 0, 𝜉2 = 1), and the electrolyte solution (𝜉1 = 0, 𝜉2 = 0), respectively. The 

values of 𝜉1 and 𝜉2 continuously change from 0 to 1 across the Zn electrode/protective-layer 

interface and protective-layer/electrolyte interface. The electrolyte solution consists of positive 

Zn2+ and effective negative ions (A2-), the latter of which is the combination of all the remaining 

cations and anions. Only Zn2+ is assumed to be mobile. Additionally, we assume that Zn metal can 

always provide sufficient electrons (e-) at its surface to reduce the arriving Zn2+ into Zn atom (Zn2+ 

+ 2e- = Zn) and deposit on the Zn metal surface. Finally, the protective layer is assumed to be 

ionically conductive (for Zn2+) and electrically insulating. For simplicity, we do not consider the 
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temperature effect in our current model, and the entire system is assumed to be isothermal. The 

half-cell model is illustrated in Figure 1.  

 
 

Figure 1. Schematic illustration of a half-cell battery consisting of a Zn metal electrode, a 

protective layer, and an electrolyte solution. The electrolyte solution contains cations (Zn2+) and 

effective anions (A2-).  

 

The total free energy of the system is given by the following equation, 

                               𝐹 = ∫ [𝑓𝑐ℎ(𝜉1, 𝜉2, 𝐶𝑖) + 𝑓𝑔𝑟𝑎𝑑(𝛻𝜉1, 𝛻𝜉2) + 𝑓𝑒𝑙𝑒𝑐(𝐶𝑖, 𝜙)]
𝑉

𝑑𝑉      (1) 

where 𝑓𝑐ℎ is the Helmholtz free energy density, 𝑓𝑔𝑟𝑎𝑑 is the gradient energy density, and 𝑓𝑒𝑙𝑒𝑐 is 

the electrostatic energy density. The Helmholtz free energy consists of energy of ion mixing (𝑓𝑖𝑜𝑛) 

and local free energy density (𝑓0). The energy of mixing is given by 𝑓𝑖𝑜𝑛 = 𝐶0𝑅𝑇 ∑ 𝐶𝑖
∗𝑙𝑛𝐶𝑖

∗
𝑖 , where 

𝐶𝑖
∗ is a dimensionless concentration (𝐶𝑖

∗ =  𝐶𝑖/𝐶0), and the local free energy density is given by 

𝑓0 = 𝑔(𝜉1, 𝜉2) = 𝑊1𝜉1
2(1 − 𝜉1)2 + 𝑊2𝜉2

2(1 − 𝜉2)2 +
𝐴

2
𝜉1

2𝜉2
2, where 𝑊1 and 𝑊2 are the energy 

barrier heights of double-well functions for order parameters 𝜉1 and 𝜉2, respectively, and 
𝐴

2
𝜉1

2𝜉2
2
 

is a cross-term that yields three equilibrium states: for the electrode (𝜉1 = 1, 𝜉2 = 0), for the 

protective layer (𝜉1 = 0, 𝜉2 = 1), and for the electrolyte (𝜉1 = 0, 𝜉2 = 0). The values of 𝑊1 and 
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𝑊2 are selected to be 0.25 and 0.15, respectively, and the value of the coefficient 
𝐴

2
 is chosen to be 

1.5. The gradient energy density takes the form 𝑓𝑔𝑟𝑎𝑑 =
𝜅1

2
(∇𝜉1)2 +

𝜅2

2
(∇𝜉2)2, where 𝜅1 and 

𝜅2 are gradient energy coefficients of Zn metal and protective layer, respectively. To simulate the 

dendritic morphology of Zn metal, the anisotropic gradient energy coefficient for the Zn anode is 

introduced, which is given by 𝜅1 =  𝜅0[1 + 𝛿 cos(𝜔𝜃)], where δ is the strength of anisotropy; 𝜔 

