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Rechargeable Mg batteries have received intense attention as affordable rechargeable batteries with high elec-
tromotive force, energy density, and safety. Achieving uniform dissolution and electrodeposition of Mg metal
negative electrode is vital for the development of rechargeable Mg batteries. This study investigates the behavior
of Mg electrodeposition on non-uniform Mg metal surfaces formed through several discharge/charge cycles using
simulations based on the Newman model followed by experimental validation. The simulations revealed that the
surface morphology of the Mg metal negative electrode affected the distribution of the Mg?* ion concentration,

flux, and current density in the electrolyte. Uniform electrodeposition can be achieved by maintaining a higher
concentration of Mg?™ ions in the pits formed on the surface, for example by ensuring a higher Mg?* ion diffusion
coefficient, a smaller current density, and larger but shallower pits. The experimental results support these
findings, providing a strategy to achieve uniform Mg electrodeposition and optimal design of the electrolyte.

1. Introduction

Due to their high energy density, lithium-ion batteries (LIBs) are
widely used in a variety of products such as mobile phones. Currently,
carbonaceous negative electrodes (372 mAh g 1) are used in LIBs, where
charging and discharging occur through the intercalation and dein-
tercalation of Li* ions. While much higher energy density and capacity
(3860 mAh g™ !) can be achieved by replacing carbonaceous negative
electrodes with Li metal negative electrodes, the use of Li metal negative
electrodes poses challenges such as dendrite growth during charging
which leads to short circuits caused by the piercing of the separator by
the dendrites and/or capacity loss due to Li flaking [1,2].

In recent years, there has been considerable interest in rechargeable
batteries that use negative electrodes based on metals other than Li such
as Mg, Ca, and Al. Among these, Mg is one of the most promising
candidate metals for metal negative electrodes [3,4]. Previous studies
have reported that dendrite growth rarely occurs during charging of
rechargeable Mg batteries (RMBs) [5,6]. RMBs have advantages of the
high capacity of the Mg metal negative electrode (2200 mAh g™1) and
low standard electrode potential of Mg (—2.36 V vs. SHE) [7] allowing a
higher electromotive force.

The first demonstration of RMBs was reported by Aurbach et al., who
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used Chevrel phase MogSg as the positive electrode [8]. This battery
exhibited excellent cycling characteristics but suffered from low cell
voltage and capacity (1.1-1.2 V, 75 mAh g’l) [8,9]. Therefore, recent
research has focused on improving positive electrode materials, partic-
ularly for oxides that generally have higher redox potentials, such as
spinel MgMn,04 (~2.9 V vs. Mg/Mg?", 180 mAh g~1) [10-12], MgCo-
Si04 (~1.5Vvs. Mg/Mg2+, 250 mAh g’l) [13], and a-MnO5 (~2.5 V vs.
Mg/Mg?*, 220 mAh g™ 1) [14].

By contrast, research on the negative electrode has been relatively
limited. Because RMBs are repeatedly discharged and charged during
use, the Mg metal negative electrode undergoes dissolution and elec-
trodeposition many times, eventually leading to electrodeposition on an
uneven and rough Mg surface. Understanding the Mg?* concentration
distribution in the electrolyte and the current density on the electrode
surface is essential for analyzing this phenomenon and for obtaining a
flat Mg surface. However, it is difficult to obtain these properties
experimentally. Therefore, in the present study, these physical proper-
ties are investigated by building models based on the Newman model
incorporating concentrated electrolyte theory and porous electrode
theory. The models are implemented using the COMSOL Multiphysics®
software. While many cell simulations have been performed for LIBs
[15-22], the characteristics of the Mg2+ ion transport in the cell remain
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unclear, and only a few simulation studies have been reported [23]. To
ensure that the simulations are relevant to practical devices, they were
performed using the 3D structure of a laminated cell. The Mg?* ion
concentration distribution in the electrolyte and the current density on
the electrode surface were estimated and compared with the experi-
mental results to develop a strategy for achieving uniform Mg
electrodeposition.

