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The lithium-ion battery is the currently 
leading energy storage technology for 
these applications, but will face severe 
challenges in meeting the increasing 
energy density demand as the implemen-
tation of new chemistries based on high 
energy density cathodes[2] will require new 
anode materials in order to overcome the 
limited energy density of graphite with 
a low specific capacity of 372 mAh g−1.[3] 
Lithium metal has an ultra-high theoret-
ical specific capacity (3860 mAh g−1), and 
the lowest reduction potential (−3.04  V vs 
standard hydrogen electrode) and is thus 
considered as a “holy grail” for anode 
materials for high energy-density battery 
systems.[2,4] However, the practical applica-
tion of Li metal batteries (LMBs) has been 
held back by a low Coulombic efficiency 
and safety concerns related to use of Li-
metal anodes.[4a, 5]

In general, the problematic issues of 
Li-metal anodes can be attributed to two 

main factors, the preferred electrodeposition resulting in a 
mossy/dendritic morphology and the high reactivity of Li metal 
toward common liquid electrolytes generating a solid electro-
lyte interphase (SEI).[6] The mossy/dendritic morphology of Li 
inevitably results in a structural collapse of the electrode with 

The application of lithium metal as an anode material for next generation 
high energy-density batteries has to overcome the major bottleneck that is 
the seemingly unavoidable growth of Li dendrites caused by non-uniform 
electrodeposition on the electrode surface. This problem must be addressed 
by clarifying the detailed mechanism. In this work the mass-transfer of Li-ions 
is investigated, a key process controlling the electrochemical reaction. By 
a phase field modeling approach, the Li-ion concentration and the electric 
fields are visualized to reveal the role of three key experimental parameters, 
operating temperature, Li-salt concentration in electrolyte, and applied 
current density, on the microstructure of deposited Li. It is shown that a 
rapid depletion of Li-ions on electrode surface, induced by, e.g., low operating 
temperature, diluted electrolyte and a high applied current density, is the 
underlying driving force for non-uniform electrodeposition of Li. Thus, a 
viable route to realize a dendrite-free Li plating process would be to mitigate 
the depletion of Li-ions on the electrode surface. The methodology and 
results in this work may boost the practical applicability of Li anodes in Li 
metal batteries and other battery systems using metal anodes.

1. Introduction

With the socio-economic development in past decades the 
demand for energy storage has increased with mass applications, 
including digital products, grid-storage, and electric vehicles.[1] 
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inactive, “dead”, Li, and/or the formation of dendrites that pen-
etrate the separator creating internal short-circuit and causing 
severe thermal runway of the battery.[6b] Thus, regulation of 
electrodeposition behavior of Li to obtain a dense microstruc-
ture with minimum porosity is an essential route to improve 
the Coulombic efficiency and to address safety issues for prac-
tical Li-metal anodes.[7] To realize the goal of dendrite-free Li 
anode, a plenty of the effective strategies have been developed to 
tackle the non-uniform electrodeposition of Li during plating/
stripping process, including the interphase engineering,[8] the 
optimization of electrolytes,[9] the integrated composite elec-
trode,[10] the utilization of solid-state electrolyte,[11] and ther-
mally driven suppression of Li dendrite.[12] Meanwhile, to reveal 
the dendrite growth from various aspects like reaction kinetics, 
mass transport and electrochemical conditions, considerable 
computational studies were performed by using phase-field, 
kinetic Monte Carlo and hydrodynamic methods.[13] To a certain 
extent, these approaches mitigate the dendritic issues, yet, it is 
still imperative to unravel the fundamental mechanism for the 
non-uniform electrodeposition behavior of Li-metal anodes.[3a]