is the mode of anisotropy; 𝜅0 is a coefficient related to the Zn metal surface energy, and θ is the 

angle between the normal vector to the interface and reference axis. Since Zn has a hexagonal 

close-packed crystal structure, the mode of anisotropy (𝜔) is set to be 6. 44 Finally, the electrostatic 

energy density is given by 𝑓𝑒𝑙𝑒𝑐(𝑐𝑖, 𝜙) = 𝐹 ∑ 𝑧𝑖𝑐𝑖𝜙𝑖 , where 𝐹 is the Faraday constant, 𝑧𝑖 is the 

valence of charge species, and 𝜙 is the electric potential. More details about the derivations of 

these energy densities can be found in the literature. 34  

The growth rate of the Zn metal anode due to Zn2+ deposition is described by the temporal 

evolution of 𝜉1 and governed by the following equation,  

𝜕𝜉1

𝜕𝑡
= −𝐿𝜉1

{
𝜕𝑓𝑐ℎ

𝜕𝜉1
− 𝜅1(∇2𝜉1)} − 𝐿𝜂ℎ′(𝜉1) {𝑒𝑥𝑝 [

𝛼𝑧𝐹𝜂

𝑅𝑇
] − 𝐶𝑍𝑛2+ 𝑒𝑥𝑝 [−

𝛽𝑧𝐹𝜂

𝑅𝑇
]}         (2) 

where 𝐿𝜉1
 is the interfacial mobility, 𝐿𝜂  is the electrodeposition reaction constant, and t is the time. 

ℎ′(𝜉1) is the first derivative of an interpolation function ℎ(𝜉1) = 𝜉1
3(6𝜉1

2 − 15𝜉1 + 10), which 

confines the Butler-Volmer driving force that arises from the charge transfer reaction (Zn2+ + 2e- 

= Zn) to be at the Zn/protective layer interface. 𝛼 and 𝛽 are the symmetric factors (𝛼 + 𝛽 = 1), 𝑅 

is the universal gas constant, 𝑇 is the absolute temperature, 𝑧 is the charge number (z = 2 for Zn2+), 

and 𝜂 is the overpotential. 
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The displacement of the protective layer induced by Zn metal surface movement is 

described by the evolution of the order parameter 𝜉2, 

𝜕𝜉2

𝜕𝑡
= −𝐿𝜉2

{
𝜕𝑓𝑐ℎ

𝜕𝜉2
− 𝜅2(∇2𝜉2)} − 𝐷𝑓              (3) 

where 𝐿𝜉2
 is the interfacial mobility of the protective layer, 𝜅2 is the gradient energy coefficient, 

𝐷𝑓 is the driving force term for the protective layer displacement due to the Zn metal surface 

movement during deposition. Based on the relationship between diffuse interface velocity and 

effective driving force, we defined 𝐷𝑓 as, 45 

𝐷𝑓 = 𝑚𝑎𝑥[−ℎ′(𝜉1) × ℎ′(𝜉2) × ∆𝐺] × 𝑏 ×
𝜕𝜉2

𝜕𝑥
                         (4) 

where ∆𝐺 = {𝑒𝑥𝑝 [
𝛼𝑧𝐹𝜂

𝑅𝑇
] − 𝐶𝑍𝑛2+ 𝑒𝑥𝑝 [−

𝛽𝑧𝐹𝜂

𝑅𝑇
]} is the Butler-Volmer expression taken from 

Equation (2), and the driving force constant b is selected to guarantee that no interfacial 

delamination between Zn metal and the protective layer would occur (the value of “b” can be found 

in Table 1). The ‘max’ function takes the maximum value of the product ℎ′(𝜉1) × ℎ′(𝜉2) × ∆𝐺, 

where ℎ′(𝜉1) × ∆𝐺 is the driving force acting at the surface of the order parameter 𝜉1, so that the 

same force would be applied on both surfaces of 𝜉2. Additionally, the product ℎ′(𝜉1) × ℎ′(𝜉2) 

ensures that driving force becomes zero if Zn metal and the protective layer are not in contact with 

each other, where ℎ′(𝜉2) is the first derivative of the interpolation function ℎ(𝜉2) = 𝜉2
3(6𝜉2

2 −

15𝜉2 + 10). The details on the derivation of the driving force can be found in the supporting 

information. 