2. Governing equations

In this study, the following diffusion equation, similar to the Stefan-
Maxwell equation generally used for gas diffusion [24], was considered
based on the interaction among the dissociated ions and solvent mole-
cules [21,25-29]:

CiCj
-V = ZjKij (Vi - Vj) = RTZCT,; (Vi - Vj) 1)
J

Dij

where ¢; is the concentration of the dissociated ions or solvent molecules
i, cr is defined as c¢r = ) ;¢;, including solvents, fi; is the electro-
chemical potential of species i, Kj; is the coefficient of friction between
species i and j, v; is the velocity of species i, R is the gas constant, T is the
temperature, and Dy is the diffusion coefficient for interaction of species
i and j. The relationship between K;; and Dy is given by:

(2)

According to Newton’s third law, that is the law of action and
reaction,

K =Kj 3

and thus, we obtain the following equation:

Dy = Dji 4
Three types of substances were considered, namely cations, anions,

and solvents, with one species of each type. In this case, Eq. 1 can be

written with the cation and anion species denoted by the subscripts
+ and —, respectively, to obtain:

— ¢ Vi, =Kyo(vy — Vo) + Ky (vy —V_) %)

—c_Vi_ =K_o(v_- —vo)+K_,(Vv_—V,) 6)

By summing Eqs. 5 and 6, and considering Eq. 3, the following
equation is obtained:

cViiy = Koy (Vo= V) +Ko (Vo —V_) @

where i, is the electrochemical potential of the electrolyte, fi,; = v, fi, +
v_ji_, and v, and v_ are the numbers of cations and anions formed by
the dissociation of a single electrolyte molecule [25]. Therefore, the
relationship between the molar concentration of single electrolyte ¢ and

¢, and c_ is naturally derived as ¢ = £= ==, Because the current can be

considered as the flux of particles carrying a charge, the current density i
is expressed by the following equation:

i= ZziFNi (8)
i
where z; is the charge of species i, F is the Faraday constant, and N; is the

flux of species i. In addition, because the electrolyte must satisfy
electrical-neutrality conditions, the following equation holds:

ZZiCi =0 (9)

The flux of cations N, can be described as a linear combination of
diffusion and migration as follows:
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where v = v, +v_, t{ is the cation transference number with respect to
the velocity of solvent, and ® is the diffusion coefficient based on the
thermodynamic driving force which is expressed by following equation:

D= Do+ Do- (2 —2-) an
Z+30+ — Z,go,

Eq. 10 includes three terms on the right-hand side, corresponding to
diffusion, migration, and reference flux, respectively. However, the first
term contains the gradient of the electrochemical potential and the
diffusion coefficient based on the thermodynamic driving force, which
are difficult to measure and should be avoided in physical simulations.
Therefore, the first term is instead expressed using the diffusion coeffi-
cient D based on Fick’s law as follows:

Doer o dlncy
RT achel = D<1 ~ dinc )VC 12)

By substituting the first term of Eq. 10 into Eq. 12, Eq. 13 is obtained
based on the concentration gradient.

dinc O,
N, = —u,D (1 ~ e 9 >VC+Z+—+F1+C+VO 13)

The distribution of current density i in the solution is determined
using the following procedure. We introduce a suitable reference elec-
trode at a point in the solution measured with respect to a reference
electrode at a fixed point. The general expression for the reactions at the
reference electrode is as follows:

S_MF + 5. M + soMg =ne” (14)

where s; is the stoichiometric reaction coefficient of species i, M; is the
chemical formula of species i, and n is the number of electrons involved
in the electrode reaction. According to reaction 14, because the chemical
potential of the electron in the electrode made of the same material is the
same, the balance of the gradients of the electrochemical potentials and
electric potential ® of the reference electrode is expressed as follows:

s_Vu_+s. Vi, +s5 Vi, = —nFV® (15)

The left-hand side of this equation can be rearranged using Eq. 7 to
obtain an expression for V. Considering the Gibbs-Duhem equation
and using Eq. 12, a generalized current density equation was obtained
that relates the measurable diffusion coefficient and the thermodynamic
diffusion coefficient, and the electrochemical potential gradient and the
concentration gradient, as follows:

. RT t°
i= —xveo- & (S—*+ - *E)(].‘F
F \nv, z,v, nc

dinf,
dinc

) Vinc ae)

where « is the conductivity and f, _ is the mean molar activity coefficient
of the electrolyte. It should be noted that the following relationship
between the measurable diffusion coefficient D and the thermodynamic
diffusion coefficient ® is used [25].

D (1 +dlnf+,
Co dinc

a7

In this study, Eqgs. 13 and 16 were used for the physical simulation of
MRBs. The electrolyte (Mg salt) used in this study is Mg[AI(HFIP)4]o,
which dissociates into one Mg2+ ion and two [AI(HFIP)4] = ions.