In principle, the electrodeposition process of Li can be 
divided into two steps: 1) the mass-transfer process in liquid 
electrolyte for the motion of Li-ions from the bulk electrolyte to 
the liquid layer near electrode; and 2) the charge-transfer pro-
cess for the electrodeposition of the Li-ion to an Li-atom on 
the electrode surface.[14] In the case of Li electrodeposition, the 
mass-transfer process is more sluggish compared to the charge 
transfer process and thus the electrodeposition rate is controlled 
by the mass-transfer process.[15] In particular, the mass-transfer 
of Li-ions is dominated by their mobility in the diffusion regime 
of the electrodepositing system, which is quantified by the dif-
fusion coefficients.[15–16] During the electrochemical process, 
mass-transfer of Li-ion contributes to 1)  the spatial distribution 
of concentration field near electrode, 2)  local Faradic current 
density caused by flux of Li-ions reaching the electrode sur-
face, and 3) the concentration polarization, which is the crucial 
factor for the electrodeposition.[17] Naturally, the mass-transfer of 
Li-ion in electrolyte is highly dependent on the properties of the 
electrolyte, such as Li-salt concentration, viscosity and ionic con-
ductivity, as well as the operating conditions, such as working 
temperature and applied current density. Factors like Li-salt con-
centration, temperature and applied current density have previ-
ously been independently investigated with respect to regulating 
electrodeposition of Li.[9c, 9d, 15,18] However, a comprehensive 
view of how these key factors of the mass transfer process jointly 
affect the electrodeposition behavior of Li is still lacking.

In this work, the underlying relation between mass transfer 
of Li-ions and the electrodeposition process is investigated by 
conducting a systemically designed phase-field modeling study. 
The electrodeposition behavior of Li on a typical substrate is 
simulated under various conditions of operation temperature, 
Li-salt concentration and applied current density. We show 
that these parameters dictate the distribution of the Li-ion con-
centration and local current density fields in proximity to the 
electrode surface and thus steer electrodeposition behavior. 
Specifically, the depletion of Li-ions on the electrode surface 
induces the preferred growth of Li and promotes a dendritic 
morphology. Our results provide guiding principles for regula-
tion of mass-transfer of Li-ions to suppress Li dendrite growth 

and the methodology used in this work can be generally applied 
to other battery systems based on metal anodes to understand 
and tailor the electrodeposition process.

2. Results

2.1. Mass-Transfer Process of Li-Ion on Electrode

As shown in Figure 1, the simple overall electrode, reaction of 
Li+  + e− ⇌ Li, is composed of a series of steps including the 
convection of Li-ion, diffusion of desolvated Li-ion and a reduc-
tion to Li-atom.[14b] From an electrochemical point of view, the 
kinetics of electrodeposition is determined by the overpoten-
tial on the electrode, which can be described by Bulter–Volmer 
equation.[19] The overpotential can be divided into two parts that 
are induced by mass-transfer (ηC) and electro-reaction (ηE), 
respectively. Thus, the local Faradic current density (jF) on the 
electrode surface can be expressed as

j j
F

RT

F

RT

α η η ε α η( )≈ +



 ≈ 



exp expF

0
E C C  (1)

where j0 is the exchange current density of Li+/Li, α is the 
charge transfer coefficient for reduction of Li-ion, F is Faraday 
constant, R is universal gas constant, T is the absolute tem-

perature, and j F

RT
ε η( )= αexp0

E  is related to the electrochemical 

polarization.[20] As previously reported, the reduction of Li-ions 
on the electrode has relatively fast electrochemical kinetics, 
and thus the reaction rate is controlled by the rate of mass-
transfer.[21] The mass-transfer of Li-ions in the electrolyte can 
be considered in three different regions: an electric double layer 
on the electrode surface, a diffusion layer close to the surface, 
and in the bulk electrolyte (Figure 1). Here, the mass-transfer in 
the diffusion layer is at focus as it controls the transport of Li-
ions from the bulk to electrode surface.[22]

In the diffusion layer, the mass-transfer process can be 
described by Fick’s Second Law

C x t

t
D

C x t

x

( ) ( )∂
∂

=
∂

∂
+

+
+, ,Li

Li

2
Li

2  (2)

where C x t+ ( , )Li  is the concentration of Li-ions at a certain 
position (x) above the surface and a certain time (t).[23] The 

Figure 1. Schematic of mass-transfer of Li-ions and corresponding con-
centration gradient on the electrode surface.
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overpotential induced by mass-transfer can be expressed as the 
transformed Nernst Equation

RT

F

C

C t
η

( )
=

∗
+

+

ln
0,

C
Li

Li

 (3)

where C∗
+Li  is the concentration of electrolyte. The overpotential 

induced by mass transfer in the diffusion layer under galvano-
static conditions can then be written as (see detailed derivation 
process in the Supporting Information)

RT

F

j t

F D
η

π
= − −






+

ln 1
2

C
Li

 (4)

From the Equation (4), it is clearly seen that the operation 
temperature (T ), applied current density (j), and diffusion coef-
ficient of Li-ion (D +Li ), which are closely associated to the prop-
erties of the electrolyte and operation conditions of the cell, are 
crucial parameters determining the transport of Li-ions near 
the electrode surface and thus regulating the electrodeposition 
behavior.

