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A new model of electrodeposition and electrodissolution is developed and applied to the evolution of Mg deposits during anode
cycling. The model captures Butler-Volmer kinetics, facet evolution, the spatially varying potential in the electrolyte, and the
time-dependent electrolyte concentration. The model utilizes a diffuse interface approach, employing the phase field and smoothed
boundary methods. Scanning electron microscope (SEM) images of magnesium deposited on a gold substrate show the formation of
faceted deposits, often in the form of hexagonal prisms. Orientation-dependent reaction rate coefficients were parameterized using
the experimental SEM images. Three-dimensional simulations of the growth of magnesium deposits yield deposit morphologies
consistent with the experimental results. The simulations predict that the deposits become narrower and taller as the current density
increases due to the depletion of the electrolyte concentration near the sides of the deposits. Increasing the distance between the
deposits leads to increased depletion of the electrolyte surrounding the deposit. Two models relating the orientation-dependence of
the deposition and dissolution reactions are presented. The morphology of the Mg deposit after one deposition-dissolution cycle is
significantly different between the two orientation-dependence models, providing testable predictions that suggest the underlying
physical mechanisms governing morphology evolution during deposition and dissolution.
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Magnesium batteries have garnered substantial attention as a suc-
cessor to Li-ion batteries due to their potential for high energy density
and safe operation.' Metallic Mg anodes provide a substantially
higher specific volumetric capacity (3833 mA h/cm?) than either Li-
graphite anodes (760 mA h/cm?) or metallic Li anodes (2046 mA
h/cm?).? Furthermore, unlike metallic Li anodes,’ metallic Mg anodes
can be cycled without the formation of dendrites.* Dendrite growth
poses a hazard because dendrites can grow across the separator to
the cathode and short the battery, leading to thermal runaway.>¢ In-
stead of forming dendrites, metallic Mg anodes form compact, faceted
films, practically eliminating this risk.* Understanding the evolution
of this Mg film during cycling is a critical factor in the development
of high-performance magnesium batteries.’

Although the development of electrolytes for the efficient and
reversible deposition and dissolution of Mg has been pursued exten-
sively (see Refs. 1 and 2 for comprehensive reviews on this topic),
much less attention has been given to the morphological evolution of
the Mg deposits during cycling. SEM and AFM images of the Mg
film typically show a highly faceted film with grains on the order of
1 wm in width.%'"! However, other morphologies with either larger'”
or smaller'>!3 features have also been observed.

The most comprehensive examination of the morphology of elec-
trodeposited Mg was conducted by Matsui,* who examined the mor-
phology of 1 C/cm? of Mg deposited at 0.5, 1, and 2 mA/cm?. At 0.5
and 1 mA/cm?, he observed very similar morphologies: round faceted
grains 2-3 wm in diameter. In contrast, at 2 mA/cm?, he observed
a different morphology: triangular grains with sizes 0.5-1 wm. This
transition in the morphology coincides with a change in preferred
orientation from (0001) at 0.5 and 1 mA/cm? to (1010) at 2 mA/cm?,
determined from X-ray diffraction. Matsui also examined the film
morphology for a smaller amount of deposited Mg (0.25 C/cm?)
and observed a large number of equally sized faceted spheres with
a diameter of approximately 1.5 wm. Matsui hypothesized that Mg

*Electrochemical Society Student Member.
**Electrochemical Society Active Member.
“E-mail: kthorn @umich.edu

does not form dendrites because the electrolyte surrounding a newly
formed nucleus is depleted to the point that nucleation at another
point on the substrate is favored over deposit growth. Consequently,
a high density of deposits forms on the surface prior to substantial
growth. This even coverage of deposits prevents the current localiza-
tion that leads to dendrite growth. Other mechanisms for the suppres-
sion of dendrites during Mg deposition have been suggested, including
faster surface diffusion®'* and higher bond strength,'> as compared
to Li.

Simulations of Mg electrodeposition and electrodissolution may
yield insight into mechanisms underlying these experimental observa-
tions of Mg film morphology and can provide a tool to predict anode
morphology during cycling. Several models of electrodeposition can
be found in the literature. Wheeler, Josell, and Moffat developed a
two-dimensional (2D) model of copper electrodeposition using the
level set method to track the moving interface.'® This model accounts
for the evolution of the concentration in the electrolyte, the reaction ki-
netics through the Butler-Volmer equation, and the effect of adsorbed
accelerator species. Guyer et al. developed a one-dimensional (1D)
phase field model for electrodeposition.!”'® This model accounts for
the concentration evolution in the electrolyte, the charge separation in
the interfacial double layer, and the variation of the electric potential
in the electrolyte. The thermodynamic underpinnings of this model
provide a overpotential-current relationship consistent with Butler-
Volmer kinetics. Ely, Jana, and Garcia'® developed a 2D phase field
model similar to the Guyer et al. model, but assumed a constant elec-
trolyte concentration and explicitly used Butler-Volmer kinetics to
model the reaction rate.

Many aspects of these models are applicable to Mg electrodepo-
sition and electrodissolution, including Butler-Volmer reaction kinet-
ics, electrolyte concentration evolution, and spatial variation of the
potential in the electrolyte. However, unlike these previous models,
evolution should be simulated in three dimensions (3D) to capture the
3D morphology of the deposits, which do not exhibit the rotational or
translational symmetry that allows simplification to 1D or 2D. Fur-
thermore, none of these models provide a framework for the formation
and evolution of the facets observed experimentally.
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A formulation for modeling facet formation and evolution was de-
veloped for quantum dot growth via selective area epitaxy, taking a
phase-field approach.”?! An orientation-dependent growth rate in the
phase field equation leads to a faceted deposit morphology. The de-
posit morphology conforms to the shape predicted by the kinetic Wulff
construction,?? where the outwardly growing facets correspond to slow
growth rate orientations and inwardly growing facets correspond to
fast growth rate orientations. The model was implemented using the
smoothed boundary method. The smoothed boundary method is a dif-
fuse interface numerical method to restrict the solution of an equation
to a particular subdomain within the computational domain and en-
forces boundary conditions along the boundary of the subdomain.?*
In Refs. 20 and 21, the smoothed boundary method is used to separate
the vapor and deposit subdomains from the substrate subdomain.

