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Abstract:   
The formation of dendrites on lithium electrodes presents safety and cycling challenges for the 
development of high-performance, rechargeable lithium metal batteries. While a constant current 
(CC) charging protocol has been standard, recent studies have shown that a pulse plating (PP) 
charging protocol is effective at reducing dendrite growth and improving cycle life. In this study, 
dendrite growth at the anode-electrolyte interface was simulated using an Extended Butler-Volmer 
Smoothed Particle Hydrodynamics (eBV-SPH) model implemented in LAMMPS. Square 
waveform PP protocols were implemented and compared to CC results to understand the effect of 
charging protocols on lithium deposition and dendrite morphology. The charging conditions were 
controlled by the applied potential, as the model does not currently enforce galvanostatic 
conditions. Past studies compared CC and PP results at a single charging current density. In similar 
work on lithium-ion batteries, PP and CC results compared at the identical mean current resulted 
in little to no benefit to cycling performance. In this investigation, lithium anode PP protocols 
performed worse when compared with CC plating at the identical mean current. The PP and CC 
simulation results from the eBV-SPH model simulated the expected morphology and behavior 
found in experimental investigations and provide more detailed morphologies than previous 
computational simulations.  
 
1. Introduction 

The development of energy storage technologies is critical to the advancement of 
renewable energy, electric vehicles, and portable electronic devices. Batteries for these 
applications require high energy densities, fast charging, and efficient cycling. The energy capacity 
of current batteries is increasingly limited by the inherent theoretical energy density of the battery 
anode. Even state-of-the-art Lithium (Li)-ion batteries are insufficient in meeting society’s future 
energy demand, due to the low theoretical energy density of the intercalated graphite anode [1].  

Li metal batteries, which utilize a lithium metal anode, have emerged as a promising 
solution to the energy density challenge. The Li metal anode has a theoretical capacity (~3860 mA 
h g-1) [2] approximately ten times greater than the traditional graphite anode used in Li-ion 
batteries (~372 mA h g-1) [3]. While the Li metal battery shows promise, its application is hindered 
by severe Li dendrite growth and an unstable deposition interface [4–7]. During initial plating, the 
highly reactive Li undergoes secondary reactions with the organic solvent, forming a solid 
electrolyte interphase (SEI) at the anode surface [6,8–10]. The diffusion and reaction kinetics at 
the SEI layer initiate dendrite growth [9]. After initiation, the dendrites will rupture the SEI layer 
and continue to rapidly grow due to a lower surface resistance (i.e. a high reaction rate and fast 
kinetics) [9]. During the growth portion of the process preferential growth at the dendrite tips due 
to mass transport phenomena dominates the subsequent Li deposition [10,11]. The high curvature 
of a dendrite tip and its protrusion into regions of stronger electric fields results in non-linear 
diffusion and Li deposition [5,11]. In contrast to Li-ion batteries, where the stable SEI layer is 
formed during initial charging promoting higher efficiency cycling, the SEI layer within Li metal 
batteries in sporadically and continuously formed leading to decreased faradaic efficiency [9]. The 
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computational model presented in this paper simulates the preferential growth of Li dendrites and 
visualizes dendrite morphology, Li+ concentrations, and Li+ flux; however, this model does not 
directly simulate the growth of the SEI layer due to its complex nature and instead uses adjusted 
physical parameters such as reaction rate.   

Effective methods for the suppression of dendrite growth are needed to realize the high 
theoretical capacity of Li metal batteries. The formation of dendrites and porous morphologies 
result in poor performance and safety concerns [1,12–14]. Dendrites can pierce the separator 
causing internal short-circuit leading to thermal runaway, capacity fade, and in extreme cases 
catastrophic failure [15]. Current approaches include mechanically blocking growth with solid 
electrolytes [16], modifying surface characteristics [17], and augmenting charging protocols [18]. 

Researchers have shown that, in comparison to charging with a constant current (CC), the 
use of different charging protocols, such as Pulse Plating (PP) [19–28] and Reverse Pulse Plating 
(RPP) [23,29,30] enable uniform deposition of Li. Traditional CC charging applies a constant 
current to the anode over a specified charging period. It is widely accepted that low current 
densities, which lead to reaction limited deposition, stabilize cycling and promote uniform Li 
deposition, and high current densities lead to diffusion limited deposition and the rapid growth of 
branched, needle-like dendrites [4,13,31–33]. PP is still novel for Li metal battery charging but 
has been extensively utilized in metal electrodeposition techniques and battery charging methods 
[28]. The PP charging protocol consists of a brief charge period followed by a relaxation period. 
The charge period utilizes a high current density (~10 mA cm-2) resulting in many Li dendrite 
nucleation sites while not depleting the Li+ near the anode [18]. This charge period is then followed 
by a longer relaxation period, where a lower current (typically zero) is applied [28,30], allowing 
for the Li+ to migrate towards the anode and minimize the concentration gradient. RPP replaces 
the zero applied current relaxation period with a discharging current, or anodic pulse leading to 
the dissolution of Li into the electrolyte near the anode [27].  Anodic pulses can then be followed 
by another charging period or a relaxation period. Like CC charging, both pulse charging 
waveforms will be repeated until a specified state of charge [23,27].  