To precisely simulate the electrodeposition process of Li 
under various conditions, we built a substrate (6 × 10 µm2) with 
rectangular pillars (1 × 2 µm2) (Figure S1, Supporting Informa-
tion) to mimic a real substrate and the initial morphology of a Li 
electrode following results in literature shows that the 0D or 1D 
nucleation of Li induces rod-like or needle-like morphology.[24] 
Moreover, regular patterns or frameworks have also been used 
as substrate to regulate the electrodeposition of Li.[25] With this 
substrate as a base, the phase-field modeling was performed 

using the COMSOL software to visualize the Li-ion concentra-
tion and the electric fields near the substrates and to follow the 
evolution of deposited Li as a function of time steps.[26]

2.2. Effect of Operating Temperature on Electrodeposition of Li

The operating temperature determines the diffusion rate of the 
Li-ion (Table S1, Supporting Information) and thus significantly 
affects the mass-transfer process near the substrate surface. [26b] 
With applied current a concentration gradient is formed in the 
electrolyte above the electrode surface. With increasing tem-
perature the diffusion rate increases [18b] and the concentration 
gradient distinctly decreases (Figure 2a-c). At low temperatures 
(−30 °C) there is a strong depletion of Li-ions (C < 0.2 m) above 
the whole electrode surface. With increasing temperature, the 
gradient is smaller and a relatively homogeneous concentration 
field is obtained also between pillars on the electrode surface at 
50 °C. Similarly, the Faradic current density induced by the con-
centration field between the top and the bottom of the pillars is 
highly dependent on operation temperature. The Faradic cur-
rent turns to be 0 between the pillars at low temperature and 
thus the Li deposition is expected to just occur on the top of the 
pillars. In other words, high temperature will accelerate mass-
transfer kinetics and result in a relatively uniform electrodepo-
sition of Li (Figure S2, Supporting Information).

The electrodeposition process under galvanostatic condi-
tions was followed as a function of time. Initially (10 s of evo-
lution time) (Figure S3, Supporting Information), at −30 °C  a 
small hat-like Li layer forms on top of the pillars with negligible 

Figure 2. Influence of temperature on Li-ion concentration and electric fields close to the electrode surface and electrodeposition probability of Li. 
Li-ion concentration and electric fields close to the electrode surface and evolution of deposited Li morphology as function of operating temperature 
a,d) T = −30 °C, b,e) T = 10 °C and c,f) T = 50 °C. Colored lines in figures (a–c) represent electric field lines, with different intensity, and the background 
color represents Li-ion concentration, where the light blue region shows strong Li-ion depletion (<0.2 m). Colored dotted lines in figures (d–f) repre-
sents the local electrodeposition probability of Li.

Adv. Energy Mater. 2020, 10, 2002390
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probability for further electrodeposition. At higher tempera-
ture, the deposited layer is progressively more homogeneous 
over the electrode surface with a finite probability for further 
electrodeposition. The process was followed until coverage of 
the regions between the pillars was obtained and the evolu-
tion of deposited Li morphology is shown in Figure  2d–f. A 
branched morphology of deposited Li is found at −30 °C (after 
t  = 130  s), which can potential develop to a dendritic mor-
phology, and nearly all Li is in this case deposited at the top of 
the pillars (Figure 2d) as a result of distribution of the Faradic 
current density shown in Figure S2 (Supporting Information). 
In contrast, at higher temperature much more uniform distri-
bution of Li is found with a bulb-like morphology of deposited 
Li (Figure 2e,f) and the time to fill the gap between the pillars 
is also shorter, t = 32 s and t = 18 s, respectively (Figure S4, Sup-
porting Information). It is worth noting that the deposited Li at 
50 °C covers the pillar from top to bottom with a relatively even 
thickness layer compared to the deposition at −30 °C. Moreover, 
the probability of the electrodeposition corresponding to further 
growth of Li onto the existing morphology is also dependent 
on the operating temperatures. At the final state of the simula-
tion, Figure S5 (Supporting Information), the high-probability 
region appears at the top area of the pillars at lower tempera-
tures (−30  and 10 °C),  while the probability between them is 
less than 30%. At high temperature (50 °C) a rather even proba-
bility is observed over the surface profile indicating that a quasi-
homogeneous electrodeposition of Li can be expected. These 
results clearly show the connection between the mass-transfer 
kinetics as controlled by temperature and the uniformity of 
the Faradic current density on substrate. With slow kinetics 
the Li-ion depletion is severe and electrodeposition of Li 