The smoothed boundary method has also been used in combination
with the standard dilute solution model of an electrolyte** to solve for
the concentration evolution and potential distribution in the electrolyte
for simulations of Li-ion battery cathodes.”>*® There, the smoothed
boundary method was used to restrict the equations governing the
electrolyte and the electrode to their respective regions, as well as to
apply boundary conditions between the two regions.

In this paper, we develop a new model of morphological evolution
during electrodeposition and electrodissolution. This model combines
the simulation approach for electrochemical processes with a static
domain geometry from Ref. 25 and the diffuse interface model that
describes the growth of faceted crystals from Ref. 20. Thus, the model
is capable of describing the evolution of faceted magnesium deposits
with growth rates and dissolution rates that vary in space and time
according to the non-uniform potential and ionic concentrations in
the electrolyte. Experimental observations were used to parameterize
the model’s orientation-dependent deposition rate, and the model is
shown to reproduce the observed hexagonal plate deposit morpholo-
gies. Simulations predict that the deposit morphology changes as the
applied current density increases as a result of the depletion of the
electrolyte along the deposit surface. Simulations with varied spacing
between nuclei provide support for Matsui’s hypothesis* that elec-
trolyte depletion can inhibit deposit growth and thereby promotes
nucleation during the early stages of deposition. Predictions of the de-
posit morphology after one deposition-dissolution cycle are presented
for two possible classes of phenomena that control the orientation de-
pendence of the reaction rates. These predictions are used to propose
an experiment to provide insight into the mechanisms responsible for
the orientation-dependent growth and dissolution rates.

Model

Continuum model for the electrochemical evolution of faceted
deposits.—In order to simulate the evolution of faceted Mg deposits,
we have developed a new model of electrodeposition and electrodis-
solution. This model can be separated into three coupled models, each
describing a different region of the system: the electrolyte-deposit in-
terface, the electrolyte, and the Mg deposit. A schematic diagram of
the system is given in Fig. 1.

The deposition/dissolution reaction occurs at the electrolyte-
deposit interface. For simplicity, we assume that the dominant overall
reaction is

Mg (1) + 2¢(s) = Mg(s) [1]

If we assume that the first electron transfer during deposition is much
faster than the second electron transfer during deposition,” the current
associated with this reaction, i,,,, can be given by a Butler-Volmer
expression®*

] =k, o exp M
rxn depCion RT

Q=B F(duwe — ¢,-m)>
RT

—kais €xp ( [2]

Journal of The Electrochemical Society, 163 (3) A513-A521 (2016)

Electrolyte Region

Electrolyte-Deposit

/ Interface

Mg Deposit
Region

Au Substrate

Figure 1. Schematic 2D diagram of the model system.

where F is Faraday’s constant, kg, is the rate constant for deposition,
kais is the rate constant for dissolution, ¢/ is the concentration of
Mg?* in the electrolyte at the electrolyte-deposit interface,  is the
symmetry factor, R is the gas constant, and 7 is the temperature. The
potential of the working electrode (the combination of the substrate
and the deposit) is assumed to be spatially constant and is given by
due. The potential on the electrolyte side of the electrolyte-electrode
interface is denoted by ¢;,,, .

In general, k,,, and ky;; can depend on the local orientation of the
Mg deposit. This orientation-dependence can take the form of

kdep = k;g,,]}dep(el i e2) [3]
kdi.r = k;,';]zdis(el 5 92) [4]
where k7, and k7, are rate coefficients set by the exchange current

density and lzdep and ky;, are anisotropy functions that describe the
orientation-dependence of the reaction rate. The local deposit orien-
tation is described by two angles, 0; and 6,: 0, is the angle between
the deposit surface normal and the plane of the substrate, and 6, is
the azimuthal angle, which is taken to be the angle between the x-
axis and the projection of the deposit surface normal onto the plane
of the substrate. The anisotropy functions can be further separated
into the product of functions solely dependent on _either 8, or 0;:
kaep(01, 82) = kuep1 (B1)kaep2(62) and kais (61, 02) = kais1(01)kais2(62).
The orientation-dependence of k., and kg, can lead to the forma-
tion of facets on the deposit. Therefore, k4., and kg;, are similar to
the orientation-dependent growth velocity in Ref. 20, except that the
growth velocity in this model also depends on the other variables in
Eq. 2. Two possible models relating k4., and kg, will be discussed
later in this section.

In the electrolyte, we calculate the distribution of the electric po-
tential and the evolution of the concentration of the active species.
Although the speciation of the electrolytes used for Mg deposition
and dissolution is often quite complex,' in the interest of simplicity,
we assume that the active species in the electrolyte are Mg>+ and A2,
where A is a generic divalent anion. Applying the usual assumption
of bulk electroneutrality,®* the concentrations of these two species
are equal throughout the electrolyte and given by c¢;,,. Following the
typical derivation for a dilute binary electrolyte,?* the evolution of the
concentration is given by

8Cinn
=V - (DVcip 5
ot (DVcion) [5]
where D = (ZygttpgDa — 2auaDyg)/(ZmgUhmg — 2alha), Tug = 218
the valence of the Mg cation, z4 = —2 is the valence of A, uy, is

the mobility of the Mg ions, u4 is the mobility of the A ions, Dy,
is the diffusivity of the Mg ions, and D 4 is the diffusivity of the A ions.
The mobilities of the Mg and A ions, uy, and u 4, can be expressed
in terms of their diffusivity through the Nernst-Einstein relation:*
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upg = Dyg/RT and uy = D4 /RT. Also from the typical treatment
of a dilute binary electrolyte,?* the distribution of the potential is given
by a current continuity relation:

Vei= =2y, FV-[(@mgumg—24ua) FCion VO+(Dprg—Da)Vcion] =0
(6]
Equations 5 and 6 are solved only within the electrolyte.