In an experimental study of PP and RPP on Li electrodeposition, Yang et al. [23] 
investigated dendrite growth and morphology through a series of modified Li button cell cycling 
tests. In their work, the researchers focused on developing different waveforms to minimize the 
heterogeneous deposition of Li and maximize the cycling capabilities. By varying the charge 
period, relaxation period, and current density the group extensively characterized the effect of duty 
cycle, which is the ratio of charge to cycle period, on cycling efficiency. CC charging in the 
diffusion limited regime (i.e. a high current density of 10 mA cm-2) had needle-like, branched 
dendrites, and poor cycling efficiencies. Meanwhile, PP waveforms comprised of short charge 
periods and long relaxation periods improved Li particle size, dendrite morphology, and cycling 
performance, when compared to CC results at the same high charging current. The researchers 
found that PP moderated the diffusion-controlled situation by allowing Li+ to replenish the 
diffusion layer during nucleation and tip growth. Results from recent experimental investigations 
have expanded on the positive benefits of PP for cycling efficiency at the same charging currents 
[24–26]. Aryanfar et al. have studied the optimal PP protocols for the inhibition of dendrite growth 
[22], the suppression of dendrite growth with RPP protocols [29], and the real-time control of 
dendritic propagation using adaptive PP relaxation periods [18]. 
 Previous experiments and simulations of Li anodes studied the effect of PP relative to CC 
protocols at the same charging current. However, this approach does not account for the alternative 
case of lowering the constant current values to the PP waveform’s mean current. A review of Li-



ion battery research found the mean charging current, dependent on the pulse/relaxation frequency, 
to be an essential benchmark for studying the performance of novel charging protocols [28]. 
Experimental results of PP for Li-ion batteries by Keil et al. [34] found little to no benefit of PP 
on the cycling performance of Li-ion batteries. PP studies for Li electrodeposition have 
demonstrated significant performance improvements at higher current densities where CC 
charging is severely diffusion-limited [23,25]. However, past studies of PP protocols for Li metal 
batteries do not directly compare results to the mean charging current [19–26], where charging 
times would be comparable and Li electrodeposition performance more competitive. In the recent 
numerical mass transport simulations of pulsed and constant plating protocols by Maraschky et al. 
[35] it was shown that PP does not provide any benefit to the microscale current distribution when 
compared to CC at the identical mean current. This work provided important insight on current 
distributions at the microscale, however the physical growth and morphology of Li dendrites under 
similar charging conditions was not modeled.  

Computational modeling of the chemical and physical phenomena at the anode-electrolyte 
interface can provide insight into the effect of charging protocols on Li dendrite growth and 
morphology. Monte Carlo and coarse-grain (CG) models have been developed to study Li dendrite 
growth under varying charging protocols [19,20]. While these methods highlight the dominant 
phenomena in the dynamics of dendrite growth, the Monte Carlo and CG methods do not operate 
at realistic scales nor produce physical dendrite morphologies. The Lagrangian particle-based 
smoothed particle hydrodynamics (SPH) method [36–38] has been used to study dendrite growth 
in batteries and can simulate physically representative dendrite morphologies comparable to 
experimental results [39–41].  

In this work, we introduce a novel application of the extended Butler-Volmer Smoothed 
Particle Hydrodynamics (eBV-SPH) model developed by Morey et al. [41] which simulates 
charging protocols and their effect on realistic dendrite growth and morphology. The eBV-SPH 
model does not currently enforce galvanostatic conditions. Instead of controlling charging 
conditions through adjustments in current, the applied potential is used to control deposition and 
charging protocols. For consistency regarding experimental studies, CC and PP terminology will 
be used throughout this work. PP and CC charging protocols are simulated using the eBV-SPH 
model and dendrite growth and morphology for the charging protocols are compared at identical 
mean current densities. The relative performance of PP and CC charging protocols at the mean 
current is critical for fair comparison of results [34]. The model is used to simulate square wave 
PP protocols cycling between charging and relaxation periods and to investigate the effect of PP 
charging protocols at various duty cycles on dendrite growth and morphology. Li+ concentration 
and flux are critical to understanding the physical effects of PP on the anode-electrolyte interface 
where dendrites form. In this work local concentrations and fluxes are calculated and used to 
understand how PP could improve Li metal battery performance. Dendrite morphologies are 
qualitatively compared to experimental results from Yang et al.’s [23] button cell charging 
protocol experiments.  
 