preferentially occurs on top of the pillars and a branched den-
dritic morphology develops. When the mass transfer of Li-ion 
is accelerated by elevated temperature, a more uniform electro-
deposition of Li with dendrite-free structure can be achieved.

2.3. Effect of Li-Salt Concentration in the Bulk Electrolyte  
on Electrodeposition of Li

The physicochemical properties of the electrolyte, such as 
viscosity, density and conductivity, are directly related to the 
mass transfer of Li-ions.[27] To investigate the effect of these 
properties on electrodeposition behavior of Li, we selected 
tetraethylene glycol dimethyl ether (TEGDME) as solvent and 
lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) as salt to 
prepare series of electrolytes with concentrations in the range 
0.14–2.25  m. The diffusion coefficients of Li-ion in these elec-
trolytes were calculated with the Einstein–Stokes equation 
based on the data in Table S2 (Supporting Information) and are 
shown in Table S3 (Supporting Information).

For a better comparison of the modeling results for the dif-
ferent electrolytes, the concentration field is normalized to 
the range from 0 to 2C. The isoconcentration of 0 is moving 
away from the surface of substrate when the bulk electrolyte 
concentration decreases from 0.28 to 0.14 m (Figure 3a,b) sug-
gesting that there is a strong Li-ion depletion at the surface 
and a huge concentration gradient develops. However, in the 
electrolytes with a Li-salt concentration higher than 0.56 m a 
much lower concentration gradient is observed and for the 
highly concentrated electrolyte (2.25 m) there is an even con-
centration (Figure 3c–e). As a result, for electrolytes with a low 

Figure 3. Li-ion concentration and electric fields on the electrode and corresponding electrodeposition of Li in electrolytes with different Li-salt con-
centration. Concentration and corresponding electric fields on the electrode surface and the evolution of the morphology of deposited Li in electrolytes 
with Li-salt concentration a,f) C = 0.14 m, b,g) C = 0.28 m, c,h) C = 0.56 m, d,i) C = 1.13 m and e,j) C = 2.25 m. The definition of colored lines here is 
the same as that used in Figure 2.

Adv. Energy Mater. 2020, 10, 2002390
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salt concentration (0.14 and 0.28 m) the Faradic current density 
is low and between the pillars it is close to zero and electro-
deposition of Li barely occurs there. When the concentration 
increases to 0.56 m, the Faradic current density increases and 
there is an increased difference between the top and the bottom 
of the pillars (Figure S6, Supporting Information). A decreased 
Faradic current density is then obtained 1.13 m. It is worth 
noting that a remarkably uniform distribution of Faradic cur-
rent density is obtained with the highly concentrated electrolyte 
(2.25 m), which thus provides conditions for an even electro-
deposition of Li.

The evolution of the electrodeposition process is followed 
in the simulation with the coupled concentration and electric 
fields. In the dilute electrolytes of (0.14 and 0.28 m) electro-
deposition basically only occurs on top of the pillars, as seen 
in Figure S7 (Supporting Information). At higher electrolyte 
concentrations a bulb-like morphology is observed and for 
the highly concentrated electrolyte a strikingly even distribu-
tion of deposited Li is found. As the process continues this 
results in differences in the morphology with electrolyte con-
centration, from a highly branched morphology for the lowest 
concentration to a uniform Li layer at the highest concentra-
tions. One should also note that the thickness of the depos-
ited Li layer is higher in the 0.28 m electrolyte compared to 
the higher concentrations which is a result of a less dense, 
porous, microstructure being formed. It takes t  = 770 s, 
t = 140 s, t = 25 s, and t = 20 s, for the modeling with electro-
lyte of 0.14, 0.28, 0.56, and 1.13 m, respectively. And a longer 
time of t = 38 s is used to consume, there absent connected 
Li metal when use electrolyte of 2.25 m (Figure S8, Sup-
porting Information). At the final states of the simulations 
(Figure S9, Supporting Information) the deposited Li shows 
a branched or bulb-like morphology in electrolytes with low 
Li-salt concentration as a result of a higher electric intensity 
which promotes the progression of growth along these struc-
tures. In contrast a fully uniform electrodeposition of Li is 
observed in the highly concentrated electrolyte (Figure S9e, 
Supporting Information).