According to the reaction in Eq. 1, the flux of A2~ at the electrolyte-
deposit interface is zero and the flux of Mg?* at the electrolyte-deposit
interface is equal to the reaction flux. The combination of these two
flux expressions yield the following flux relation at the electrolyte-
deposit interface:*

J ‘n=— (1 tMg)lrxn [7]
Img F
where J - n is the ionic flux at the electrolyte-deposit interface and
tvg = (Tmgltmg)/(ZmgUmg — Zalta) is the Mg transference number.

The evolution of the Mg deposit is modeled using a phase field
approach similar to that used to model InGaN quantum dot growth by
selective area epitaxy.”*?! As in many previous publications,?*->!:27-30
the phase field model is applied as a computational model to track the
interfacial position, rather than as a physical model of phase trans-
formation. The region occupied by the Mg deposit is described by a
phase field parameter, Cgeposis» Where Cyeposiv = 1 within the deposit
and Cgeposir = 0 outside the deposit. Therefore, cgep05i; can be thought
of as the normalized concentration of metallic Mg.

The evolution of ¢geposi; is given by the Cahn-Hilliard equation’!
with a source term, vBcﬁepm[,(l — cdepos,-t)z, to account for deposition

or dissolution;:%-2-27:28
0Cdeposit af 22
— = \a M(cdepusit)v — =K'V Cdeposit
Jat acdcpo.vil

+ vBcgzlepm,‘t(l - Cdepoxi[)z [8]

where M (Cgeposic) is the mobility of Mg in the deposit, f is the bulk free
energy density, k is the gradient energy coefficient, which adds an en-
ergetic penalty for interfaces between the deposit and the electrolyte,
v is the normal velocity of the interface, and B is a normalization
factor. The Mg mobility along the surface of the deposit is expected
to be much higher than the mobility through the bulk. Therefore, as in
Ref. 20, we define M (Cyeposit) = Mscf,epmt(l — Cdeposit)zy where M,
is the surface mobility of Mg. Sharp interface analysis demonstrates
that this formulation of the mobility is equivalent to surface diffusion
along the electrolyte/deposit interface in the sharp interface limit.?’

Following the derivation in Ref. 20, the bulk free energy density
is modeled by f(Cacposit) = W€3posis (1 = Caeposis)’- This free energy
function has minima at ¢zeposir = 0 and Cyeposi; = 1 and an energetic
barrier of height W /16 at cep0sir = 0.5. Thus, the free energy function
promotes phase separation, with regions where cgeposi; is either O or
1. The gradient energy penalty term, szzcdepm,-,, penalizes a sharp
transition between these two regions, thus generating a thin interfacial
region of finite thickness with intermediate values of ¢eposi:-

The normal velocity is determined by a combination of Eq. 2 and
Faraday’s law:

i rxn QM g

— e 9
v o F [9]

where Qy, is the molar volume of Mg. The normalization factor,
B =V72W / K, is determined from a sharp interface analysis.”’ The
expression cdepm,”(l Caeposir)” is nonzero only near the interface and
thus the source term is limited to the interface.

Equation 8 is solved only in the deposit and the electrolyte, and
the substrate is assumed to be stationary throughout the process.

Two models of reaction rate orientation dependence.—The
orientation-dependence of the reaction rate, as represented by k., and
ki, in our model, could be a result of orientation dependence in one of
several properties for the electrolyte-deposit interface including: the
kink-site density of the Mg surface, the existence and thickness of a

passivation layer on the deposit, or the Mg ion’s adsorption/desorption

energy. These sources of orientation dependence may be symmetric

(with respect to the reaction direction), i.e. ky;; = ky, p> OF aSymmetric,
e.g. reciprocal where Kyi; = 1/Kgep-

The kink-site density and the passivation layer thickness, l%dep and
kuis are expected to be symmetric sources because the reactivity of
the Mg planes is due to properties of the planes that affect the re-
action rate equally in both the deposition and dissolution reactions.
If the orientation dependence is due to the adsorption/desorption en-
ergy, kd,_,,, and k,;; can be represented as the exponential functions
kdep = exp(AE,/RT) and kys = exp(—AE,/RT), where AE, is
the adsorption energy. Thus, the anisotropy functions are expected
to have a reciprocal relationship: ks = 1 /Izdep. Both models have
been examined in our simulations, and the effect of using a symmetric
versus a reciprocal orientation dependence is discussed in the Results
and discussion section.

Physical input parameters.—The physical parameters used in our
model are given in Table I. The source of each of these parameters is
briefly described below.

In Eq. 8, the barrier height coefficient and gradient penalty co-
efficient, W and k respectively, were selected such that the equilib-
rium profile of czeposi; has approximately four points in the inter-
face. Both variables are normalized by a characteristic energy den-
sity, leaving W dimensionless and k with units of nm. The value of

M, =6 x 10""%cm? /s x 5 lap__ g selected such that there is suffi-
mA/cm

cient diffusion for ¢4, p,si; t0 maintain a smooth profile but not so much
diffusion that the facets become rounded. The contact angle between
the Mg deposit and the substrate, 0, is set to be 90°, based on top-
down SEM images of Mg deposits (see the Experimental morphology
subsection).

In Eq. 5, the diffusion constants for the electrolyte species, Dy,
and D,, are set in accordance with the measurements in Ref. 33
that were conducted for a 0.4 M C,HsMgCI-((C,Hs),Al Cl),/THF
electrolyte. For consistency with this experimental system, ¢?** is set
to 0.4 M.

In Eq. 2, we make the common assumption that the change in
energy barriers for the deposition and dissolution reactions are equally
affected by the applied potential, and therefore we take B = 0.5.>* The
values for kj,, and k7,  are estimated using the isotropic exchange
current density, iy, and the relationship between k7, and kj;  at OV vs.
a magnesium reference electrode. To relate the experlmental value of
the exchange current density, I mA/cm?,* to &, and kJ;;;, we define

)6(k* )(l—ﬁ)(cbulk)ﬁ’

where we assume the electrolyte is in the well-stirred limit (¢ =

ton
cm). To complete the parameterization of k7, and k7, , we note that
current is approximately zero at 0 V', and thus kj,; & kj,,crm’
from Eq. 2. We assume 7" = 300K and that the molar volume of Mg,
Qu, in Eq. 9, is 14 cm®*/mol.3

the isotropic exchange current density, iy = (kj,,

Table I. Model Parameters.