The evolution of Zn2+ concentration in both the electrolyte and the protective layer is 

governed by the Nernst-Planck equation, 

𝜕𝐶
𝑍𝑛2+ 

𝜕𝑡
= ∇ ⋅ [𝐷 

𝑒𝑓𝑓∇𝐶𝑍𝑛2+ + 𝜇𝑧𝑛𝐶𝑍𝑛2+ 𝑧𝐹∇𝜙] − 𝐾
𝜕𝜉1

𝜕𝑡
                 (5) 
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where 𝐷 
𝑒𝑓𝑓 is the effective diffusivity of Zn2+, which is expressed by using the interpolation 

functions ℎ(𝜉1) and ℎ(𝜉2), i.e., 𝐷 
𝑒𝑓𝑓 =  𝐷𝑒ℎ(𝜉1) + 𝐷𝑝ℎ(𝜉2) + 𝐷𝑠(1 − ℎ(𝜉1) − ℎ(𝜉2)), where, 

𝐷𝑒, 𝐷𝑝, and 𝐷𝑠 are the diffusivity of Zn2+ in the Zn electrode, the protective layer, and the 

electrolyte, respectively. 𝜇𝑧𝑛 is the mobility of Zn2+, K is the accumulation constant, and 𝜙 is the 

electric potential. 𝐾
𝜕𝜉1

𝜕𝑡
 in Equation (5) is a source term to describe the annihilation/accumulation 

rate of the Zn2+ caused by the charge transfer reaction (Zn2+ + 2e- = Zn) at the anode surface. 

The system is assumed to be charge neutral and the current density is conserved. The 

electric potential distribution is calculated by solving the current continuity equation which is 

written as, 

∇ ⋅ (𝜎 
𝑒𝑓𝑓∇𝜙) = 𝑅𝑒

𝜕𝜉1

𝜕𝑡
             (6) 

where Re is the current constant, 𝜎 
𝑒𝑓𝑓 is the effective electrical conductivity whose value is 

calculated using the interpolation function as 𝜎 
𝑒𝑓𝑓 =  𝜎𝑒ℎ(𝜉1) + 𝜎𝑝ℎ(𝜉2) + 𝜎𝑠(1 − ℎ(𝜉1) −

ℎ(𝜉2)), where 𝜎 
𝑒 , 𝜎 

𝑝 and 𝜎 
𝑠  represent the electrical conductivities of the electrode, the protective 

layer, and the electrolyte, respectively. For simplicity, we assume that 𝜎 
𝑝 = 𝜎 

𝑠 in our simulations. 

 All the simulations were performed on the COMSOL Multiphysics software using a phase-

field approach. Equations (2), (3), (5), and (6) are solved by finite element methods using general 

PDE and a time-dependent solver. The system size is chosen to be 500×500 µm2. The mesh size 

is applied manually, and the maximum element size is set to be 2.75 µm. The real values of all the 

parameters are converted into normalized values. The real values are normalized in terms of 

characteristics energy 𝐸0, the characteristics time ∆𝑡0, and the characteristics length 𝑙0. The real 

values and the normalized values are listed in Table 1. Dirichlet boundary conditions are applied 

to solve the Zn2+ concentration (𝐶𝑍𝑛2+ ) and electric potential (𝜙), while zero flux boundary 

conditions are applied for order parameters 𝜉1 and 𝜉2. The value of 𝜙 is set to be -0.18 V at the 
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anode (left boundary) and 0 V at the right boundary of the half-cell, whereas the value of 𝐶𝑍𝑛2+ is 

set to be 1 at the right boundary (Figure S1). The initial value of the Zn2+ concentration in the 

electrolyte solution is assumed to be 1. The value of 𝐶𝑍𝑛2+ is normalized by dividing it with the 

bulk concentration of Zn2+ ions, i.e, 𝐶𝑍𝑛2+ = 𝐶𝑍𝑛 /𝐶0 , where 𝐶0 = 1 𝑚𝑜𝑙/𝐿. The simulation is 

performed at room temperature (T = 298 K).  