Therefore, 2z, = 2, v. = 1, and v = v, + v. = 3. Two electrons
participate in the electrode reaction, namely Mg electrodeposition, and
s, = —1,s. =0,andsy =0. When the above values are substituted into

Egs. 13 and 16, and v, is assumed to be zero, the following Eqs. 18 and
19, can be obtained for the flux and current density in the RMBs,
respectively:
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it?
N+ = —DVC+§ (18)
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Let us then assume that the current density i on the surface of the Mg
negative electrode obeys the Butler-Volmer equation:

.. 2a.Fn 2a.Fn
lflo{exp< RT )7exp<f RT )} (20)

where i; is the exchange current density, @, and a. are the charge
transfer coefficients, F is the Faraday constant, # is the overpotential,
and R is the gas constant. It should be noted that the ratio of the ion
concentration in the bulk and at the electrode surface is assumed to be 1,
and the coefficient inside the parentheses of the exponential function is 2
because Mg electrodeposition is a two-electron reaction. The over-
potential is defined using the following equation:

N = ¢s— ¢ —Eocp 21

where ¢, is the solid-phase potential, ¢, is the liquid-phase potential, and
Eocp is the open-circuit potential. The equation for Mg2+ ion diffusion in
the electrolyte solution soaked in the composite positive electrode and
other related equations used in the calculations are provided in the
Supporting Information.

3. Experimental

COMSOL Multiphysics® 6.2 software was used to perform simula-
tions based on the equations discussed in the previous section. This
simulation assumes solvent velocity vo = 0 and does not consider the
effect of convection on ion transport. This assumption is valid under
static electrolyte and relatively low current density conditions consid-
ered in this paper but needs to be corrected in conjunction with con-
vection effects under high rate or high temperature conditions. Due to
the scarcity of available data for Mg battery systems, most parameters
for the positive electrode active material and electrolyte solution used in
the simulations were obtained from the COMSOL battery design module
library based on the values for Li(Nigp 33Mng 33C0¢.33)O2 and LiPFg in EC:
DEC 1:1, respectively. It should be noted that the active material of the
positive electrode and the electrolyte parameters used in the simulation
may differ from the materials typically used in RMBs. Despite these
differences, this study primarily aims to investigate the qualitative in-
fluence of morphological features and transport parameters (e.g. diffu-
sion coefficient and current density) on Mg electrodeposition. The
qualitative trends discussed in this study are expected to be applicable to
different material systems.

However, the following important parameters were experimentally
determined based on our previous report [30]: the relationship between
the open-circuit voltage (OCV) and the state of charge (SOC) was
determined from the discharge-charge curve with o-K;MnO; in
0.5 mol dm 2 [Mg(G4)1[TFSA], dissolved in [Pyrl,3][TFSA] (G4: tet-
raglyme, TFSA: bis(trifuoromethanesulfonyl)-amide, [Pyrl,3][TFSA]:
N-methyl-N-propylpyrrolidinium TFSA) at 100°C. Note that RMBs
currently demonstrate more stable and consistent performance at
elevated temperatures using oxide-based positive electrode active ma-
terials [11,12,30], whereas achieving adequate performance at room
temperature remains challenging. The diffusion coefficient in the posi-
tive electrode active material was set to 1 x 107'° m? s~!, which was
1-2 orders smaller than that in Li(Nig 33Mng 33C00.33)O02. It should be
noted that SOC was set to 1 at the capacity of 200 mAh g~ *.

To simulate the electrodeposition of Mg on the pits formed on the Mg
metal negative electrode due to dissolution during discharge, a well-type
structure with a width, length and depth of 50, 55 pm, and 25 pm,
respectively, was constructed to model a pit as shown in Fig. 1. Table 1
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Positive electrode

—

Electrolyte/separator

Surface of ive electrod
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Well-type structure

Fig. 1. 3D model of the cell structure used for the simulations. The thickness of
the cell is magnified by a factor of 200 for clarity.

Table 1
Parameter values used in the modelling.