2. Computational Methods  
 
 The SPH numerical method [36–38] is used to simulate dendrite growth at the anode-
electrolyte interface. As a Lagrangian, particle-based computational fluid dynamics method, it is 
well suited for moving boundaries like that of dendrite growth during the electrodeposition of Li. 
Simulations are run using the open-source Large-scale Atomic/Molecular Massively Parallel 



Simulator (LAMMPS) code base [42]. The model has been validated in previous studies on Li 
metal batteries [39,41] and used to study the effects of surface characteristics [41], cycling [40], 
electro-convection [43], battery separators [44], and anisotropic diffusion [45] on Li transport and 
dendrite growth and morphology. In this work, the charge-discharge cycling simulations presented 
in Tan et al. [40] have been modified to simulate square wave PP cycles. The numerical model 
presented is used to study the anode-electrolyte interface of Li metal batteries. This model could 
also be applied to other electrodeposition and dissolution processes such as other alkali or similarly 
reactive metals through adjustment of the physical parameters.  
 The simulation domain includes the anode surface, the diffusion layer in the electrolyte, 
and the dendrite structures (Fig. 1) with periodic boundary conditions on the left and right bounds. 
The concentration of cations and anions (Ci) are assumed to be initially constant (Ci,0) throughout 
the domain:  
 

𝐶𝐶𝑖𝑖(𝑦𝑦, 𝑡𝑡 = 0) =  𝐶𝐶𝑖𝑖,0         (1) 
 

where the subscript i is the ion type, cation (c) or anion (a), and Ci,0 is the initial concentration. 
When a charging voltage is applied the cations (i.e. Li+) move toward the anode surface while the 
anions move away from the anode. At the anode surface the Li+ are reduced with electrons (e-) 
forming Li metal on the surface. This creates a Li+ concentration gradient and diffusion flux (Fig. 
1). The reaction between Li+ and e- is   
 

𝐿𝐿𝑖𝑖+ + 𝑒𝑒− ⇄ 𝐿𝐿𝐿𝐿     (2) 
 
The electro-potential distribution is governed by the electrostatic (E-S) Poisson equation given by  
 
                        ∇2∅(𝑟𝑟𝑠𝑠��⃗ , 𝑡𝑡) =  −𝐹𝐹

𝜀𝜀
�𝐶𝐶𝑐𝑐(𝑟𝑟𝑠𝑠��⃗ , 𝑡𝑡) − 𝐶𝐶𝑎𝑎(𝑟𝑟𝑠𝑠��⃗ , 𝑡𝑡)�, 𝑟𝑟𝑠𝑠𝜖𝜖Γ, t > 0                      (3)  

 
Where F is the Faraday constant and 𝜀𝜀 is the electrolyte permittivity. The reference potential is 
equal to the ground potential. 
  𝜙𝜙(𝑟𝑟𝑠𝑠��⃗ , 𝑡𝑡) = 0 𝑟𝑟𝑠𝑠𝜖𝜖Γ, t > 0  (4)  
 
The Nernst-Planck (N-P) equation [46] is then solved for the change in concentration of ions in 
the electrolyte,  
 

𝜕𝜕𝐶𝐶𝑖𝑖(𝑟𝑟,𝑡𝑡)
𝜕𝜕𝜕𝜕

=  ∇ ∙ �𝐷𝐷𝑖𝑖(𝑟𝑟)∇𝐶𝐶𝑖𝑖(𝑟𝑟, 𝑡𝑡)� + 𝜇𝜇𝑖𝑖∇ ∙ �𝐶𝐶𝑖𝑖(𝑟𝑟, 𝑡𝑡)∇∅(𝑟𝑟, 𝑡𝑡)�, 𝑟𝑟𝜖𝜖Ω𝐹𝐹    (5) 
 



where the first term on the right-hand side of the equation is the diffusion term with the diffusion 
constant, 𝐷𝐷𝑖𝑖, and the time dependent concentration, 𝐶𝐶𝑖𝑖(𝑟𝑟, 𝑡𝑡). The second term tracks the migration 
of ions resulting from the local potential ∇∅, where  𝜇𝜇𝑖𝑖 is the migration mobility term (assumed 
constant). The electrolyte fluid domain is denoted Ω𝐹𝐹, 𝑟𝑟 is a point in the electrolyte and the 
subscript i is the ion type, cation (c) or anion (a).  
  
 Outside of the electrolyte diffusion layer (L) the concentration is assumed to be constant 
 

𝐶𝐶𝑖𝑖(𝑦𝑦 = 𝐿𝐿, 𝑡𝑡) =  𝐶𝐶𝑖𝑖,𝐿𝐿     (6) 
 
Where Ci,L is the constant concentration at y=L. At the anode/electrolyte interface a reactive 
boundary condition is used to simulate Li+ deposition,  
 
                   𝐷𝐷𝑐𝑐(𝑟𝑟)∇𝐶𝐶𝑐𝑐(𝑟𝑟𝑠𝑠��⃗ , 𝑡𝑡) +  𝜇𝜇𝑐𝑐𝐶𝐶𝑐𝑐(𝑟𝑟𝑠𝑠��⃗ , 𝑡𝑡)∇∅(𝑟𝑟𝑠𝑠��⃗ , 𝑡𝑡) =  𝑘𝑘𝐽𝐽 , 𝑟𝑟𝑠𝑠��⃗ 𝜖𝜖Γ          (7)  
 
where 𝑟𝑟𝑠𝑠��⃗  is a point on the reactive surface (Γ) and 𝑘𝑘𝐽𝐽 is the reaction term which includes the 
extended Butler-Volmer equation (eBV) and models the reduction reaction [41], 
 