 

Table 1: Parameters and their normalized values. 

 
Parameters Sym

bol 

Real Value Normalization Normalized 

value 

Reference 

Interfacial mobility 1 𝐿𝜉1  1.33 × 10−6 𝑚3/
(𝐽 × 𝑠) 

𝐿̂𝜉1 =  𝐿𝜉1 × (𝐸0 × ∆𝑡0)  3330 Estimated 

Interfacial mobility 2 𝐿𝜉2  2.65 × 10−7 𝑚3/
(𝐽 × 𝑠) 

𝐿̂𝜉2 =  𝐿𝜉2 × (𝐸0 × ∆𝑡0)  665 Estimated 

Reaction constant 𝐿𝜂  0.001/𝑠 𝐿̂𝜂 =  𝐿𝜂 × ∆𝑡0  1 35 

Ion diffusivity in 

Electrolyte 
𝐷𝑠  1 × 10−11 𝑚2/𝑠 𝐷̂𝑠 =  𝐷𝑠 /(𝑙0

2 / ∆𝑡0)  1 Estimated 

Ion diffusivity in 

Electrode 
𝐷𝑒  1 × 10−14 𝑚2/𝑠 𝐷̂𝑒 =  𝐷𝑒 /(𝑙0

2 / ∆𝑡0)  0.001 Estimated 

Electrical 

conductivity of 

electrolyte 

𝜎𝑠 0.1  𝑆/𝑚 𝜎̂𝑠 = 

 𝜎𝑠/((𝑙0
2 / ∆𝑡0) × (𝑐0𝐹2/𝑅𝑇)) 

2 44 

Electrical 

conductivity of 

electrode 

𝜎𝑒 1 × 107 𝑆/𝑚 𝜎̂𝑒 = 

 𝜎𝑒/((𝑙0
2 / ∆𝑡0) × (𝑐0𝐹2/𝑅𝑇)) 

2 × 108 35 

Gradient energy 

coefficients 
𝑘1, 𝑘2 5 × 10−5 𝐽/𝑚 𝑘̂ = 𝑘/(𝐸0 × 𝑙0

2) 0.002 34 

Surface energy ϒ 0.5  𝐽/𝑚2 ϒ̂ =  ϒ/(𝐸0 × 𝑙0) 0.002 46 

Charge transfer 

coefficient 

𝛽, 𝛼 0.5 - - 46 

Driving force 

constant 
𝑏 6 × 10−10 𝑚/𝑠 𝑏̂ = 𝑏 × (∆𝑡0/𝑙0)   0.006 Calculated 

 

 

3. Results and discussions 

 

3.1. Dendrite growth in a bare Zn anode.  

First, we investigate the evolution of the Zn anode in the absence of a protective layer. The 

initial morphology (t = 0 s) of the Zn anode has a flat surface, and a small semi-circle-shaped 

protrude is introduced at the surface center to mimic the surface roughness, as shown in Figure 
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2(a). The protrude acts as a nucleation site for Zn dendrite growth. The initial Zn2+ concentration 

and electric potential distribution (t = 0 s) are shown in Figure 2 (d) and (g) and will be the same 

for all our simulations hereafter. Equations (2), (5), and (6) are solved self-consistently to obtain 

the evolutions of the Zn anode (𝜉1), Zn2+ concentration (𝐶𝑍𝑛2+ ), and electrical potential (𝜙) 

distribution, as shown in Figure 2. It is seen that in the absence of a protective layer, the initial 

bare Zn metal anode grows from a protrude into filament-like large dendritic structures (Figure 2 

