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Lithium (Li) metal is deemed to be the high-energy-density anode material for next generation batteries, but its
practical application is impeded by the uneven electrodeposition during charge of battery, which leads to the low
Coulombic efficiency and potential safety issue. Here, multiscale modeling is fabricated to understand the

elecltroslep osition morphology evolution of Li during electrodeposition process, from the self-diffusion of Li adatoms on electrode
nucleation . . R . X
microstructures surface, to the nucleation process, and to the formation of Li microstructures, revealing the correlation between

final morphology and deposition substrates. Energy batteries and self-diffusion of Li adatom on various substrates
(lithium, copper, nickel, magnesium, and silver) result in the different nucleation size, which is calculated by
kinetic Monte Carlo simulation based on classical nucleation theory. Formation of Li substructures that are grown
from Li nuclei, is revealed by phase field modeling coupled with cellular automaton method. Our results show
that larger Li nuclei is obtained under faster self-diffusion of Li adatom, leading to the low aspect ratio of Li
substructures and the subsequent morphology evolution of electrodeposited Li. Furthermore, the electrodepo-
sition of Li is strongly regulated by the selection of substrates, giving the practical guideline of anode design in
rechargeable Li metal batteries. It is worthy to mention that this method to investigate the electro-crystallization
process involving nucleation and growth can be transplanted to the other metallic anode, such as sodium, po-
tassium, zinc, magnesium, calcium and the like.

beyond LIBs [7,8]. Nevertheless, the utilization of Li metal as anode in
rechargeable batteries is hindered by low Coulombic efficiency, short

1. Introduction

The past few decades have witnessed the explosive growth of the
demand of energy storage along with the required sustainability of en-
ergy in society [1], especially in the electrification of automotive in-
dustry [2]. However, lithium-ion batteries (LIBs), the state-of-the-art
energy storage technology, have nearly approached their limit of energy
density, around 300 Wh-kg ™}, which is rooted in the theoretical specific
capacity of the cathode material and the graphite anode (372 mAh g™1)
[3,4]. Lithium (Li) metal, has an ultrahigh specific theoretical capacity
of 3860 mAh-g~! and the lowest reduction potential of —3.04 V (versus
standard hydrogen electrode) [5], promising a high energy density when
coupled with high capacity cathode materials in new battery chemistries
like Li-sulfur (2600 Wh~kg*1) and Li-oxygen (3500 Wh~kg’1) [6]. Thus,
replacing the commercial graphite anode with Li metal anode is seem-
ingly a straightforward approach to realize energy storage systems

* Corresponding author.

cycle life as well as the safety issues, which are mainly a result of
nonuniform electrodeposition during cycling and the instability against
the electrolyte [9,10].

Indeed, the nonuniform electrodeposition of Li is attributed to the
mismatch between the sluggish mass-transfer of Li-ions near the elec-
trode and fast charge-transfer kinetic of the electrochemical reaction,
Li"+e”=Li, forming mossy and dendritic Li microstructures rather than
dense metal [11-14]. The growth of dendritic Li with large surface area
will exacerbate side-reactions with the electrolyte forming solid elec-
trolyte interphase (SEI) film over all surfaces in the electrode.
Commonly the SEI film is fragile and easily broken by interfacial
displacement during cycling, triggering even more side reactions. This
leads to continuous consumption of active Li metal as well as electrolyte,
lowering Coulombic efficiency and cycle life of the cell. Moreover, the
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accumulation of side reaction products also increases the interfacial
resistance and results capacity decay. To regulate Li electrodeposition, a
plethora of strategies have been developed targeting the key mecha-
nisms for dendrite formation, such as accelerating mass-transfer and
slowing down charge-transfer kinetics. These strategies can be sorted
into: (i) building an artificial SEI on Li [15-18], (ii) optimizing elec-
trolytes in terms of solvents and Li salts [19-22], (iii) structural design of
composite Li anodes [23,24], and (iv) introducing solid-state electro-
lytes [25-28]. However, the requirement on Coulombic efficiency of a
Li-metal anode in practical battery systems, above 99.9%, has yet to be
achieved, hindered by a lack of a mechanistic understanding of the
electrochemical deposition processes of Li, from the initial state to the
final morphology where the morphology develops from nm to pm length
scales [29-31].