𝑘𝑘𝐽𝐽 = 𝑘𝑘0𝐶𝐶𝑐𝑐,𝐿𝐿
𝛼𝛼𝑐𝑐𝐶𝐶𝑎𝑎,𝐿𝐿

𝛼𝛼𝑎𝑎 �𝐶𝐶𝑐𝑐(𝑟𝑟,𝑡𝑡)
𝐶𝐶𝑐𝑐,𝐿𝐿

exp �𝛼𝛼𝑎𝑎𝐹𝐹
𝑅𝑅𝑅𝑅

𝜂𝜂� −  𝐶𝐶𝑎𝑎(𝑟𝑟,𝑡𝑡)
𝐶𝐶𝑎𝑎,𝐿𝐿

�−  𝛼𝛼𝑐𝑐𝐹𝐹
𝑅𝑅𝑅𝑅

𝜂𝜂�� , 𝑟𝑟𝑠𝑠𝜖𝜖Γ, t > 0  (8) 
 
where T is the temperature, 𝛼𝛼𝑐𝑐 and 𝛼𝛼𝑎𝑎 are the cathodic and anodic transfer coefficients 
respectively, R is the ideal gas constant and 𝑘𝑘0 is the fixed reaction rate. 𝐶𝐶𝑐𝑐,𝐿𝐿 and 𝐶𝐶𝑎𝑎,𝐿𝐿 are the 
constant concentrations in the bulk electrolyte. The overpotential, 𝜂𝜂, is given by [47] 
 

𝜂𝜂 =  ∅𝐴𝐴𝐴𝐴𝐴𝐴 − ∅𝑒𝑒𝑒𝑒      (9) 
 
where ∅𝐴𝐴𝐴𝐴𝐴𝐴 is the applied potential and ∅𝑒𝑒𝑒𝑒 is the equilibrium potential which is the difference 
between the local potential and the reference potential obtained from eq.3 and eq. 4. There is a 
zero-flux boundary condition for anions at the anode-electrolyte interface, 

Figure 1: Schematic of the eBV-SPH LAMMPS simulation domain, where ΩF is the electrolyte. 



 
𝐷𝐷𝑎𝑎(𝑟𝑟)∇𝐶𝐶𝑎𝑎(𝑟𝑟𝑠𝑠��⃗ , 𝑡𝑡) +  𝜇𝜇𝑎𝑎𝐶𝐶𝑎𝑎(𝑟𝑟𝑠𝑠��⃗ , 𝑡𝑡)∇∅(𝑟𝑟𝑠𝑠��⃗ , 𝑡𝑡) =  0, 𝑟𝑟𝑠𝑠��⃗ 𝜖𝜖Γ    (10) 

 
 The governing equations are implemented into the SPH model via the discretization 
scheme of Tartakovsky et al. [48] for Fickian Diffusion and precipitation, the discretization 
scheme of Cannon et al. [39] for migration, the discretization scheme of Morey et al. [41] for the 
eBV equation and the heterogenous reaction boundary condition is implemented via the continuum 
surface reaction (CSR) method [45]. The final forms of these equations and their implementation 
along with detailed verification and validation can be found in the references. The governing 
equations are implemented into the SPH module in the open source LAMMPS code base [42]. 
Table 1 presents the simulation parameters for the PP and CC simulations presented in this paper. 
These parameters were adopted from previous work that modeled 2D dendrite growth with the 
SPH methods under which the system was verified [40,43,45]. A flow chart explaining the 
simulation process and integration of governing equation is shown in Fig. 2. 

 

 
2.1 SPH Integral Interpolant and Summation 
  
 In the SPH method, the simulation domain is divided into a finite number of particles. Each 
individual particle has its own properties such as mass 𝑚𝑚𝑎𝑎, density 𝜌𝜌𝑎𝑎, and a position r. The SPH 

Figure 2: Flow chart of the numerical implementation of the governing equations in the eBV-SPH model. 



method uses an integral interpolant, 𝐴𝐴𝑠𝑠(𝑟𝑟) to approximate the property A based on the properties 
of its neighboring particles, [37]   
 
 𝐴𝐴𝑠𝑠(𝑟𝑟) =  ∫𝐴𝐴(𝑟𝑟′)𝑊𝑊(𝑟𝑟 − 𝑟𝑟′,ℎ)𝑑𝑑𝑑𝑑′ , (11) 
 
where r is the position of the particle of interest, r’ is the position of neighboring particles, h is the 
smoothing length defining the influence area of the kernel function, and 𝑑𝑑𝑑𝑑′ is the differential 
volume element. The smoothing function, W, is an M6 smoothing function given by [49] 
 