Model Parameter: Value:

w 1

K 1 nm

M, 6 x10712 cm?/s x lm:”/’imz

0 90°

Dy 3%1072 cm?/s Ref. 33
Dy 3%1072 cm?/s Ref. 33
chulk 04M

B 0.5

k? 2.5 mA/em? - M

k;; 1 mA/cm?

T 300K

Qg 14 cm®/mol Ref. 34
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Computational Methods and Numerical Parameters

The governing equations, Eqgs. 2, 5, 6 and 8, are solved in a com-
putational domain containing regions that evolve in time. In Ref. 20,
the boundary condition between the growing quantum dot and the
immobile substrate was applied using the smoothed boundary method
(SBM). The SBM is designed to restrict the solution of an equation to
a subdomain within the larger computational domain and to efficiently
apply boundary conditions along the boundary of that subdomain.?
Like phase-field methods, the SBM is a diffuse interface method
where a domain parameter defines the location of the subdomain and
smoothly transitions between a value of 1 inside the subdomain and a
value of 0 outside the subdomain.

Written in SBM form, Eq. 8 becomes?*?*

af K2
- (V : 1bvcdepusit

acdeposit 1

= —V. |:¢M(Cdepusi7)v<

at U

\Y 2
+% o8 e)>i| - UBC[zieposit(l - cd"”””)z [10]

where 1 is a domain parameter with {y = 1 in the electrolyte and Mg
deposit and ¢ = 0 in the substrate. The SBM is used to ensure that
Eq. 8 is solved only in the electrolyte and Mg deposit.

Periodic boundary conditions are applied on the surfaces of the
computational domain perpendicular to the surface of the substrate for
Eq. 10. A no-flux boundary condition is applied at the top surface of
the computational domain (the boundary between the computational
domain and the bulk electrolyte). As in Ref. 20, the SBM is used to
enforce a no-flux boundary condition along the substrate interface and
to enforce a contact angle boundary condition, 0, at the triple phase
boundary between the electrolyte, the deposit, and the substrate. The
contact angle is determined by the balance of interfacial tensions
between the three phases.*

As in Ref. 20, a curvature cutoff, H,, is applied to prevent excess
deposition/dissolution at the intersections between facets. These in-
tersections are rounded, an artifact of the diffuse interface approach,
leading to rate constants much higher than on the facets. The curva-
ture, H, is given by the divergence of the interfacial normal vector of
the Mg deposit:

acdeposit \'J

v .
H:v.n:v.<M> (1]
| vcdeposir |

Based on this definition of the curvature, concave portions of the
Mg deposit surface have positive curvature. During deposition, the
rate constants kg, and kg, are set to zero in areas of high convex
curvature, where the curvature is negative and greater in magnitude
than H.. Conversely, during dissolution deposition, kg, and ky;, are
set to zero in areas of high concave curvature, where the curvature is
greater than H,.

The SBM is also used to solve Eq. 5 and 6 only in the electrolyte.
The SBM forms of these equations were obtained from Ref. 25:

ac 1 |vl!jl| irxn(l - tMg)
— = —V.-(DV¢) - —— 21— & 12
o =g, Y (Wbve - —- onF [12]
V- [Wi(mgttarg — 2aun) FEV] + [V | 2
ZMgF
=V [Wi(Da — Du)Ve] [13]

The domain parameter for the electrolyte, {;, can be found by the
simple relation {; = V(1 — Cyeposit)-

To prevent current from erroneously flowing through the substrate-
electrolyte interface near the substrate-electrolyte-deposit triple phase
boundary, the boundary given by {s; must be decomposed into two re-
gions: the substrate-electrolyte interface and the deposit-electrolyte
interface. The expression localizing the boundary condition in
Eqgs. 15 and 16, | V|, can thus be separated into [V (1 — Cgeposir)| +
|(1 — Caeposir)V|. Along the substrate-electrolyte interface, i, is
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assumed to be zero and therefore the second term can be dropped,
leaving the boundary terms proportional to [UV(1 — Caeposi)liren:

dc 1 va(l - Cdepnxit)l irxn(l - tMg)
& V. DVe) - 14
5 =3V (DY) v T [14]
V- [lul(zMguMg - ZA”A)FCVd)] + |\1{V(1 - cdepasit)l Lran
ZMgF
=V [Wi(Da — Du)Ve] [15]

Periodic boundary conditions are applied on the surfaces of the
computational domain perpendicular to the surface of the substrate for
both Eqgs. 14 and 15. The top surface of the domain is taken to be the
reference for the potential and is set to O V. To simulate galvanostatic
processes with an applied current, i,,,, we systematically select ¢,
using a bisection scheme until the total reaction current is within §; -,
of i,,,, where 3, is the convergence tolerance. The boundary condition
for ¢ in Eq. 6 along the electrolyte-electrode interface is ¢ = ;5
where ¢, is calculated such that i,,, = i-n at the electrolyte-electrode
interface. The value of c¢;,, at the top surface of the computational

domain is fixed at the bulk electrolyte value, 2!

The SBM formulations of the governing equations are solved using
a finite difference scheme. Equation 10 is discretized using the semi-
implicit Crank-Nicolson scheme and is solved using the Gauss-Seidel
method with red-black ordering. Equation 14 is spatially discretized
using second-order central finite differencing and is temporally dis-
cretized using the backward (implicit) Euler method. The resulting
matrix equation is solved using successive overrelaxation (SOR) with
Chebyshev acceleration.?® Equation 15 is discretized using second-
order central finite differencing, and, like Eq. 14, is solved using SOR
with Chebyshev acceleration.