Electrocrystallization of Li on the electrode surface is closely linked
to the properties of substrate, which impact the reduction of Li-ions, the
self-diffusion of Li adatoms on the substrate surface, and the formation
of Li nuclei [32-36]. In particular, lithiophilicity of the substrate has
been recognized as an important parameter to tune the electro-
crystallization of Li metal at the initial stage of electrodeposition [37,
38]. However, the actual role of the surface property on electro-
crystallization of Li and its link to the final morphology is not well un-
derstood. Bulk lithium metal has a body-center-cubic (BCC) crystal
structure, and the general steps for crystallization can also be applied for
the electrodeposition process. Typically, the process can be divided in (i)
the self-diffusion of Li adatoms on the surface of the substrate, (ii) the
formation of Li nuclei from aggregated Li adatoms or Li embryo, (iii) the
growth of Li substructures from nuclei of critical size and (iv) further
growth of Li on these substructures. To understand these processes,
considerable efforts have been devoted to reveal the influence of a
certain step by using simulation methods like density function theory
(DFT), finite elements analysis, and cellular automaton simulations [35,
39,40]. However, linking the initial electrocrystallization process of Li
on a substrate to the microstructures found at end of electrodeposition
needs an overall understanding from the self-diffusion to the growth of
deposited Li, involving multiple length scales.

Herein, we selected typical metal substrates for Li deposition, lithium
(Li), cupper (Cu), nickel (Ni), magnesium (Mg) [41] and silver (Ag) [37],
to investigate correlation between electrocrystallization of Li and the
final morphology of deposited Li. A package of simulation tools, DFT,
kinetic Monte Carlo based on the classical nucleation theory (CNT), and
phase field modeling, were employed to reveal the self-diffusion barriers
of Li adatoms, to follow the nucleation process of Li as well as the growth
of Li structures, respectively. Our simulations show the capability to
continuously track the key steps of electrocrystallization at relevant
length scales and to correlate the self-diffusion of Li to the morphology
for electrodeposited Li-metal. We find that the lower the self-diffusion
barrier is, the larger the critical size of nuclei, subsequently generating
Li substructures with low aspect ratio and ultimately resulting in
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uniform electrodeposition. Our work not only explores the under-
standing of the electrocrystallization processes of Li by multiscale
modeling, but also provides a guideline to design of the substrate surface
for long-life and safe rechargeable Li-metal batteries.

2. Theory and model
2.1. Reduction of Li-ion

As shown in Fig. 1, prior to the electrocrystallization of Li, the overall
reaction of Li*4e =Li can be divided into two steps, mass-transfer of
desolvated Li-ions to the substrate and charge-transfer to form Li ada-
toms on the substrate. The mass-transfer process can be described by
Fick’s law: [14]

0Cu (x,1) _ FCu (x,1)

ot Lit o2 i (1)

where Cp;+ (x,t) is the concentration of Li-ions at a certain position (x)
above the surface and a certain time (t), D;;+ is the diffusion coefficient
of Li* in the electrolyte. The charge-transfer kinetics for reduction of Li*
to form Li adatoms can be described by the Butler-Volmer equation:
[42-44]

J=j [exr) (go —exp (*%ﬂ)} @)

where j° is the exchange current density, 7 is the overpotential on the
substrate surface, @ and f§ are the transfer coefficients of anodic and
cathodic currents (@ + = 1 for single electron reaction), respectively, F
is Faraday constant, R is ideal gas constant and T is the temperature.

2.2. Self-diffusion of Li adatoms on electrode

After the reduction of Li-ions, the generated Li adatoms will be
adsorbed on the substrate and move to the suitable spots for electro-
crystallization through self-diffusion (Fig. 1). The self-diffusion can be
considered as a hopping process, moving between adjacent adsorption
sites [45]. For a thermally activated diffusion process the hopping rate of
an adatom on a periodic substrate can be expressed through transition
state theory: [46]

V= ﬂexp<_AF>, 3

h kgT

where AF is the Helmholtz free energy barrier for hopping between sites
in the lattice. kg and h are the Boltzmann constant and Planck’s constant,
respectively. Only nearest-neighbor hopping is considered and the self-
diffusion coefficient on the substrate (D;) is given by the hopping rate v
and hopping distance a by the relation: [47,48]