Positive
electrode

Parameters Negative

electrode

Separator

Thickness (pm) — 25 70
Particle radius (pm) - - 2
Initial electrolyte concentration, ¢y — 500 —
(mol m™3)
Max Mg24r ion concentration, Cpuqy 49000 — —
(mol m—3)
Porosity, € — 0.4 0.35
Diffusion coefficient in the active - —
material of the positive electrode, Dy
(em?s71)
Charge transfer coefficient, a, 0.5 — -
Charge transfer coefficient, a4 0.5 - -
Rate constant, k (m s~ 1) - -
Conductivity of electrolyte, 6 (mS — 1.147 -
cm’l)
Transference number of cation, t° - 0.26 -
Exchange current density, iy (A m3?) 0.1 - -
Mean molar activity coefficient, f; - 0.13 -

lists the cell configuration parameters used in the model. The thick-
nesses of the current collector, positive electrode and separator, were 21,
75 and 25 pm, respectively. The surface of the Mg negative electrode is
defined as the surface of the cell structure, and the negative electrode
thickness is not considered. Fig. 2 shows the simulated charge curves for
the C-rates of 1 C and 3 C with a cutoff voltage of 2.2 V at 293.15 K. The
voltage plateaus are observed at 1.8-2 V and a rapid increase in the
voltage was observed in the subsequent charging, indicating that the
simulation results at these conditions are reasonable.

The Mg electrode samples for experimental validation were prepared
by galvanostatic dissolution-deposition. Mg disks (99.99 %, t = 40 pm,
¢ = 16 mm) were polished mechanically with sand paper inside the Ar-
filled glove box (Og, HoO <0.1 ppm), washed with dimethoxyethane to
remove remaining fine powders, and then dried under vacuum for

24
s g
= _
()]
3
s —1C
S | —3C

14 |

12 L

1 1 1 1 1
0 500 1000 1500 2000 2500

time (s)

Fig. 2. Simulated charge curves at 1 C and 3 C with a cutoff voltage of 2.2 V.
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30 min. Symmetric cells were fabricated using two sheets of polished Mg
electrodes, Teflon ring as the spacer (ID = 14 mm, t = 200 pm), and
0.3 mol dm 3 Mg[AI(HFIP)4]5/G2 (HFIP: hexafluoro-iso-propoxyl
group, G2: diglyme) as the electrolyte. The electrolyte was synthesized
using a previously reported method [31]. Galvanostatic cycling mea-
surements were conducted using an automatic charge-discharge in-
strument (HJ0610SD8C, Hokuto-Denko Co., Ltd.). The electrodes were
first anodically dissolved at a fixed current density of 1 mA cm™2, and
then re-deposited on the same electrodes at the various current densities
in the 0.01-20 mA cm ™2 range. The areal capacities for both dissolution
and deposition were fixed at 1 mAh cm™2. The processed electrodes were
retrieved from the cycled cells in a glove box, washed with dime-
thoxyethane, vacuum-dried, and then observed by scanning electron
microscopy (SEM; JSM-7800F, JEOL) without any exposure to air by
carry out the employing a designated airtight chamber.

4. Results and discussion
4.1. Simulation of rechargeable Mg battery

To develop a strategy for achieving uniform Mg electrodeposition, a
3D cell model, as shown in Fig. 1, was constructed to obtain the con-
centration distribution and flux of Mg?" ions in the electrolyte solution
and the current density during charging. Fig. 3a shows a cross-sectional
view of the time-dependent changes in the concentration distribution of
the Mg?" ions in the cell. During charging, Mg metal was deposited on
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the negative electrode including in the area within the well-type struc-
ture. The concentration of Mg?" ions decreased with time, and the de-
gree of decrease was greater in the well-type structure than outside the
well-type structure. This is because in the well-type structure, a unit
volume of the electrolyte solution is surrounded to a greater extent by
the Mg negative electrode, so that the consumption of Mg?" ions is
higher while the supply of Mg2* ions is lower. As observed from the
more detailed profiles of the Mg?* ion concentration at different times
shown in Fig. 3b, the concentration decreased significantly within
approximately 60 s after the start of charging and then remained con-
stant, suggesting a steady state. On the other hand, surprisingly, a slight
increase in the concentration of the Mg?" ions is observed in the elec-
trolyte solution soaked into the composite positive electrode. This is
because the Mg2+ ions extracted from the composite positive electrode
did not diffuse sufficiently due to their low diffusion coefficients. Fig. 3¢
shows that the Mg?" ion flux changes with time near the well-type
structure, and the flux increases on the surface of the negative elec-
trode. Up to approximately 60 s after the beginning of charging, the flux
inside the well-type structure was greater than that outside the struc-
ture, and the concentration inside the well-type structure decreased. In
addition, flux vectors toward the surrounding Mg negative electrode
were observed inside the well-type structure, indicating that the flow of
Mg?" ions was altered by the surface structure of the negative electrode.
Fig. 3d shows the current-density distribution on the surface of the Mg
metal negative electrode at four different times. As shown in the figure,
the surface cathodic current density, which is negative, is shifted to more