(b), (c)), due to the large concentration gradient of Zn2+ (Figure 2 (e), (f)) and large electric field 

intensity at the tip of the protrude (Figure 2 (k) inset). This can be clearly seen by the 1-D plots 

of Zn2+ concentration and electric field along the x direction (𝐸𝑥) across the tips of Zn dendrite at 

t = 300 s (red curves in Figure 2(j) and (k)). These large gradients act as a driving force for Zn 

metal to grow preferentially across the dendrite tips. 47 By contrast, the Zn metal plain surface 

grows dendrite-free at the top and bottom regions, where only small dendrites can be seen as a 

result of the presence of small surface roughness. This can be further explained by the 1-D plot of 

Zn2+ concentration across the plain Zn metal surface which shows a smooth concentration gradient 

(black curve in Figure 2(j)). Finally, the local electric field is segregated at the tip of the dendrites 

(inset of Figure 2(k)). Its maximum value reaches ~ -0.12 V/µm, almost 8 times larger than that 

at the plain interface (~ -0.015 V/µm).  
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Figure 2. Simulation results for dendrite growth in bare Zn anode. (a-c) Zn anode morphology 

from 0 - 300 s. (d-f) Zn2+ concentration. (g-i) electrical potential distribution. (j) 1-D graph of Zn2+ 

concentration along dendrite tip and plain surface, as shown by arrows in the inset image. The 

inset image is a 2-D plot of Zn2+ concentration at t = 300 s. (k) 1-D graph of the electric field along 

the dendrite tip and plain surface, as shown by arrows in the inset image. The inset image is a 2-D 

plot of the electric field distribution at t = 300 s. The scale bar in (a) applies to all the figures (a-

i). 

t= 0 s t= 150 s t= 300 s

(j)

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

(k)
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3.2. Zn deposition in the presence of the protective layer. 

 

Next, we introduced a protective layer to study its effect on Zn metal deposition by self-

consistently solving the coupled Equations (2), (3), (5), and (6). The initial conditions are the same 

as in Section 3.1, the thickness of the protective layer is assumed to be 50 μm, and the Zn2+ 

diffusivity (𝐷𝑝) and electrical conductivity (𝜎𝑝) in the protective layer are assumed to be the same 

as those in the electrolyte (𝐷𝑠, 𝜎𝑠). Figure 3(a)~(c) illustrate the temporal evolutions of the Zn 

metal anode (red region) and the protective layer (green region). Compared with those in Figure 

2(a)~(c), the initial protrude on the Zn surface maintains its shape and only increases in size during 

deposition, rather than growing into a filament-like dendrite structure (Figure 2). The flat surface 

regions of Zn metal grow homogeneously and become thicker. This results in a much smoother 

Zn metal surface with an almost uniform growth rate (Figure 3(c)). Meanwhile, the protective 

layer always covers the Zn metal and no interfacial delamination is seen. Thus, our model 

successfully simulates the inhibition effect of the protective layer on the Zn dendrite growth. 

Figure 3 also illustrates the evolutions of Zn2+ concentration ((d)~(f)) and electrical potential 

distribution ((g)~(i)). It is seen that Zn2+ concentration is higher in both the protective layer and 

electrolyte and reduces to almost zero in the Zn metal, indicating that Zn2+ can diffuse in the 

protective layer and is reduced into Zn metal at the Zn metal/protective layer interface. Figure 

3(j), (k) illustrate the 1-D plots of Zn2+ concentration and electric field along the x direction (𝐸𝑥) 

across the protrude (red curve) and the plain Zn metal surface (black curve) at t = 300 s (2D plot 

in the inset). Compared with Figure 2(j), (k), the Zn2+ concentration gradients are almost the same 

at different regions of the Zn metal surface, and the difference between local electric fields at the 

protrude tip (~ -0.04 V/μm) and plain surface (~ -0.03 V/μm) with a protective layer is much 

smaller than that in the bare Zn electrode (Figure 2(k)). These results indicate that the protective 
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layer improves the homogeneity of the Zn2+ concentration and electric field at the anode surface 

during battery charging, resulting in dendrite-free Zn deposition. Experimental studies suggest that 

reducing the large concentration and potential gradient can prevent dendrite growth in Zn metal 

batteries. 48,49 Thus, our simulation results agree with the previous experimental results. 