The computational expense of solving the model equations can
be substantially reduced by replacing the full 3D equations govern-
ing the electrolyte with their corresponding 1D approximations away
from the surface of the working electrode. The computational domain
must extend far enough in the z direction such that the concentration
at the far edge of the cell does not deviate from the bulk value. To
accomplish this, the domain must be larger than the diffusion length
(approximately 1,000 nm for a 1 s simulation). For most of this do-
main, the variation of ¢;,, and ¢ in the x-y plane is expected to be
negligible and the electrolyte can be modeled as a 1D system. The
full 3D treatment is necessary only within a few tens of nanometers
of the substrate. Therefore, we split the computational domain into
two parts. Within a distance Lj3p of the working electrode, we solve
the full 3D equations as given by Egs. 10,14 and 15. For the remain-
ing part of the computational domain with length L, we solve the
1D analogs of Egs. 6 and 7. Both of these 1D equations are solved
implicitly using the tridiagonal matrix algorithm. The values of c;,,
and ¢ on the substrate side of the 1D domain are used as boundary
conditions for the top of the 3D domain. Solving the 1D analog of
Eq. 10 is unnecessary because Cueposi; is uniformly zero in the 1D
domain.

Each of kyep1(01), Kaepa(02), kais1(01), and Kyis2(6,) is tabulated
in a lookup table with an interval of 1°. The values of I;dep(Gl, 0,)
and ky;,(61, 6,) are determined by a linear interpolation between the
tabulated values. To prevent small errors in the calculation of the
orientation of a facet from causing a drastic change in the anisotropy
functions, the value within 4-2° of each facet orientation is set to the
value at the tip of the cusp.

The finite difference calculations were parallelized using Message
Passing Interface (MPI). A typical simulation took two hours using
128 2.67 GHz computing cores.

The numerical parameters for our simulations are given in
Tables II and III. Unless otherwise stated, the 3D domain is
100 nm x 100 nm x 75 nm and is discretized into an even grid
of 128 points x 128 points x 96 points. The length of the 1D do-
main, L;p, is 9,000 nm and is discretized into N;p = 500 points
with linearly increasing grid spacing. The i"" point of the 1D grid is
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Table II. Numerical parameters for the simulations

Numerical Parameter: Value:

Grid points (3D) 128 x 128 x 96
Domain Size (3D) 100 nm x 100 nm x 75 nm
Grid points (1D) 500
Domain Size (1D) 9000 nm
Vinit 10 nm
H, —0.13nm~*,0.03 nm™!
8Cu’epasit le-6
R, 4e-7 M/s
Ry 9e-2 M/s
5¢rxn le-7V
d; 0.01
given by
2ty = L2 MDATO 2 np iy Ly [16]

Nip
where Azsp is the grid spacing in the 3D domain.

At the beginning of each simulation, the electrolyte concentration
is uniformly equal to the bulk value. During deposition H, was set
to -0.13 nm~', and during dissolution it was set to 0.03 nm~'. These
cutoffs were chosen such that the misorientation of the facets is gen-
erally less than 3° and the artificial rounding of the facet corners is
limited. Each simulation has a uniform time step, which depends on
the applied current. The time steps are scaled such that the amount of
charge passed per time step is the same for different applied currents,
and are given in Table III.

The tolerances for the convergence of the model equations were
selected such that tighter tolerances have a minimal effect on the solu-
tion. The iterative solution for Eq. 10 is considered to have converged
when the difference between successive values of cgeposic 1 less than
dCqeposis- The iterative solution for Eq. 14 is considered to have con-
verged when the residual of Eq. 14 is less than R.. Solving for ¢
occurs in two stages. First, Eq. 15 is solved using the SOR method
with i,,, linearized around ¢;,,. The iterative solution for Eq. 15 is
considered to have converged when the residual of Eq. 14 is less than
Ry. Based on the resulting ¢, an updated approximation of i, is then
calculated. This process continues until the difference in ¢ between
successive iterations is less than 3¢,,,, thus enforcing the full non-
linear expression of i,,,. As described earlier, ¢, is found using a
bisection method such that the current is within §; - 7, of i,p).

In the simulations, two geometries were used for the initial Mg
deposit. Most of the simulations were initialized using a hemispher-
ical initial deposit with radius r;,;; = 10 nm. This initial deposit
morphology is used for simulations where the basal plane of the Mg
crystal structure is assumed to be parallel to the substrate, leading
to short, broad deposits (termed in-plane deposits in the Experimen-
tal morphology subsection). However, in two of the simulations, the
basal plane is assumed to be perpendicular to the substrate, leading to
tall, narrow deposits (termed out-of-plane deposits in the Experimen-
tal morphology subsection). For one of these simulations, a 10-nm
radius hemisphere was used as the initial condition. For the other
simulation, an alternative initial geometry was used: an oblate hemi-
spheroid extending 20 nm in the x direction, 10 nm in the y direction,
and 10 nm in the z direction. This alternative geometry was chosen
such that the maximum ratio of the thickness of the deposit paral-
lel to the basal plane to the thickness of the deposit perpendicular

Table III. Time step for various applied current values.

fapp (mA/cm?): At (s):

1.5 8.33 x107*
5 2.50 x1074
10 1.25 x10~*

A517

]

Figure 2. Basic schematic of the custom-built electrochemical cell used to
perform Mg deposition onto planar Au/Si substrates. WE = working electrode,
RE = reference electrode, CE = counter electrode. The O-ring was composed
of an ether-resistant perfluoroelastomer (Kalrez).

to the basal plane is 2:1, just as it is for the hemispherical deposits
when the basal plane is parallel to the substrate. As discussed later
in the Results section, the simulated morphology resulting from the
oblate hemispheroidal initial condition was closer to the kinetic Wulff
shape than the morphology resulting from the hemispherical initial
condition, because it reduced the effect of the finite size of the initial
deposit on the simulated deposit morphology. The two initial deposit
geometries can be seen in Fig. S1.