𝑊𝑊�𝑟𝑟𝚤𝚤𝚤𝚤���⃗ ,ℎ� = 𝛼𝛼
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Where 𝛼𝛼 = 63
478𝜋𝜋ℎ2

 for two spatial dimensions. 
This integral is then approximated via summation over all neighboring particles [37]. Although 
the summation is over all particles, the interpolating kernel vanishes at a finite distance, ℎ, resulting 
in the summation over only near neighbor particles (b),  
 
 𝐴𝐴𝑠𝑠(𝑟𝑟) =  ∑ 𝑚𝑚𝑏𝑏

𝐴𝐴𝑏𝑏
𝜌𝜌𝑏𝑏
𝑊𝑊(𝑟𝑟 − 𝑟𝑟𝑏𝑏 ,ℎ)𝑏𝑏   (13) 

 
where 𝜌𝜌𝑏𝑏, 𝑟𝑟𝑏𝑏 and 𝑚𝑚𝑏𝑏 are the density, position, and mass of particle b respectively and 𝐴𝐴𝑏𝑏 is the 
quantity of A at 𝑟𝑟𝑏𝑏.  
 

 
Table 1: Simulation Parameters [5,6,39–41,43,45].  

Parameter Symbol Value Unit 
Domain Length L 5.0 μm 
Domain Width W 2.5 μm 
SPH Particle Interval ∆𝑥𝑥 0.0083 μm 
Kernel Density [39] neq 30 particles μm−2 
Mobility [39] 𝜇𝜇 0.5 μm2 V−1 s−1 
Diffusion Coefficient [40,43,45] D 1.0 μm2 s−1 
Initial Anion Concentration  [6] Ca,0 0.5 μmol μL−1 
Initial Cation Concentration [6] Cc,0 0.5 μmol μL−1 
Anion Concentration (Bulk Electrolyte)  Ca,L 0.5 μmol μL−1 
Cation Concentration (Bulk Electrolyte)  Cc,L 0.5 μmol μL−1 
Transfer Coefficients [5] 𝛼𝛼𝑐𝑐,𝛼𝛼𝑎𝑎 0.5 n.a. 
Reaction Rate [41] k0 1.0x10-3 / neq μm2 s−1 
Applied Potential (PP) [41] ∅𝐴𝐴𝐴𝐴𝐴𝐴 0.244 V 



Applied Potential (CC) [41]  ∅𝐴𝐴𝐴𝐴𝐴𝐴 0.117 - 0.244 V 
 
 
3. Charging Protocols 
 The PP charging protocol used in this study is a square waveform cycling through periods 
of high applied potential (charging periods) and zero applied potential (relaxation periods) (Fig. 
3).  

One pulse period (P) is defined as  
 

𝑃𝑃 = 𝑡𝑡𝑜𝑜𝑜𝑜 + 𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜       (14) 
 
where ton is the length of the charging period and toff is the length of the relaxation period.   
 The pulse cycle is typically represented as the PP frequency, fPP , in units of hertz (Hz) 
 

𝑓𝑓𝑃𝑃𝑃𝑃 = 1
𝑃𝑃      (15) 

 
And the duty cycle (D) is used to characterize the ratio of the charging period to the pulse cycle 
period 
 

  𝐷𝐷 =  𝑡𝑡𝑜𝑜𝑜𝑜
𝑃𝑃

= 𝑡𝑡𝑜𝑜𝑜𝑜𝑓𝑓𝑃𝑃𝑃𝑃     (16) 
 

 PP at a low duty cycle results in the most favorable deposition behavior, dendrite 
morphology, and cycling performance [18,20,23,24,28,29]. Fig. 4, which was adapted from 
experimental data by Zhang et al. [24], shows that the cycle life increases dramatically when the 
duty cycle is decreased from 1.0, which has no relaxation period, to a duty cycle of 0.05 which has 
very short charging periods followed by long relaxation periods. The shorter charging period 
reduces the mean current and limits non-uniform Li deposition, excessive Li+ depletion, and fast 
dendrite tip growth. Since the CC result represents the effect of a high current density of 10 mA 
cm-2, it is unclear if the improvements in cycle life are due to the PP protocols or reduced mean 
current. 

Figure 3: Schematic of constant current (CC) and pulse plating (PP) waveforms. Denoted are 
the charging period (ton), relaxation period (toff), relaxation current density (ir), charging 
current density (ic), and mean current density (im). 



 

 In the experimental study of Li metal PP by Yang et al. [23], the minimum charging period 
was determined by the minimum duration allowed by the instrument (ton = 0.2 ms). Longer 
relaxation periods are beneficial for regenerating Li+ concentrations; however, because results 
varied slightly between 5 ms and 1 s and to avoid exceptionally long test times, the relaxation 
period was set to toff = 5 ms [23]. Another study selected a fixed relaxation period of toff  = 5 s 
under similar reasoning [26]. In this work, PP is simulated at a constant relaxation period of toff  = 
20 ms. This relaxation period was selected among test cases to ensure sufficient regeneration of 
the depleted ions as well as computationally feasible simulation times and charging periods. 
Furthermore, the effect of longer relaxation periods was investigated through a range of duty cycles 
D = [0.09, 0.20, 0.50, 1.00] created by varying the charging period ton. PP simulations are run with 
an applied electric field of 50 mV µm-1 resulting in an applied potential of ~0.244 V and 
subsequently a  current density of 7.0  mA cm-2. Fig. 5 depicts the conversion of the chosen applied 
potential to its equivalent current density, taken from the verification of the BV equations [41]. 