 
 

Figure 3. Simulation results for Zn deposition in the presence of the protective layer. (a-c) 

evolution of Zn metal and protective layer from 0 to 300 s. (d-f) Zn2+ concentration. (g-i) electrical 

t= 0 s t= 150 s t= 300 s

(j) (k)

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)
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potential distribution. (j) 1-D graph of Zn2+ concentration along dendrite tip and flat surface, as 

shown by arrows in the inset. (k) 1-D graph of the electric field calculated along the arrow’s 

directions, as shown in the inset image. The scale bar in (a) applies to all the figures (a-i). 

 

 

3.3. Effect of isotropic diffusion of Zn2+ in the protective layer on Zn deposition. 

 

It has been previously reported that Zn2+ diffusion plays an important role in Zn metal 

deposition, and constructing a Zn2+-affinity protective layer with higher Zn2+ transfer kinetics can 

potentially control the local Zn2+ concentration and promote a dendrite-free Zn metal anode.24 The 

transport of Zn2+ in a typical Zn metal battery is dominated by diffusion and drift: the diffusion is 

induced by the concentration gradient, whereas the drift is induced by the electric potential 

gradient. 50 To further understand its mechanism, we study the effects of Zn2+ diffusivity in the 

protective layer on Zn deposition. We first assume that the protective layer is isotropic and the 

Zn2+ diffusivity along the x direction (perpendicular to Zn metal surface) and y direction (parallel 

to Zn metal surface) are identical (𝐷𝑝𝑥 = 𝐷𝑝𝑦 = 𝐷𝑝). Figure 4 illustrate the intermediate (t = 150 

s) and final morphologies (t = 300 s) of Zn metal and protective layer for four cases: (i) 𝐷𝑝 =

0.5𝐷𝑠; (ii) 𝐷𝑝 = 𝐷𝑠; (iii) 𝐷𝑝 = 2𝐷𝑠; and (iv) 𝐷𝑝 = 6𝐷𝑠. It is clearly seen that when 𝐷𝑝 increases, 

the final thickness of the Zn metal increases accordingly, while the final size of the protrudes is 

almost the same, as summarized in Figure 5. To understand this behavior, we plot the Zn2+ flux 

(calculated as the product of Zn2+ concentration gradient and diffusivity) for these four cases using 

arrow graphs, as shown in Figure 4(c), (f), (i), and (l). It is seen that when 𝐷𝑝 increases, the 

magnitude of Zn2+ flux (represented by the length of arrows) in the protective layer increases 

accordingly. The higher Zn2+ flux enhances the transport of Zn2+, resulting in a higher deposition 

rate and an increase in the final thickness of Zn metal. It is also seen that in each case, the maximum 
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flux emerges at the Zn metal surface, and the flux direction (represented by the arrow direction) is 

mostly perpendicular to the Zn metal surface, except in the vicinity of the protrude where the flux 

is pointing towards the protrude tip. This is because the maximum Zn2+ concentration gradient 

occurs at the Zn metal/protective layer interface and becomes almost zero in both the Zn metal and 

protective layer. In addition, the Zn2+ flux is homogeneous at the Zn surface in each case, 

indicating that the protective layer facilitates the equal distribution of Zn2+ at the surface, which 

helps reduce the dendrite growth. These results are consistent with prior studies. 51,52 Based on our 

simulation, it can be inferred that the role of the protective layer in Zn metal deposition is two-

folded, i.e., it not only blocks the dendrite growth physically but also promotes Zn2+ diffusion to 

realize a larger Zn metal growth rate. The electric field and Zn2+ concentration for all these cases 

are shown in Figure S2. 