Experimental

Electrolyte syntheses and electrochemical experiments were per-
formed in an argon-filled glove box with background water levels
below 0.2 ppm. The “all-phenyl-complex” (APC) electrolyte’” was
used for simplicity and was synthesized from solutions of PhMgCl
(2 M solution in THF, Sigma-Aldrich) and AICl; (99.99%, anhydrous,
Sigma-Aldrich) in ultra-dry THF (J.T. Baker) and contained a total Mg
concentration of 0.4 M. Initial water measurements made for the THF
solvent were below 10 ppm, and water measurements for the final elec-
trolyte composition were not attainable due presence of organometal-
lic species (e.g., PhMgCl, AlPh,Cl;__, and Ph®Mg), which interfere
with accurate Karl-Fischer titration. Due to their chemically reducing
nature, these organometallic species are also expected to react with
any residual water molecules, yielding a nominally water-free elec-
trolyte. We assume similar bulk speciation and transport properties
for the active ions in the APC electrolyte and the dichloro-complex
(DCC) electrolyte that was used to determine the model parameters.
The Mg depositions were performed on highly textured Au (111) thin
films deposited on silicon wafers. These Au/Si substrates were suc-
cessively cleaned in acetone and piranha solution (3:1 H,SO4:H,0,)
followed by extensive rinsing with deionized water and blow-drying
under nitrogen. Electrochemistry was performed in a custom-made
Kel-F cell, shown schematically in Fig. 2, using Mg ribbon (99.5%,
Aldrich) counter and reference electrodes. Mg was deposited under
galvanostatic control at approximately 1.5 mA/cm? for times rang-
ing from 3 to 60 seconds. In all cases consistent structural motifs
were attained although slight differences in nucleation density were
observed, likely correlating with subtle changes in electrode surface
cleanliness. The samples were rinsed with THF following deposition
and imaged on a FEI Magellan SEM using an accelerating voltage of
500 V.

Results and Discussion

Experimental morphology.—The morphology of Mg deposits
grown at approximately 1.5 mA/cm? can be seen in Fig. 3. After
5 seconds of growth, many of the deposits have not yet merged
and have a faceted plate morphology with a broad facet on top and
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Out-of-plane hexagonal plate

REAG EAA N 1

Figure 3. SEM images of Mg deposited on a (111) Au surface after (a) 5
seconds of deposition (b) 20 seconds of deposition at 1.5 mA/cm?. Examples
of in-plane and out-of-plane hexagonal plates are circled.

short faceted sides. The angles between most of the side facets are
approximately 120°. The characteristic size for the deposits can be de-
fined as the length of the shortest line through the center of the deposit
crossing from one side of the deposit to another. Using this metric
and sampling over a 500 nm x 500 nm area, the characteristic size af-
ter 5 seconds of growth ranges from approximately 10 to 60 nm.
The maximum spacing between deposit centers is approximately
100 nm. After 20 seconds of growth, most of the deposits have merged,
creating a less well-defined deposit morphology. However, the faceted
surface and the 120° angles between side facets are still present. The
characteristic size of the deposits is now ranges from approximately
10 to 160 nm. Two primary morphologies dominate at this stage:
in-plane and out-of-plane hexagonal plates (with respect to the sub-
strate surface). An example of each of these morphologies is circled in
Fig. 3b. The out-of-plane hexagonal plates vary in their orientation
from deposits with broad facets that are perpendicular to the substrate
to deposits that are tilted by approximately 30° from the normal of the
substrate.

Without cross-sectional images, the thicknesses of the in-plane
plates cannot be directly measured. However, an estimate of the aspect
ratio of these deposits can be obtained by measuring the ratio of the
thicknesses of the long and short axes of a out-of-plane plate. The
out-of-plane plate directly to the left of the circled in-plate plate in
Fig. 3b has along-to-short axis ratio of 5:1 (70 nm to 14 nm). Assuming
both types of plates are the result of rotations from the same kinetic
Waulff construction, the width-to-height ratio for the in-plane plates
should be twice the long-to-short axis ratio for the out-of-plane plates
because the deposits do not grow into the substrate. Therefore, the
expected width-to-height ratio for the in-plane plates is 10:1.

Growth morphologies of individual deposits.—Using the aspect
ratios for the hexagonal plates, we constructed anisotropy func-
tions, i{dep 01, 02) = kyis(81, 62), assuming the symmetric orientation-
dependence model. The components of /2,,(,,(91, 0,) are shown in
Fig. 4. The expressions for these functions can be found in the Sup-
plementary Material.

Figure 5 shows the simulated deposit morphology using these
anisotropy functions with 0° and 90° rotations of the anisotropy about
the x axis. The simulations were conducted at 1.5 mA/cm? for 5 s,
as in the experimental results shown in Fig. 3a. We focus on the
experimental morphologies at 5 s, because at 20 s most of the deposits
have merged, obscuring the morphologies of the individual deposits.
The simulated area of the electrode, 100 nm x 100 nm, was chosen
to match the spacing between the simulated deposits to the maximum
experimental spacing between deposits after 5 s so as to simulate the
growth of well-separated deposits.

The in-plane hexagonal plate in Fig. 5 has width of 66 nm, growing
46 nm from the 20 nm diameter of the initial nucleus. This 46 nm of
growth after 5 s of deposition is in agreement with the 10 to 60 nm
deposit sizes observed in Fig. 3a.

The dependence of the morphology after 5 s of growth on the initial
deposit morphology can be seen by comparing Fig. 5b with Fig. 5c.
The simulations shown in Figs. 5b and 5c were initialized with the

%0 ,
120 60

150,

180

210

240 300
270

(a)

Figure 4. Polar plots of the components of lzdep in the (a) 6; and (b) 6,
directions during deposition. The cusps in these plots denote the location of
the facets during growth. The product of these two functions yields the full
anisotropy function.

hemispherical initial geometry (1:1 ratio of the widths in the x and y
directions) and the oblate hemispheroidal initial geometry (2:1 ratio
of the widths in the x and y direction) described in the Computational
methods and numerical parameters section, respectively. The higher
initial aspect ratio of the initial condition in Fig. 5c results in a deposit
with a higher aspect ratio after 5 s of deposition, closer to the 5:1
ratio expected from the kinetic Wulff shape. In principle, the shape
of the initial deposit should not change the predicted steady-state
shape of the deposit. However, the dependence on the initial deposit
shape persists due to the relatively large size of the initial deposit, as
compared to the size of the deposit after 5 s of growth. As seen in
Figs. 5b and Sc, the appropriate choice of the initial geometry can
reduce artifacts due to the finite size of the initial deposit without
having to significantly increase the spatial resolution of the simulation.