(b)
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Fig. 3. (a) Distribution of Mngr ion concentration at four different times, (b) dynamic changes in the Mg2+ ion concentration as a function of the distance from the
bottom of the well-type structure, (c) Mg?" ion flux vectors, and (d) current density distribution on the Mg negative electrode surface upon 1 C charging.
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positive values in the well-type structure compared to the outside of the
well-type structure in few tens of seconds, corresponding to the lack of
MgZ" ions in the well-type structure observed in Fig. 3a. Because the
current density is directly related to the amount of Mg electrodeposition,
these results indicate that Mg electrodeposition is suppressed inside the
well-type structure compared to outside the well-type structure, at least
after reaching a steady state. Therefore, it is suggested that avoiding a
decrease in the concentration of Mg?" ions inside the well-type structure
is essential for suppressing nonuniform electrodeposition. The concen-
trations of Mg>" ions inside and outside the well-type structure were
investigated by varying the diffusion coefficient of Mg?" ions in the
electrolyte solution, the size of the well-type structure, the initial con-
centration of Mg?" ions within the well-type structure, and the C-rate.
Three different positions in the cell structure were selected as repre-
sentative points, as shown in Fig. 4, to observe the concentration
changes over time in detail. Position 1 is located at the bottom of the
well-type structure, position 2 is located at the entrance of the well-type
structure, and position 3 is located at the interface between the positive
electrode and the separator. Fig. 5 shows the Mg?" ion concentra

tion at the three positions after charging up to 2.2 V, for each value of
the diffusion coefficient of Mg?* ions in the electrolyte solution and the
volume of the well-type structure. One of the advantages of modeling is
that the influence of the Mg ion diffusion coefficient on Mg electro-
deposition can be easily investigated, whereas this is significantly more
difficult to examine experimentally. At the lowest value of the diffusion
coefficient (7.5 x 10~ m? s’l), the concentration at position 1, i.e. the
bottom of the well-type structure, decreases to 500 mol m~> which is
less than half of the initial value. A similar concentration drop was
observed at positions 2 and 3; however, the magnitude of the decrease
became smaller as the position approached the positive electrode. A
larger volume of the well-type structure lowers the magnitude of the
decrease in the Mg2+ concentration; however, the volume increase of the
well-type structure does not completely eliminate the concentration
change. These results show that a concentration gradient is formed in
the cell in the direction perpendicular to the Mg negative electrode for
the lower values of the Mg?* coefficient of diffusion in the electrolyte
solution. On the other hand, at the Mg?" diffusion coefficient of
7.5 x 1072 m? s71, the ion concentration after charging remains almost
unchanged compared to the initial concentration, regardless of the po-
sition, and an evident concentration gradient is not formed within the
cell. Therefore, it is suggested that an increase in the diffusion coefficient
of Mg?* ions in the electrolyte solution can effectively suppress the
concentration gradient and the nonuniform electrodeposition.

Next, we modeled the case when charging began immediately after
discharging and the dissolved Mg?* ions had not yet diffused sufficiently
far from the inside of the well-type structure. Fig. 6 shows the time
dependence of the Mg?" ion concentration and the Mg?* ion flux vector.
In the early stages of charging, within 1.3464 s, the Mg?" ion concen-
tration in the well-type structure was higher than that in the electrolyte
solution, and the ions diffused toward the positive electrode owing to

Position3 -,
Position2*" -’

’

Position 17~

Fig. 4. Schematic diagram showing positions 1, 2, and 3 in the cell structure.
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the concentration gradient. After 16.786 s, the concentration in the well-
type structure became lower than that in the electrolyte solution, and a
similar steady-state flux toward the Mg negative electrode (Fig. 3c) was
observed, indicating that the concentration distribution in the initial
state became homogeneous after tens of seconds. Therefore, to utilize
the high concentration of Mg?" ions in a well-type structure, the battery
should be charged immediately after discharging.

Fig. 7 shows the concentration changes in the homogeneous elec-
trolyte solution at 0.5 C and 2 C, which indicate that the concentration
of Mg?" ions inside the well-type structure decreases more strongly for
higher C-rates. This is due to the higher rate of Mg?* ion consumption at
higher C rates. Thus, a lower C-rate was favorable for maintaining a
steady Mg?" ion concentration in the well-type structure, leading to
homogeneous Mg deposition.