2.4. Effect of Applied Current Density  
on Electrodeposition of Li

The applied current density is a key factor to determine the 
overpotential induced by mass transfer of Li-ions, Equation (4), 
and thus it will also contribute to the local Faradic current 
density on the electrode surface. A series of current densi-
ties, ranging from 0.25 to 50 mA cm−2, were applied to inves-
tigate the effect on the electrodeposition of Li. As shown in 
Figure 4a-d, the depletion region (<0.2 m) shifts to further away 
from substrate surface with increasing applied current density 
up to 2.0  mA cm−2 and barely moves with a further increase 
(Figure  4e-h). Specifically, a relatively uniform distribution of 
local Faradic current density is found on top of the pillars for 
applied current densities below 5.0  mA cm−2, whereas a con-
centration of Faradic current density is found at the corners of 
the pillars when the applied is further increased (Figures S10, 
Supporting Information), which will lead to a preferred electro-
deposition of Li at this spot.

The evolution of Li deposition as a function of applied 
current density is shown in Figure  4i–p and Figure S11 
(Supporting Information). With increasing applied current 
density the deposition becomes less uniform and branched 
morphologies appear at the highest current densities as a 
result of the variation of the location for the highest prob-
ability of electrodeposition with applied current density. For 
low current density there is a rather uniform probability for 
deposition over the substrate, while for higher current densi-
ties it is considerably higher top of the pillars, in agreement 
with the distribution of local Faradic current density. This 
results in a bulb-like morphology at applied current density 
of 0.25 to 2.0  mA cm−2 and where the height of Li deposits 
also increases with larger current density (Figure 4i–l). Above 
5  mA cm−2 a rapid growth on top of the pillars is observed 
and when the applied current density is up to 10  mA cm−2 
(Figure 4m–p), the morphology of Li shows a highly branched 
structure indicating that a needle-like Li dendrite morphology 
will develop. In addition, the height of the deposits increases 
with the non-uniformity (Figure S12, Supporting Informa-
tion). This is consistent with the faster deposition (increased 

thickness) following the relation of =
ρ

× ×
×

l j t M

F
 (l: height of den-

dritic Li, t: deposition time, M: concentration of electrolyte,  
ρ: density).[28] The time required to cover the regions between 
the pillars shows a non-monotonic behavior with applied cur-
rent density (Figure S13, Supporting Information). In general, 
it decreases with increasing applied current density but has a 
local maximum at 5 mA cm−2. At the final state of modeling 
(Figure S14, Supporting Information), uniform distribution of 
deposited Li and probability for deposition are observed for 
low applied current density while higher applied current den-
sity accelerates the electrodeposition process of Li but leads to 
the branched dendritic morphology.

3. Discussion

Our simulation results demonstrate that elevated operating 
temperature, highly concentrated electrolytes, and low applied 
current density are all beneficial to reduce the concentration 
gradient on the substrate surface, contributing to obtain uni-
form electrodeposition of Li in a dendrite-free morphology with 
low porosity. These results are fully in line with the experi-
mental phenomena observations reported in literature, but with 
a detailed mechanistic explanation.[29] Here, we link the large 
concentration gradient, or depletion, of Li-ions on the substrate 
surface to the electrodeposition process on account of electro-
chemical principles and mass-transfer laws. The concentration 
of Li-ions near substrate can be expressed as (full derivation in 
the Supporting Information)

C t C
j t

F Dπ
( ) = −∗

+ +

+

0,
2

Li Li
Li

 (5)

in which the diffusion coefficient D +Li  is defined with Stokes-
Einstein relation[30]

κκ
ηηπ

=+D
T

r6Li
B

d
 (6)
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(T: absolute temperatures, ηd: dynamic viscosity, κB: Boltz-
mann’s constant, r: radius of Li-ion). Equation (5) can be trans-
formed to

C t
C

j

FC D
t

π
( )

= −∗ ∗
+

+ + +

0,
1

2Li

Li Li Li

 (7)

showing the liner relation between surface concentration 

factor ∗
+

+

C t
C

(0, )Li

Li

 and time t  with the slope of 
π∗

+ +

j
FC D

2

Li Li
. 