Additionally, we studied the effect of the thickness of a protective layer on Zn deposition. 

Our simulation results (Figure S4) show that when 𝐷𝑝 > 𝐷𝑠, increasing the thickness of the 

protective layer will enhance the Zn deposition rate. This is because a highly diffusive protective 

layer will further facilitate the transport of Zn2+ when its thickness increases. In contrast, when 

𝐷𝑝 < 𝐷𝑠, the Zn deposition rate decreases when the thickness of the protective layer increases, as 

a thicker and less diffusive protective layer will hinder the transport of Zn2+ (Figure S4).  
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Figure 4. Simulation results showing the morphologies of Zn anode and protective layer at t = 150 

s and 300 s with different magnitudes of isotropic diffusivity of Zn2+ in the protective layer. (a), 

(b) when 𝐷𝑝 = 0.5𝐷𝑠; (d), (e) when 𝐷𝑝 = 𝐷𝑠; (g), (h) when 𝐷𝑝 = 2𝐷𝑠; (j), (k) 𝐷𝑝 = 6𝐷𝑠. (c), (f), 

(i), (l) arrow graphs showing the magnitudes and directions of the Zn2+ flux for four different cases. 

The scale bar in (a) applies to all the figures (a-l). (𝐷𝑝 and 𝐷𝑠 denote the diffusivity of Zn2+ in the 

protective layer and the electrolyte, respectively) 

t= 150 s t= 300 s

Dp = 0.5Ds

Dp = Ds

Dp = 2Ds

Dp = 6Ds

Zn2+ Flux

(j) (k)

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

(l)

Dp = 0.5Ds
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Figure 5. Relationship between diffusivity of Zn2+ in the protective layer (𝐷𝑝) and electrode 

thickness gain and dendrite tip height. The image in the inset shows how the Zn thickness and tip 

height are measured. Electrode thickness gain is calculated as the difference between initial 

thickness (t = 0 s) and final thickness (t = 300 s). 

 

3.4. Effect of anisotropic diffusion of Zn2+ in the protective layer on Zn deposition. 

 

Finally, we studied the effect of an anisotropic protective layer in terms of the diffusivity 

of Zn2+. For an anisotropic protective layer, the diffusivity of Zn2+ in the x and y directions are 

different and hence it will affect dendrite morphology and Zn metal deposition rate. Two terms 

𝐷𝑝𝑥 and 𝐷𝑝𝑦 will be used, where 𝐷𝑝𝑥 and 𝐷𝑝𝑦 represent the diffusivity of Zn2+ in the protective 

layer in the x and y directions, respectively. We studied two cases: (i) for case 1, 𝐷𝑝𝑥 is fixed at 

1×10-11 m2/s and 𝐷𝑝𝑦 increases, and (ii) for case 2, 𝐷𝑝𝑦 is fixed at 1×10-11 m2/s and 𝐷𝑝𝑥 increases. 

In case 1, when 𝐷𝑝𝑦 increases the protrude size grows faster and almost becomes dendritic Zn, 

while the thickness of the planar anode surface grows slowly (Figure 6(a)~(c)). On the other hand, 

in case 2, when 𝐷𝑝𝑥 increases, the planar anode surface grows faster and becomes thicker, while 

x10-11
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the protrude size becomes smaller and does not turn into dendritic Zn (Figure 6(d)~(f)). To reveal 

the underlying mechanism of this phenomenon, we plot the Zn2+ flux for both cases using arrow 

graphs. In case 1, the flux is nonuniform at the Zn surface (Figure 6(g)), i.e., the flux is higher 

around the protrude, and the direction of flux is not perpendicular to the Zn surface. It is 

demonstrated that higher Zn2+ diffusivity in the y-direction promotes dendrite growth, which is 

attributed to the 2D diffusion of Zn2+ towards the protrude. On the contrary, in case 2, the flux is 

uniform at each surface, and the direction of the flux is perpendicular to the Zn surface (Figure 