@Nucleation

Fig. 1. Schematic diagram of nucleation of Li during electrocrystallization. The process contains mass transfer of Li-ions from bulk electrolyte, reduction of Li-ions to
Li atoms, self-diffusion of Li adatoms, formation of Li embryos and nuclei of critical size.
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For self-diffusion of Li adatoms on a substrate (Figure Sla), the
dynamic equilibrium between the adsorption and dissolution of Li
adatoms can be described as:

ach,’ _ l(x)

s or2 —ﬁ«, (5)

where Cy; is the surface concentration of Li adatoms. According to the
Butler-Volmer equation, i(x) is given by:

Cpi F BF
=[G () -on( ) o

with the boundary conditions:

lim Cu(x, 1) = ¢
(x)=(0.0) (1) Li

dCy;

The surface concentration of Li adatoms is obtained after solving Eq.
(5),

ol el o)

c’, RT RT [1 +exp (2_00)]

)

where

[FDc!, PFn
Ao = I exp <ﬁ , ®

is regarded as the self-diffusion distance of a Li adatom.

In this work, the self-diffusion process of Li adatoms was modelled
with the Vienna Ab-initio Simulation Package (VASP) to obtain the
diffusion barriers and hopping rates on different surfaces. The self-
diffusion coefficient was then introduced into the simulation of nucle-
ation using kinetic Monte Carlo method, see more details in supple-
mentary information, Step I: Self-diffusion of Li adatom on electrode
surface.

2.3. Nucleation of Li clusters

Clusters of Li adatoms larger than a critical size will grow up to form
crystal nuclei following the Classical Nucleation Theory (CNT). Here, an
hemisphere with radius of r is used to describe a Li nucleus on a substrate
and the Gibbs free energy change for formation of this nucleus is defined
by the surface energy change AGs = yA and the bulk energy change AGg
= —N|Ayp| as (Figure S1b): [49]

AG(N) = —N|Ap| +yA ©)

where N is the number of atoms in the crystal cluster, |Ayu| = ey is the
chemical potential difference for the single-electron electroreduction of
Li [47], y is the surface energy and A is the surface area of the cluster.
The spontaneous growth of a cluster is determined by the competition
between lowering the bulk free energy and increasing the surface energy
with increasing cluster the free energy barrier for spontaneous growth
and the critical nucleus size N*can be determined from Eq. (9) giving

3273

N' =,
3p3(en)

(10)

as the critical nucleus size and
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N+
AG(V') =, an
as the free energy barrier for nucleation, where pg is the number density
of a bulk Li and e is the charge per ion. For a semispherical Li nucleus,

the critical radius is given by
_ a2
Psen

The probability for forming a Li nucleus with size n can be approx-
imated by [50-52]

P(n) = M, _ exp <_i3GT(‘n)> , 13)

where M, is the number of Li nuclei with size n in a system containing Li
adatoms with total number of M. Thus, the probability to form a critical
nucleus is given by [53]

P =exp (7_A§;N*))-, a4

To follow the nucleation step lithium clusters with homogeneous size
are randomly introduced into the model as cells for the Monte Carlo
algorithm at the beginning of the simulation. Based on the diffusion
barriers and hopping rates of Li adatoms on different substrates, we can
follow the evolution of initial Li clusters during the electrodeposition
(with an applied constant current density) and obtain the critical
nucleation radius by using the principle of probability statistics, see
more details in supplementary information, Step II: Nucleation process
of Li.

2.4. Formation and growth of Li microstructures

The simulation of the subsequent evolution of the formed crystal
nuclei after electrocrystallization can be divided into two parts, the
formation of Li substructures based on the growth of Li nuclei and the
further deposition of Li on these Li substructures. The former part is
modelled by a combination of cellular automaton simulation in MAT-
LAB and finite element simulations using COMSOL Multiphysics. For the
latter part, the simulation of the growth of Li substructures and forma-
tion of the final morphology of deposited Li is conducted by phase-field
modeling using COMSOL Multiphysics.