Effect of the applied current on the deposit morphology.—For
simulations like those presented in the previous subsection that are
performed at an applied current of 1.5 mA/cm?, the electrolyte concen-
tration at the electrode surface is effectively uniform, as can be seen in
Fig. 6a. The electrolyte concentration is also effectively uniform at 5
mA/cm?, as seen in Fig. 6b. However, as the current density increases
to 10 mA/cm?, the spatial variation in the electrolyte concentration
along the electrode surface becomes noticeable, as seen in Fig. 6¢. The
concentration is particularly depleted at the sides of the deposit, where
the reaction current on the faster-growing side facets has consumed
more Mg>* from the electrolyte than on the slower-growing top facet.

The cross-sections of the deposits grown at these three applied
current densities can be seen in Fig. 7. As the applied current density
increases and the concentration near the side facets decreases, more
of the current passes through the top facet and the deposits become
narrower and taller. At 10 mA/cm?, the electrolyte concentration at
the junction between the deposit and the substrate has almost reached
zero, inhibiting further growth in this region. As a result, the sides
become slanted inward.

To eliminate the possibility that the inhomogeneity of the elec-
tric potential in the electrolyte is responsible for the morphological

|

(a) (b) (c)

)

Figure 5. Simulated Mg deposits after 5 s of growth at 1.5 mA/cm?. (a) An
in-plane hexagonal plate deposit. (b) An out-of-plane hexagonal plate deposit
where kg, p(01, 02) isrotated 90° about the x axis. (c) An out-of-plane hexagonal
plate deposit using the oblate hemispheroidal initial geometry.
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(a)

Figure 6. The electrolyte concentration at the electrode surface after 3 mC/cm? has passed at (a) 1.5, (b) 5, and (c) 10 mA/cm? with 100 nm spacing between

deposits. The color represents the electrolyte concentration in mol/L.

change, rather than solely the concentration depletion observed above,
we perform two additional simulations at 10 mA/cm?. The inhomo-
geneity of the electric potential could plausibly cause the type of
morphological change seen in Fig. 7 if the effects of the concentration
gradient and the surface overpotential on the current distribution be-
come negligible as the applied current density increases. Under these
assumptions, which yield a potential termed the primary potential,>*
the potential is given by the Laplace equation with a Dirichlet bound-
ary condition, and the current would be expected to be focused at the
top of the deposit. Simulations assuming a well-stirred electrolyte,
where the electrolyte concentration is uniform at a value equal to 2%,
and a well-supported electrolyte, where the potential drop across the
bulk electrolyte is zero, are examined to separate the effects of the
concentration and the potential in the electrolyte on the deposit mor-
phology. The cross sections of the resulting deposits for these two
simulations are shown in Fig. 8, along with the 10 mA/cm? cross sec-
tion from Fig. 7. Under the unstirred/well-supported assumption, the
deposit cross section is nearly identical to the unstirred/unsupported
case. However, under the well-stirred/unsupported assumption, the de-
posit cross-section is more similar to the non-tapered deposits grown
at a lower applied current. From these simulations, we can conclude
that the morphology change is predominately due to the depletion of
the electrolyte at the sides of the deposits.

Effect of the nucleus spacing on the electrolyte concentration.—
Although the experimental image after 5 s of deposition (Fig. 3a)
shows less than 100 nm spacing between deposits, earlier in the de-
position process the spacing between neighboring deposits is larger
because not all of the deposits have nucleated. To gain insight into this
lower nuclei density regime, we performed three simulations similar
to those in Fig. 6 but with 175 nm between the deposits (decreasing
the density of the deposits by approximately a factor of three). The
electrolyte concentration at the electrode surface for these simulations
can be seen in Fig. 9. With larger spacing between the nuclei, variation

2

—1.5 mA/cm*
— -5 mA/cm’
—10 mA /cm?

(a) (b)

Figure 7. (a) The cross section of the Mg deposit (going through the side
facets) after 6 mC/cm? has passed at 1.5, 5, and 10 mA/cm?. (b) Magnified
view of the cross section of the deposit edge.

in the electrolyte concentration near the deposit has increased at 10
mA/cm? and is now visible at 1.5 and 5 mA/cm?. At 10 mA/cm?,
the electrolyte has depleted to approximately 10% of the bulk value.
The minimum and maximum of the electrolyte concentration at the
electrode surface for both the simulations with 100-nm and 175-nm
spacing are given in Fig. 10a. The range between the minimum and
maximum concentrations increases more than two-fold as the spacing
increases from 100 nm to 175 nm, with the majority of the change
due to the reduced minimum concentrations for 175 nm spacing.

As suggested by Matsui,* the depletion of the electrolyte near
the deposit causes 1 to be higher near the deposit than it is away
from the deposit, which would be expected to increase the likelihood
of the nucleation of new deposits. This effect can be quantified by
comparing the difference between the maximum and minimum of 1
along the working electrode, Av. Figure 10b shows A as a function of
the applied current density and deposit spacing. As expected from the
trends in the concentration data given in Fig. 10a, An increases with
increasing current density and with increasing deposit spacing. These
simulations support Matsuis hypothesis that concentration depletion
can cause nontrivial spatial variation in 1.

Deposit cycling simulations.—In addition to simulating the
growth of Mg deposits, our modeling approach enables simulations
of deposition-dissolution cycles. The deposit morphology during dis-
solution depends on the model chosen for the orientation dependence
of the reaction rate. Under the symmetric model described in the
Model section, the components of k,;,(6,, 0,) are assumed to be equal
to those for deposition, shown in Fig. 4. Using the standard facet
selection criteria,*® the dominant faces during dissolution are the fast-
dissolving faces. Therefore, the dominant facets during dissolution are
different than those during deposition and are located on the former
edges of the hexagonal plate. Figure 11 shows the result of a simu-
lation with 1.5 s of deposition followed by 1.2 s of dissolution, at a
current density of +5 mA/cm?. The deposit slowly transitions away

——

—Unstirred and unsupported
— Well-stirred and unsupported
— Unstirred and well-supported

(a) (b)

Figure 8. (a) The cross section of the Mg deposit for an unstirred/unsupported
electrolyte, a well-stirred/unsupported electrolyte, and an unstirred/well-
supported electrolyte after 6 mC/cm? has passed at 10 mA/cm?. (b) Magnified
view of the cross section of the deposit edge.
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Figure 9. The electrolyte concentration at the electrode surface after 3 mC/cm? has passed at (a) 1.5, (b) 5, and (c) 10 mA/cm? with 175 nm spacing between

deposits. The color represents the electrolyte concentration in mol/L.