6(h)). It is clearly demonstrated that higher diffusivity of Zn2+ in the x-direction (perpendicular to 

Zn surface) hinders 2D lateral diffusion of Zn2+, which eventually leads to the inhibition of dendrite 

growth. It has been previously reported that 2D lateral diffusion of Zn2+ is responsible for the Zn 

dendrite formation and growth in Zn metal batteries. 21,47,53 Our simulation results thus agree well 

with prior experimental results. For comparison, the Zn2+ diffusivity is plotted versus the electrode 

thickness gain (Figure 6(i)) and dendrite tip height (Figure 6(j)). This comparison clearly 

indicates that electrode thickness increases with diffusivity for both cases (Figure 6(i)), but the 

growth rate is higher in case 2 (red curve), which is attributed to the higher Zn2+ flux (Figure 6(h)) 

in the protective layer. Meanwhile, the final height of the dendrite tip increases with diffusivity for 

case 1 (black curve) but decreases for case 2 (red curve) (Figure 6(j)), which is attributed to the 

2D diffusion of Zn2+. Our simulation results thus indicate that enhancing the horizontal diffusivity 

of Zn2+ (𝐷𝑝𝑥) via selecting/designing a proper protective layer can potentially inhibit the Zn 

dendrite growth and promote the Zn deposition rate in Zn metal batteries. The electric field and 

Zn2+ concentration for both cases are shown in Figure S3. 
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Figure 6. Simulation results showing the effect of anisotropic diffusion of Zn2+ in the protective 

layer on Zn metal growth (t = 300 s). (a-c) Final morphologies of Zn metal and protective layer 

when 𝐷𝑝𝑥 is fixed and 𝐷𝑝𝑦 increases. (d-f) Final morphologies of Zn metal and protective layer 

when 𝐷𝑝𝑦 is fixed and 𝐷𝑝𝑥 increases. (g) Zn2+ flux for case 1 when 𝐷𝑝𝑦 = 4𝐷𝑝𝑥. (h) Zn2+ flux for 

case 2 when 𝐷𝑝𝑥 = 4𝐷𝑝𝑦. (i) 1-D plot of electrode thickness gain versus diffusivity for both cases. 

(j) 1-D plot of dendrite tip height versus diffusivity for both cases. The scale bar in (a) applies to 

all figures (a-h). 
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In this study, we did not consider the mechanical strain effect of the protective layer. It is 

likely that dendrites may penetrate through the protective layer during deposition, due to the 

induced stress cracks may be formed in the protective layer, and delamination may happen. These 

will further influence the Zn deposition process. In our future studies, we will further develop our 

model to incorporate the elastic energy in the total free energy of the system and explore its effect 

on the Zn deposition. 

 

4. Conclusion 

 

In summary, we developed a phase-field model to study the effect of a highly Zn2+ diffusive 

protective layer on the suppression of Zn dendrite growth. Our model considers for the first time 

the dynamic interactions between the protective layer displacement and the Zn metal deposition. 

In the absence of the protective layer, the bare Zn metal grows into large dendritic structures due 

to a large electric field and concentration gradient segregated at the dendrite tip. However, when 

the protective layer is introduced on the top of the Zn anode, the dendrite growth is significantly 

inhibited. This is because the protective layer enables the homogenous distribution of Zn2+ and 

reduces the Zn2+ concentration gradient and electric field segregation. In addition, by increasing 

the diffusivity (isotropic) of Zn2+ in the protective layer, the growth rate of Zn metal increases, 

while the size of the protrudes remains almost the same. Finally, it is realized that higher diffusivity 

of Zn2+ in the x-direction homogenizes the Zn2+ flux by preventing 2D diffusion, resulting in 

smooth and dendrite-free deposition of Zn metal. 
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