3. Results and discussion

First, the energy barriers for hopping of Li adatoms between equi-
librium sites the different surfaces were calculated using DFT within the
generalized gradient approximation (GGA) to account for exchange
correlation effects [54,55]. In a typical diffusion process, the adatom
moves from the most favorable adsorption site to a neighboring site and
the energy difference between the minimum and maximum energy over
this trajectory defines the activation energy for hopping self-diffusion
[56]. We calculated the diffusion energy barrier of a single Li adatom
on the different substrate surfaces including metallic Li, Cu and Ni that
are common current collectors for anodes [57,58], as well as the lith-
iophilic Mg and Ag surface (Figure S2), which have been reported to be
interface modifying layers for anode [41,59]. All calculations were
conducted on the lowest-energy planes of related surfaces corresponding
to Li(100), Cu(111), Ni(111), LiMg(110) and LiAg(110), respectively. In
terms to Cu, (111) surface embraces the lowest surface energy of 1.39 J
mfz, which is much lower than that of (100) of 1.47 J m~2 [60]. Due to
the equivalent energy of all sites on the body-centered cubic (BCC) Li
(100) surface [61], the energy profile of a diffusing Li adatom is almost
symmetric (Figure S3a). In contrast, the diffusion pathways on the
face-centered cubic (FCC) surfaces of Cu(111) and Ni(111) are derived
from FCC sites and hexagonal-close-packing (HCP) sites [62], showing
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the similar energy barrier for Li adatom diffusion on Cu and Ni surfaces,
as seen in Figures S3b-c. The energy profile of the trajectories on the
BCC surfaces of LiMg(110) and LiAg(110) are asymmetric, a result of the
very different chemical environments between hopping sites (see the
insert of Figures S3d-e).

The energy barriers for self-diffusion can be determined from the
energy evolution over during a jump from one site to another and are
shown in Figure S3f. On the Li(100) surface, the hopping of Li adatoms
shows the highest barriers and lowest hopping rate, which demonstrates
that Li adatoms are almost immobile on an existing crystalline surface
and prefer to stick where they are adsorbed and form local pro-
tuberances. The energy barriers on Cu(111), Ni(111) and LiMg(110)
surfaces are considerably lower the hopping rates higher, illustrating an
accelerated self-diffusion of Li adatoms. The LiAg(110) surface shows
the lowest barrier and a very high hopping rate. This shows that using
lithiophilic elements like Mg, Ag to modify the surface for Li electro-
deposition accelerates the self-diffusion of Li adatom in the initial stage
of electrodeposition. Furthermore, these rates can be introduced into the
subsequent modeling of the nucleation process with cellular automaton
simulation, which is the state-of-the-art method to simulate growth
processes on surfaces with a mesoscopic length scale beyond atomic
scale of DFT calculation.

The energy barrier when clusters of Li adatoms reach the critical size
is hard to overcome when sampling nucleation events using traditional
DFT calculations or molecular dynamics simulations are conducted
[63]. Even with advanced sampling techniques, like umbrella sampling
[64] or metadynamics sampling with biased potentials [65], the direct
nucleation kinetics cannot be unambiguously determined. Here, we
instead use kinetic Monte Carlo simulations to simulate the nucleation of
Li metal on different surfaces and the self-diffusion of Li adatoms can be
regarded as the bridge connecting the atomistic scale of DFT calculations
with the nucleation process [52,66]. Our method is based on the rela-
tionship between Gibbs free energy change and nucleation size in clas-
sical nucleation theory (Figure S1b) [63,67]and a pre-existing cluster of
Li adatoms is introduced as embryo for further nucleation. Critical
nucleation of Li can be considered as an event that embeds a larger
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crystal cluster or embryo on a surface and we monitor the growth or
dissolution of the embryo. Thus, the pre-existing embryo are far smaller
than critical size of Li nucleus created in the kinetic Monte Carlo
simulation [68]. During Monte Carlo simulation, the growth of Li em-
bryos stem from the self-diffusion of Li adatoms and the process is
conducted by 1000 times to observe the probability of stable Li nuclei
with certain sizes [69].

Taking the nucleation process on the native Li surface as example,
the distribution of nucleus radii is centered at 52 nm with a confidence
probability (CP) of 10%, which means that nuclei with this radius will
most likely be dissolved, whereas a nucleus of 98 nm with a CP=90% has
a large chance to grow (Fig. 2b). With the increase of CP from 10% to
90%, the distribution of radii narrows gradually, which indicates that
the formation of Li nuclei with the centered radius is more probable.
When Li nucleates on surfaces with lower diffusion energy barriers (Cu
and Ni), the size of nuclei is larger and with a broader distribution than
that on the Li surface. There is a very small difference in the distribu-
tions, position and width, for Li nuclei on Cu and Ni surfaces, illustrating
that the nucleation of Li metal on these surfaces is quite similar (Fig. 2c-
d). The lithiophilic surfaces (LiMg or LiAg) show wider distributions
(Fig. 2e-f) and the LiAg surface shows the largest nucleation size, >250
nm, at high confidence probability but also a wider distribution (Fig. 2f).