The slope, determined by the concentration of Li-ions in the 
bulk electrolyte (C ∗

+Li ), the Li-ion diffusion coefficient (D +Li ) and 
the applied current density (j), describes the rate of depletion of 
Li-ions near the substrate and thus dictates the morphology of 

Figure 4. Li-ion concentration and electric fields on electrode and corresponding electrodeposition of Li under different applied current densities. 
Concentration and electric fields on the electrode surface and the evolution of morphology of deposited Li at current densities a,i) j = 0.25 mA cm−2, 
b,j) j = 0.5 mA cm−2, c,k) j = 1.0 mA cm−2, d,l) j = 2.0 mA cm−2, e,m) j = 5.0 mA cm−2, f,n) j = 10 mA cm−2, g,o) j = 20 mA cm−2 and h,p) j = 50 mA cm−2. 
The concentration of electrolyte used here is C = 0.56 m. The definition of colored lines here is the same to that used in Figure 2.
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deposited Li in the following growth process. The parameters 
used in the modeling (temperature, Li-salt concentration in the 
electrolyte and applied current density) are extracted and cal-
culated by Equation (7) (Table S4, Supporting Information)[28] 
and in Figure 5a the results are plotted by overlapped layers 
in order to directly compare them. For each parameter, time 
to depletion of Li-ion on electrode surface shown in Figure 5b. 
This shows that:

i) Higher temperature boosts the mobility of Li-ions as a result 
of the increased diffusion coefficient,[18b,31] and thus yields 
smaller slope in Figure 5a, increasing the time of depletion 
on the electrode surface.

ii) Highly concentrated electrolytes have a higher viscosity 
which will decrease the mobility of Li-ions,[32] but it value 
of C Dπ∗

+ +Li Li  is still high due to the high nominal ion con-
centration. Therefore, the increase of Li-salt concentration in 
the electrolyte can ultimately lower the slope and sufficient 

concentration of Li-ions can be maintained on electrode 
surface.

iii) Smaller applied current density can lower the slope directly 
due to the reduced consumption rate of Li-ions and thus de-
lay the depletion on the electrode surface (Figure 5).

Therefore, we suggest that in designing a strategy lowering 
the slope in Equation (7) in order to postpone the depletion of 
Li-ions, that is, to maintain high enough concentration of Li-
ions near the electrode surface (Figure 5c) is the key to realize 
uniform electrodeposition of Li with a dense and dendrite free 
morphology. This result can be further used to optimize experi-
mental deposition conditions for a certain current density. For 
instance, in order to delay the Li-ion depletion (t is set to 15 s  
and surface concentration factor is set to 0.5) under a relatively 
high applied current density (j  = 10  mA cm−2), the range of 
operating temperature and Li-salt concentration can be deter-
mined from C Dπ =∗

+ + 0.0161Li Li  associated with Equation (6).

Figure 5. Mitigating the depletion of Li-ion on electrode enables uniform electrodeposition of Li. a) Surface concentration factor as a function of deposi-
tion time and b) the time for depletion of Li-ions on the electrode surface under various conditions, including temperature, Li-salt concentration in the 
electrolyte and applied current density. c) The schematic diagram of depletion of the Li-ions inducing preferred electrodeposition of Li.
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4. Conclusion