Since PP protocols effectively reduce the mean current, PP results are mainly compared to 
CC results at the identical mean current. The mean current density from PP waveforms is 
calculated as 

Figure 5: Comparison of eBV-SPH model to the standard BV equation used for verification of model. Adapted from 
Morey et al. [41].  

Figure 4: Experimental data from a symmetric Li/Li cell charged/discharged at 10 mA cm-2 using CC and PP charging 
protocols. Cycle life increases as the duty cycle, and therefore mean current, decreases. Adapted from Supplementary 
Information Figure S8., Zhang et al. [24]. 



 
  𝑖𝑖𝑚𝑚 = 𝑖𝑖𝑐𝑐𝑡𝑡𝑜𝑜𝑜𝑜+𝑖𝑖𝑟𝑟𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜

𝑡𝑡𝑜𝑜𝑜𝑜+𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜
= 𝑖𝑖𝑐𝑐𝐷𝐷       (17) 

 
where im is the mean current, ic is the charging current, ir is the relaxation current, and ir = 0 during 
PP protocols. Comparing results using the identical mean current provides a more rigorous analysis 
of the PP method than the commonly used method of comparing PP to CC at the charging current 
(ic). Ideally, PP would operate under a high current density that allows for fast charging. Using a 
high current density for CC charging would naturally lead to a faster total charging time and 
unfavorable needle-like dendritic growth. Results at the identical mean current (im) are important 
to study because PP and CC charging times would be similar and dendrite growth would be more 
competitive.  
 The results for PP and CC charging scenarios are compared at the same Li mass deposited 
(mmax). A dimensionless mass fraction (M) representing the current state of deposition is defined 
as 
 

   𝑀𝑀 = 𝑚𝑚𝐿𝐿𝐿𝐿
𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

     (18) 
  
where mLi is the mass of Li deposited on the anode surface at the current timestep and mmax is the 
mass of Li deposited on the anode surface at the end of the total charging period. The current mass 
(mLi) is normalized by a final mass of mmax

 = 2.20 µg, chosen from the high duty cycle scenario 
(i.e. D = 0.5). The tabulated results are presented for M = 1.0, when mLi = mmax.  
 To quantify the performance of the charging protocols, the density (ρ) of the simulated Li 
deposition is computed, in units of µg µm-2 , as 
 

  𝜌𝜌 = 𝑚𝑚𝐿𝐿𝐿𝐿
𝑊𝑊𝐿𝐿𝑚𝑚𝑚𝑚𝑚𝑚

      (19) 
 
where W is the width of the anode in the simulation domain and Lmax is the distance of the 
maximum dendrite length from the anode surface, and mLi is the measured mass of Li deposited 
on the anode surface.  
 
4. Results and Discussion: Effect of Pulse Plating Protocols on Dendrite Growth and 
Morphology 
 
 To study the effects of charging protocol and current density on dendrite growth and 
morphology in a Li metal battery, PP and CC charging protocols are simulated at im = [0.6, 1.4, 
3.5, 7.0 mA cm-2], where the charging current (ic) is set to im for the CC cases and im is the mean 
current density at each PP duty cycle. The duty cycle for the PP simulations ranges from 0.09 to 
0.5; note the 7.0 mA cm-2 CC case corresponds to a duty cycle of 1.00. The PP cases used a high 
current density (ic) of 7.0 mA cm-2 and varied the charging time (ton) to adjust the duty cycle and 
mean current (im). The mean current densities are simulated by setting corresponding applied 
potentials, Vapp, in the eBV-SPH model (Fig. 5). These parameters are summarized in Table 2 for 
both the CC and PP cases. The experimental button cell testing of Yang et al. [23] used similar 
parameters with a range of duty cycles from 0.07 to 1.00 and charging current densities of 1 and 
10 mA cm-2. 
 



Table 2: PP and CC simulation cases. *Taken at M = 0.79. 

 
  
 
 
 
 
 
 
 
 

  
 Table 2 also includes the density of Li deposition (ρ) and the total charge time (t). The total 
charge time is defined as the time once M is equal to 1.0 (mLi = mmax) as defined by Eq. 18. In the 
CC test at im = 7.0 mA cm-2 (Vapp = 50 mV µm-1) the total charge time is reported for M = 0.79, 
because the dendrite tip reached the simulation domain boundary prior to M = 1.0. This indicates 
that at 7.0 mA cm-2 dendrite growth is so rapid and branched that short circuit of the cell may occur 
before full charge. It can be seen in Table 2 that as the mean current density increases the time it 
takes to reach mmax decreases, and the density of the dendrites also decreases. This is true for both 
PP and CC cases. As shown in Fig. 6, the deposition rate varies by charging protocol and im. The 
deposition rate exhibits non-linear behavior at higher applied potentials and in the initial phase of 
deposition. It is understood that current density should be proportional to deposition rate in a 
battery. Different deposition rates and total deposition times, as seen in Table 3 as well, indicate  
the current method of correlating current to applied potential is imperfect. However, correlating 
PP and CC deposition rate from the eBV-SPH model at the anode-electrolyte interface to current 
density is useful for the qualitative analysis of dendrite morphology and quantifying trends in 
performance across charging methods and parameters. 
 