These results suggest that the Mg2?" ion concentration within the
well-type structure is determined by three factors: (1) the initial ion
concentration, (2) the rate of ion supply, determined by the diffusion
coefficient and depth of the well-type structure, and (3) the rate of ion
consumption, determined by the current density during charging.
Therefore, maintaining a homogeneous Mg?* ion concentration distri-
bution is crucial for preventing nonuniform Mg electrodeposition. In the
Supporting Information, based on the above results, a dimensionless
number A is proposed to characterize the homogeneity of the Mg?* ion
concentration with a higher A value guaranteeing lower variation of the
Mg?* ion concentration in the cell.

4.2. Electrodeposition on Mg negative electrode

Electrodeposition on a non-uniform Mg metal surface was experi-
mentally conducted with current densities varying from 0.01 to
20 mA cm 2. The Mg metal electrode with a nonuniform surface was
obtained by anodic polarization at 1 mA cm 2 in the Mg[AI(HFIP)4]5/
G2 electrolyte used as a representative non-corrosive electrolyte for 1 h
at room temperature. While traditional RMB electrolytes often contain
chloride ions, this study employed a chloride-free electrolyte system to
prevent the electrode corrosion, which is a problem associated with
chloride-containing electrolytes as reported by Yagi et al. [32]. Fig. 8a
show the SEM images of the Mg metal negative electrodes before and
after the electrodeposition at 0.01-20 mA cm ™2 at a fixed areal capacity
of 1 mAh em™2. As shown in Fig. 8a, the Mg metal surface before elec-
trodeposition displays multiple pits. It is also observed that electrode-
position occurred mainly on the fringe of the pits for current densities
above 1 mA cm ™2, as reported in previous studies [33,34]. Conversely,
at the current density of 0.01 mA cm 2, electrodeposition occurred
more homogeneously including within the pits. To quantitatively eval-
uate the uniformity of Mg electrodeposition, the fraction of the area of
Mg metal locally deposited outside the dissolution pits was calculated
from the SEM images shown in Fig. 8a using ImageJ software (Fig. 8b).
In the low current density region, the fraction increases with increasing
the current density up to 3 mA cm ™2 and then gradually decreases with
increasing the current density above 8 mA cm™2. The reason of this
behavior is possibly because of the change in the morphology of elec-
trodeposited Mg; island-like deposition of Mg was observed at
10-20 mA cm ™2, while the deposited Mg was relatively flat at
1-8 mA cm 2. As shown in the simulation result in Fig. 3a upon 1 C
(3.137 mA cm?) charging, the Mg?" concentration in the dissolution
pits was significantly lowered, which leads to the suppression of the
current density in the dissolution pits as can be seen in Fig. 3d. In
contrast, in the simulation result at 0.5 C (1.5685 mA cm?) in Fig. 7a,
the concentration depletion was mitigated compared to the resultat 1 C.
As discussed above, both the experimental and simulation results sug-
gest that lowering the Mg?" ion consumption inside the pits at a lower
current density reduces the difference in the electrodeposition between
the outside and inside the pits.

Consequently, reduction of the current density and suppression of
ion consumption within the pits are effective strategies for promoting
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electrodeposition inside the pits. Furthermore, increasing the Mg?" ion
diffusion coefficient in the electrolyte solution to enhance the ion supply
within the pit is a promising approach for filling the pits.

m

5. Conclusions

Simulations

2571

of rechargeable Mg batteries were conducted to
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investigate the distribution of Mg deposition on a Mg metal negative
electrode containing pits formed by dissolution during discharge. While
simulations have been rarely used in previous work on rechargeable Mg
batteries, Newman model, which is commonly used for LIBs, was suc-
cessfully applied in this study. The surface morphology of the Mg metal
negative electrode affects the distribution of Mg?" ions, flux, and current
density, leading to non-uniform Mg electrodeposition which negatively
affects battery performance. To solve this problem, simulations and
experiments have shown that either the diffusion coefficient of Mg?* ions
in the electrolyte must be increased to 7.5 x 10~° or higher or the
current density must be maintained at 0.01 or lower. Furthermore, a
dimensionless number A is proposed in supporting information.

Future simulations of RMBs should incorporate experimental data
for the transport characteristics of the electrolytes and positive electrode
materials. Our simulation results demonstrate that Mg metal electro-
deposition on the fringes of the pits becomes more pronounced at high
current densities, but is suppressed at low current densities, in agree-
ment with the experimental observations.
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