In summary, the effect of mass-transfer on the electrodepo-
sition behavior of Li is comprehensively investigated by 
phase-field modeling in this work. The role of three crucial 
parameters impacting mass-transfer of Li-ions near the elec-
trode surface, operating temperature, Li-salt concentration in 
the electrolyte and applied current density, has been evaluated 
in the model. We found that a large concentration gradient near 
the substrate, which can be caused by low temperature, diluted 
electrolyte, and high applied current density, invariably results 
in non-uniform distribution of local Faradic current density 
over a typical substrate. Therefore, preferred electrodeposition 
of Li at certain locations, such as on top of protrusions and 
edges, generates a highly branched morphology and even a 
dendritic microstructure after long-term deposition. Based on 
the analyses of electrodeposition with tunable parameters in a 
broad range we suggest that postponing the depletions of Li-ion 
on the substrate surface is the key to realize uniform electro-
deposition. Our finding points out a general design strategy 
where temperature, electrolyte formulation, and applied cur-
rent density are balanced to obtain a dense and dendrite free 
morphology upon Li depletion which is crucial in order to apply 
Li-metal anodes in next generation high energy-density battery 
systems.

5. Simulation Section

The deposition process of Li is simulated on a substrate (as 
seen in Figure S1 (Supporting Information)) under various con-
ditions and the boundary effect is applied in the modeling pro-
cess. We assume that the deposition efficiency on the anode is 
100%, regardless of side reactions or the natural convection in 
the electrolyte.[22,33]

The fluxes of anions and cations in the electrolyte are calcu-
lated by the Nernst–Planck equation[34]

N D C z u Fc ϕ= − ∇ − ∇i i i i i i l  (8)

where Ni is the transfer vector (mol m−2 s−1), ci is the electrolyte 
concentration (mol m−3), zi is the number of ionic charge, ui is 
the ion mobility (m2 s−1 J−1 mol−1), F is the Faraday constant, 
and φl is the electrolyte potential (V). Therefore, the mass-
transfer equation can be expressed as

c

t
N

∂
∂

+ ∇ ⋅ = 0i
i  (9)

in which Ni =  1, 2 represent cation and anion in the electrolyte 
solution, respectively. The system is electrically neutral, and the 
conservation equation is written as below

∑ =zz cc
i

0i i  (10)

The deposition process is described according to the simpli-
fied reaction formula

e+ ↔+ −Li Li  (11)

The local current density is determined by the Butler–Volmer 
equation as[26c, 35]

i i
F

RT

F

RT
η η= 



 − −











exp
1.5

exp
0.5

ct 0  (12)

In the above equation, ϕeq is equilibrium electrode potential, 
η is overpotential, as defined below

RT

nF c

v

ϕ ϕ

η ϕ ϕ ϕ

= −






= − − ∆
+

+

ln
1

eq 0
Li

s,0 l eq

Li

 (13)

where φs,0 is the potential of the electrode.[26a, 33a] Therefore, the 
boundary conditions of the anode can be expressed as

N n
i

F

F

RT

c

c

F

RT

ϕ ϕ ϕ

ϕ ϕ ϕ

( )

( )
⋅ = −

− − ∆







 −

−
− − ∆































+

+

+

2

exp
1.5

,ref
exp

0.5
Li

0

s,an l eq

Li

Li

s,an l eq

 (14)

where n represents the normal vector of the boundary. The rest 
of the boundaries are insulating boundaries which are given by 
the following equation

N n⋅ =+ 0Li  (15)

For anions and solvent molecules, the insulation conditions 
are given at each boundary

N n⋅ = 0an, org  (16)

The initial conditions are written as

c c c c= =,cat 0 an 0  (17)

The stoichiometric coefficient of Li-ion in the electrolyte is 
v = −+ 1Li , and the stoichiometric coefficient of Li atoms on the 
electrode is v =+ 1Li .

The phase field model in our work is carried out by finite 
element method on a COMSOL Multiphysics 5.5 platform. The 
area of the simulation of local current density on Li electrode is 
6 × 10 µm. We use implicit Euler method, with a time step of 
Δt  =  0.01 s. To acquire high-quality calculation results, the 
simulation model is built by using ultra-fine grid division. The 
maximum grid size of the model is 0.015 µm and the defor-
mation of the grid during the deposition process is considered. 
To obtain the local probability for Li deposition, the volume 
change of each deformable grid in a unit time is calculated by 
the Faraday’s laws of electrolysis on account of local Li-ion con-
centration and local current density on the electrode surface. 
The local probability for grid with the most volume change is 
defined as 100% and also used as the reference for the calcula-
tion on remaining grids.
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