The dependence of Li nuclei radius on CP derived from the kinetic
Monte Carlo simulations is plotted in Fig. 3a. The radius obviously in-
creases with the increasing CP. Overall the radius is the smallest on the
surface of Li which has the highest energy barrier for self-diffusion. The
sizes of Li nuclei on Cu and Ni are almost the same, in agreement with
the similar energy barriers of self-diffusion. Interestingly, Li nuclei have
also a smaller size on the LiAg surface at the beginning of simulation
(CP=10%), illustrating that the low energy barrier for self-diffusion of Li
adatoms enables great availability for the free diffusion. However, the
size of Li nuclei on LiAg surface turns to be the largest one CP is > 10% as
the simulation proceeds. Thus, both the initial nucleation and the
following process are controlled by the energy barrier for self-diffusion
of Li adatoms on the substrate surface. For the final state of simulation,
the size of Li nuclei reaches the critical threshold with CP=100% and
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Fig. 2. Nucleation process of Li on different surfaces with a Li adatom embryo. (a) Schematic diagram for nucleation of Li. Gray balls represents Li ions in the system.
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Fig. 3. Distribution of radius of Li nuclei on different surfaces. (a) Radius of Li nuclei as a function of confidence probability. (b) Relationship between the simulated
critical radius of Li nuclei and experimentally determined nucleation overpotential.

this means that the cluster is thermodynamically stable.

According the Eq. (12) the critical radius of Li nuclei is inversely
proportional to the nucleation overpotential [53]. To test this relation,
the overpotentials for nucleation of Li on different substrates, including
Li disk, Cu disk, Ni disk, Mg coated Cu disk and Ag coated Cu disk, were
experimentally determined from the voltage profiles shown in Figure S4.
The scanning electron microscopy (SEM) has been conducted to detec-
ted the nuclei of Li metal on different surface at current density of 0.5
mA cm 2. As shown in Figure S5, the Li nuclei show the spherical shape
at the beginning of electrodeposition process, the associated diameters
are about 100 nm on Li surface, 150 nm on Cu surface, 180 nm on LiMg
surface and 250 nm on LiAg surface respectively, which are consistent
with the simulation results. From Fig. 3b it is clear that the correlation
between the experimentally determined overpotential for nucleation
and the simulated critical size of the nuclei follows the suggested rela-
tion in eq. 16, demonstrating the validity of the approach using the ki-
netic Monte Carlo method.

In our work, the growth of Li nuclei to the final morphology is
divided into two steps, formation of Li substructures and growth of these
to the final morphology, occurring on submicron to micron scales. For
the formation of Li substructures, the generated Li nuclei are assumed to
be thermodynamically stable after their size reaches the critical value.
Then the formation of Li substructures is simulated by the cellular au-
tomaton method, linked to phase-field modeling with a Python script
[70]. At the initial stage of simulation, the Li substructures grow at a
relatively low rate on the LiAg surface, which is attributed to the fast
self-diffusion of Li adatoms (Figure 4a; and Figure S6a;). The growth rate
is accelerated, and higher electrodeposited structures are formed when

the self-diffusion is slower, i.e. on the surfaces of LiMg, Ni/Cu, and Li
(Figure 4by, cj, d; and Figure S6b;, cj, d;). As the electrodeposition pro-
ceeds, the Li substructures on the LiAg surface are relatively dense and
short, as shown in Figure 4a; and S6a. By comparison, the Li sub-
structures on the substrates with more sluggish self-diffusion show a
more porous structure and the porosity increases with lower
self-diffusion (Fig. 4b-d and S6b-d). It is worth noting that the final
morphology of Li substructures on Li substrate shows a branched
structure, as a result of the surface having a high barrier for
self-diffusion.