 A comparison of the PP and CC cases at the same mean current density is given in Table 
3. For all cases, the PP charging protocol requires more time to reach M = 1.0. This means under 

Case im 
[mA cm-2] 

tON 
[ms] 

fPP 
[Hz] 

Duty 
Cycle 

Vapp  
[mV µm-1] 

t 
[s] 

ρ 
[µg µm-2]  

PP-1 0.6 2.0 45.5 0.09 50 16.35 0.543 
PP-2 1.4 5.0 40 0.20 50 13.10 0.399 
PP-3 3.5 20 25 0.50 50 7.69 0.238 
CC-1 0.6 - - - 24 14.30 0.683 
CC-2 1.4 - - - 34 11.25 0.379 
CC-3 3.5 - - - 44 7.15 0.221 
CC-4 7.0 - - 1.00 50 2.68* 0.167* 

Figure 6: Li deposition (M) on the anode over total elapsed time. 



the same charging current density it will take longer to charge a battery using a PP protocol than a 
CC protocol. The deposition density is also compared for each case and presented in terms of both 
the mean current density and the charging current density of the PP protocol, which was held 
constant for all PP cases at ic = 7.0 mA cm-2. As expected, PP and specifically lower duty cycle 
values improved the density of Li deposition relative to the CC case at ic = 7.0 mA cm-2. The 
density ratio of PP and CC at the mean current values presented a reverse trend with smaller 
changes, ranging from 0.79 to 1.08 (Table 3). This indicates that the benefit of lowering the 
charging current (equal to im) in a CC protocol eventually surpasses the benefit of lowering the 
duty cycle in PP protocols. The mean current density, being representative of the overall charging 
in PP cases, is a more accurate marker of comparison between CC and PP. These results suggest 
that PP could still be utilized to improve dendrite growth and morphology. However, the 
optimization of PP protocols for superior electrodeposition or cycling performance should consider 
the performance of an alternative CC case at the mean current density.  
 
Table 3: Comparison of deposition density and total charge time between PP and CC cases at the same mean current 
density. Note: subscripts on t and ρ correspond to the t and ρ values reported for PP and CC cases in Table 2. 

 
 
 
 

Case im 
[mA cm-2] 

tPP / tCC ρPP / ρCC 
at im 

ρPP / ρCC 
at ic 

PP-1/CC-1 0.6 1.14 0.79 3.24 
PP-2/CC-2 1.4 1.13 1.05 2.38 
PP-3/CC-3 3.5 1.07 1.08 1.42 



Despite the similar deposition density values, the morphologies for PP and CC cases at 
identical mean charging current appear quite different (Fig. 7). Figure 7 shows the dendrite growth 
for both the CC cases (top row, Fig. 7a-d) and the PP cases (bottom row, Fig. 7e-g). Looking at 
CC, the higher the current density, the more branched the dendrite growth is (Fig. 7a-d).  At lower 
applied current densities, the dendrites are shorter with fewer branches and thicker trunks (Fig. 
7a).  Note that Figure 7d can be considered the CC case or a PP case with duty cycle of 1.0. When 
the duty cycle is 1.0 (Fig.7d) the dendrites are thinly branched and there is significant vertical 
growth; while with a duty cycle is 0.09 (Fig. 7e) there is dense growth across the anode. The trend 
with duty cycle is comparable to the experimental results (Fig. 8) of Yang et al. [23]. Figure 8a (ic 
= 10 mA cm-2) and Fig. 7d (ic = im = 7.0 mA cm-2) which both have duty cycles of 1.0 display thin, 
branched dendrites due to CC charging at high current densities. Meanwhile, Fig. 7e (im = 0.6 mA 
cm-2; duty cycle = 0.09) and Fig. 8b (im = 0.74 mA cm-2; duty cycle = 0.07) both with a decreased 
duty cycle display denser dendrite morphologies and lower mean currents as the result of the PP 

Figure 7: CC and PP charging to M = 1.0. CC cases C-1 through C-4 are shown in (a) through (d), and PP cases PP-
1 through PP-3 are shown in (e) through (g). Details on each case are given in Table 2. 

Figure 8: SEM images of Li electrodeposition with a modified button cell. Experimental results are for (a) CC 
charging at ic = 10 mA cm-2 and (b) PP charging at ic = 10 mA cm-2, D = 0.07, im = 0.74 mA cm-2, and fPP = 185 Hz. 
Adapted from Yang et al. [23]. 



charging protocol. Therefore, when comparing PP to CC using duty cycle as opposed to mean 
current, comparable results can be made between the simulation (Fig. 7) and the experimental 
results (Fig. 8).  

Lower mean current densities, either from low duty cycles (PP-1 and Fig. 7e) or low 
constant charging currents (CC-1 and Fig. 7a) result in dense dendrite morphologies. For the CC 
protocol, the low current density allows for sufficient diffusion to occur and shifts the deposition 
towards a reaction limited regime. For PP, the short charging period limits the reduction reactions 
and Li+ depletion that can occur at the anode and dendrite tips. This creates a charging environment 
that is comparable to charging in the reaction limited regime. Likewise, the long relaxation period 
allows Li+ to replenish the electrolyte directly next to the dendrites where Li+ were rapidly 
consumed in the reduction reaction. This further shifts the deposition environment from a diffusion 
limited to reaction limited regime. Figure 9 shows the Li+ flux during charging and relaxation for 
case PP-3. When charging is occurring (Fig. 9a) the flux is negative (dark purple) near the dendrite 
and anode surface meaning that the Li+ are reacting at the surface and depleting the local ion 
concentration which pushes the system to a diffusion limited regime. When relaxation occurs (Fig. 
9b) and there is no further growth of these dendrites, Li+ diffuse towards the dendrite tips and 
replenish the depleted regions. In contrast, during CC cases the flux at the tips of the anodes would 
remain negative throughout charging and the Li+ would be continuously consumed at the interface. 
The simulation results in Fig. 9 confirm the system is operating in a diffusion limited regime due 
to its high flux at the points of highest convexity (i.e. dendrite tips), which agrees with previous 
computational and experimental studies of similar systems [50,51].  

 
When Li+ are replenished during the relaxation period, the Li+ concentration becomes more 

homogeneous resulting in more uniform Li deposition and fewer branched dendrites. This 
phenomenon can be seen in Fig. 10 where the effect of the charging and relaxation periods in PP 
are visually represented. In Fig. 10, the contours show Li+ concentration. Here it is seen that during 
charge (Fig. 10a) the Li+ concentration becomes depleted due to the Li plating on the anode surface, 
which results in a large concentration gradient. Following charging, when relaxation occurs (Fig. 
10b), the concentration gradient decreases and the Li+ are replenished near the anode due to 
concentration driven diffusion in the electrolyte.  

Figure 9: Li+ flux at start of the (a) charging period and (b) relaxation period for case PP-3.   



 

 
5. Conclusions 
 

 The eBV-SPH model of dendrite growth was used to investigate the effect of PP charging 
protocols on dendrite growth and morphology. By reducing the concentration gradient during 
periods of low or no applied potential, PP allows diffusion to transport Li+ to the anode surface 
which reduces heterogeneous deposition. The relaxation period enables the use of a high current 
density during the charging period. Compared to standard CC charging at this high current density, 
PP has been shown to improve uniform Li deposition over a wide range of duty cycles, current 
densities, and pulse frequencies, resulting in favorable dendrite morphologies and superior cycling 
performance [23–26].  

The use of computational methods allowed us to efficiently study the relevant physics 
occurring at the anode-electrolyte interface to gain a more robust understanding of the 
experimental results of previous groups [23,50,51]. While the model simulated the preferential 
growth of Li dendrites and visualizes dendrite morphology, Li+ concentrations, and Li+ flux, it 
does not directly model the SEI layer due to its complex nature. The growth of the SEI layer plays 
an important role in Li metal batteries and other alkali metals and its effect will be incorporated in 
future studies.  

Through this study we were able to show that at lower duty cycles, short charge periods 
and long relaxation periods, Li electrodeposition forms dense, mossy dendrite growth due to Li+ 
diffusion towards the anode during the relaxation period resulting in a more uniform Li+ 
concentration gradient. The dendrite morphology qualitatively agreed with experimental results, 
where the morphology of the dendrites from CC at both the PP current and the identical mean 
current were visibly different from the PP dendrites.  
 Based on the simulation results from the eBV-SPH model, in conjunction with the 
experimental results reported by Yang et al. [23], it can be concluded that PP protocols increase 
the density of electrodeposited Li at high current densities and low duty cycles when compared 
with CC plating at the high current density (ic). If the benchmark charging method was instead CC 
plating at the identical mean current density (im), the total charging times were comparable and PP 
protocols performed worse. Quantifying results against CC charging at the identical mean current 
proved to be a rigorous approach that demonstrated clear differences in morphology and reversed 
the trend in PP performance with lower duty cycles. Depositing mmax took between 1.07-1.14 times 
longer for PP than CC at identical mean currents [Table 3 and Fig. 6]. Meanwhile, the comparison 
of deposition densities at im showed a limit to the PP duty cycle parameter. As a result, it is 
recommended that future studies on PP protocols establish the mean current as the baseline of 
performance to determine the realistic performance gains of PP at various pulse frequencies, duty 
cycles, and current densities.  

Figure 10: Concentration of Li+ ions at end of (a) charging period and (b) relaxation period for case PP-3. 
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