The current density on the top of higher Li substructures is enhanced,
Fig. 4b-d. As shown in Figure S7, both the maximum of Faradic current
density and the difference between top and bottom regions of the sub-
structures are higher on substrates with slow self-diffusion of Li ada-
toms. The enhanced Faradic current density will act as a hot spot for
further electrodeposition, resulting in rapid growth and also the creation
of branched substructures with high porosity. In contrast, the relatively
uniform distribution of Faradic current density on Li substructures
formed on the LiAg substrate provides the conditions for even electro-
deposition of Li in the subsequent step. It suggests that the shape of Li
substructures is strongly related to the nucleation process and plays a
critical role for the subsequent growth of Li to form the final
morphology.

The electrodeposition process corresponding to the growth of Li
substructures to the final morphology of Li is simulated by phase-field
modeling under a constant current density of 0.5 mA cm™2. The Li
substructures on the different substrates can be characterized by their
aspect ratio, Figure S8. The aspect ratio varies from 0.55 on the surface
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Fig. 4. Li substructures based on growth of Li nuclei on different surfaces. Evolution of Li substructures at (a;-aj;) LiAg, (b;-by;;) LiMg, (cj-¢j;;) Cu or Ni and (d;-dy;) Li

substrates. i, ii, iii correspond to subsequent steps in the calculation.
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of LiAg to 1.78 on surface of Li. This aspect ratio of Li substructure is
introduced in the phase field modeling as pillars on the substrate, see
details in Figure S9 and Table S1. At the initial stage, the distribution of
Li-ion concentration is relatively uniform around the substructures with
low aspect ratio, but the uniformity decreases with increasing aspect
ratio (Fig. 5a-d). The concentration field can be divided into two regions,
the region between two substructures, and the region from the top of a
substructures to the bulk electrolyte. As shown in Fig. 5k, the concen-
tration gradient of Li-ion in both regions increases with the aspect ratio.
The behavior of the corresponding Faradic current density, Figure S10,
directly follows the Li-ion concentration distribution, with an increasing
difference of Faradic current density in the taller substructures. These
distributions of concentration field and Faradic current density remain
throughout the simulation until the convergence stage is reached,
Figures S11-S13, and directly contribute to the evolution towards the
final morphologies of electrodeposited Li on the different substrates.
The evolution of the electrodeposition probability, and the corre-
sponding morphology, on the substructures with different aspect ratio
are shown in Fig. 5e-h. For the substructures with low aspect ratio, as on
the LiAg substrate, there is a preferential deposition on the sides of the
structures. Thus, the gap between the structures will be filled creating a
dense morphology. When the aspect ratio increases electrodeposition
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preferentially occurs at the top corners of the substructure and differ-
ence of electrodeposition probability between top and bottom is
enhanced (Fig. 5f and g). For the Li substrate that has the highest aspect
ratio, electrodeposition preferentially occurs on the top generating a
bulb-like final morphology (Fig. 5h). The uneven probability for Li
electrodeposition will enhance the growth of Li on top of the sub-
structures, which can be a trigger for rapid growth of dendritic Li at this
hot spot. To further demonstrate the correlation between aspect ratios
and final morphology, the range of aspect ratios was extended up to 4,
and the results are shown in Figures S14-S15. As expected, the con-
centration gradient of Li-ions near the electrode is enhanced and
depletion effect for Li-ions is induced by mass-transfer limitations in the
electrolyte (Figures S13a-f), promoting non-uniform electrodeposition,
see Figures S13g-i. To characterize the electrodeposition, a uniformity
factor can be defined as the rate of electrodeposition on the versus on the
top of the substructures, see inset in Fig. 51. The uniformity factor reveals
an almost liner correlation with initial aspect ratio of substructures,
directly reflecting that a denser morphology of electrodeposited Li can
be expected with lower initial aspect ratio and a porous Li morphology
will be obtained on taller initial Li substructures.

To understand the correlation between the final morphology and the
size of the initial Li nuclei in a large scale, a model with an area of 10 pm
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by 10 pm on the deposited Li is constructed to evaluate the morphology
evolution under a certain initial roughness. Different structural fluctu-
ation appears on the surface of electrodeposited Li, which is represented
by the arithmetic mean deviation (Ra) of surface roughness. Here, a
series of Ra values as 0.38, 0.56, 0.57 and 0.95 are generated by a
random function to simulate the substructures of electrodeposited Li on
metal substrates shown in Fig. 4 and Figure S16. During the electrode-
position process, concentration observed at the high plateau of surface is
greater than that at low-lying area, as seen in Figure S16a. With the
decreasing of roughness from Ra=0.95 to 0.38, the concentration dif-
ference between plateau and lower area turns to be negligible
(Figures S16b-d). Hence, uniform concentration can be realized on the
low-roughness surface from the development of larger Li nuclei, which is
confirmed by the narrow statistics distribution of Li-ion concentration
(Figure S16e). The similar trend is obtained for the distribution of cur-
rent density and higher current density is present on at the high plateau
of electrodeposited surface, showing a remarkable difference towards
the current density at the low-lying area (Fig. 6a-d). Furthermore, the
difference is significantly mitigated with the lowering of roughness and
the statistic of current density reveals a more uniform distribution on the
substrate with lower roughness, which is resulted from larger Li nuclei
(Figs. 6e). The extraction of current density along y = 5 pm and x = 5 pm
shows that the variation of current density on the surface with higher
roughness, Li, Cu or Ni and LiMg is greater than that on the LiAg surface
with lowest roughness (Fig. 6f and g). This is further demonstrated by
the declined dispersion coefficient of current density along X and Y axis
(Figure S16-17). Both distribution of Li-ion concentration and current
density on the surface indicate that the electrodeposition of Li metal is
preferred to occur at the high plateau of surface. As a consequence, the
roughness of surface increases with the ongoing electrodeposition, and
the increasing rate is determined by the initial roughness of Li sub-
structure on different substrates. After electrodeposition of 1.5 mAh Li, a
roughness increase of 9.59%, 2.3%, 1.15% and 0.56% is obtained for
electrodeposited Li on Li, Cu or Ni, LiMg and LiAg, respectively (Fig. 6h).
Experimentally, the cycled Li metal anode that disassembled from Li|Cu

Energy Storage Materials 61 (2023) 102916

half-cell with Ag and Mg modified Cu current collector shows relative
plate and dense morphology, which are much improved compared with
the catastrophic dendritic morphology on bare Cu and Ni substrates
(Figure S18). Based on this regulation of nucleation of Li metal, the
Coulombic efficiency of Li metal anode on Ag modified Cu current col-
lector is greater about 99% at current density of 0.5 mA cm ™2, which can
hold stable within 140 cycles (Figure S19). Therefore, the final
morphology of electrodeposited Li on metal substrates is dependent on
the size of the initial Li nuclei, which is related to the self-diffusion of Li
adatoms on the surface.

4. Conclusions

In this work, multi-scale modeling was applied to uncover the elec-
trodeposition behavior of Li metal on different substrates, and the Li
plating process was investigated in four successive steps: i) self-diffusion
of Li adatoms on the substrate, ii) nucleation, iii) formation of Li sub-
structures and iv) growth to the final morphology. DFT calculations of
the self-diffusion of Li adatoms show that on lithiophilic surfaces, e.g.
LiAg, a high hopping rate and low energy barrier are found, whereas on
the native Li-metal surface the self-diffusion of Li adatoms is slow.
Introducing these self-diffusion parameters to kinetic Monte Carlo sim-
ulations based on the classical nucleation theory enables us to determine
the critical nucleation size on the different substrates. Our results reveal
a direct correlation between the self-diffusion of Li adatoms and the
critical size of Li nuclei, with larger critical nuclei on substrates with
high self-diffusion. Subsequently, the cellular automaton method
coupled with phase-field modeling reveals the growth of Li sub-
structures with low aspect ratio based on the larger Li nuclei, found on
the lithiophilic LiAg substrate. The shape of Li substructures is critical
for the final morphology of electrodeposited Li. Substructures with low
aspect ratios will have a rather uniform probability for electrodeposition
promoting growth to a dense morphology. By coupling the different
simulation methods to follow process from atomistic to micrometer
scales enables us to show that self-diffusion of Li adatoms on the
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substrate is directly connected to the final morphology of electro-
deposited Li. Based on this we suggest that, lowering the energy barrier
for self-diffusion on the substrate, using for instance surface modifica-
tion by lithiophilic elements, is a promising direction to enable uniform
electrodeposition of Li anodes in rechargeable Li metal batteries. More
than that, the Methodological universality of this method can be trans-
planted to study the electro-crystallization process of other metallic
anodes, eg., sodium, potassium, zinc, magnesium, calcium for acceler-
ating the application of next-generation energy storage system.
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