0.3
! -8-175 nm spacing
025! —e—100 nm spacing

o
N
B—eo—8

Electrolyte Concentration
at Surface (M)
o o
o © o
(§)] - [§)]

o

4 6 8 10 12
Current (mA/cm2)

(a)

o
\V]

——175 nm spacing
0.012} ——100 nm spacing

o 2 4 6 8 10 12
Current (mA/ch)

(b)

Figure 10. Plots of (a) the maximum and minimum of the electrolyte concentration along the electrode surface and (b) An, both after 3 mC/cm? has passed at

1.5, 5, and 10 mA/cm? for deposit spacings of 100 nm and 175 nm.

from the hexagonal plate morphology, with clearly defined 45° faces
appearing after 1.0 s of dissolution. By the end of the simulation, the
deposit has evolved into a flat-topped hexagonal pyramid.

In contrast, under the reciprocal model described in the Model
section, the slowest growing planes are the fastest dissolving planes,

Figure 11. The evolution of the Mg deposit from an initial hemispherical
nucleus (left), to its maximum size after 1.5 s of deposition (center), to its
morphology following 1.2 s of dissolution, simulated using the symmetric
model (right).
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Figure 12. Polar plots of the components of kgis in the (a) 6, and (b) 6,
directions during dissolution for the reciprocal model.

with the components of the anisotropy function for dissolution
given in Fig. 12. Because the dominant faces during dissolution
are the fast dissolving faces, the dominant faces under the recipro-
cal orientation-dependence model are the same during dissolution as
they are during deposition. The morphology resulting from a simula-
tion of a deposition-dissolution cycle using the reciprocal orientation-
dependence model is shown in Fig. 13. As expected, the hexagonal
plate morphology is maintained during dissolution. The lateral di-
mensions of the deposit are largely unchanged during dissolution,
with nearly all of the volume change being due to a decrease in the
height of the deposit. This observation is in stark contrast to what is
observed during deposition, where most of the change is in the width
of the deposit.

The predictions of the morphology of the hexagonal plate de-
posits during dissolution can be compared to the experimental mor-
phology to determine whether the reaction is best described by the
symmetric or reciprocal model. An experiment imaging the Mg de-
posits after partial dissolution would easily be able to discriminate
between the hexagonal plate and hexagonal pyramid morphologies
predicted by our simulations. The combination of this experiment
and our model’s continuum-scale predictions would yield insight into

Figure 13. The evolution of the Mg deposit from an initial hemispherical
nucleus (left), to its maximum size after 1.5 s of deposition (center), to its
morphology following 1.2 s of dissolution according to the reciprocal model
(right).
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which of the atomistic mechanisms discussed in the Model section
are likely sources of the orientation dependence of the reaction.

Conclusions

We have presented a new model of electrodeposition and elec-
trodissolution that utilizes Butler-Volmer reaction kinetics, describes
facet evolution, tracks the evolution of the electrolyte concentration,
and calculates the potential distribution in the electrolyte. The model
was implemented using the phase field and smoothed boundary meth-
ods, enabling practical 3D simulations of electrodeposition and dis-
solution with length scales of hundreds of nanometers and time scales
of seconds.

Experimental imaging of Mg deposits after short periods of depo-
sition indicates that most of the deposits are broad hexagonal plates
with their broad facets either parallel or approximately perpendicular
to the substrate. Simulations exhibiting both of these characteristic
morphologies were presented.

The morphology of the deposits during growth was demonstrated
to depend on the applied current density. At low current densities, the
deposits grew in accordance with the kinetic Wulff construction. As
the applied current density increases, the deposits become narrower
and taller and, at 10 mA/cm?, develop slanted side facets. Comparisons
with simulation results of well-supported and well-stirred electrolytes
indicate that this morphological change is due to the depletion of the
electrolyte near the side facets, rather than the focusing of the electric
field.

Simulations of two deposit spacings, 100 nm and 175 nm, demon-
strated a strong dependence of the range of the electrolyte concen-
tration along the electrode surface on both the applied current and
the deposit spacing. These findings support Matsui’s hypothesis* that
electrolyte depletion near the deposits inhibits the growth of existing
deposits during the early stages of deposition, thereby promoting the
nucleation of new deposits.

Two models for the relationship between the orientation depen-
dence of the deposition and dissolution reaction rate constants, the
symmetric and reciprocal models, were presented along with likely
physical mechanisms underpinning each model. The symmetric model
predicts that 45° side facets form during dissolution, leading to a flat-
topped hexagonal pyramid morphology. Alternatively, the reciprocal
model predicts that the side facets of in-plane hexagonal plates will
remain perpendicular to the substrate during dissolution and the de-
posit retains its hexagonal plate morphology. These simulated mor-
phologies provide testable predictions that can be examined by future
experiments.

While we focused on Mg deposition on a noble substrate in this
paper, the approach could also be applied to the evolution of bulk
Mg anodes. For Mg substrates covered with a thin passive film,*
deposition would again likely occur through a nucleation process, but
potentially with a different crystallographic orientation. Therefore, the
details of the deposit morphology may vary depending on the nucleus
orientation, and the orientation dependence of the reaction rates could
be rotated to simulate these cases. Nevertheless, the general findings
of this paper, such as the depletion of electrolyte, would still apply
under similar simulated conditions. To describe the extended cycling
of bulk Mg anodes, as seen experimentally in Ref. 39, the model
may need to be extended to include a treatment of the passivation
process.

Improving Mg anode performance is a critical step in the de-
velopment and commercialization of rechargeable Mg batteries. The
features of the model presented here provide the ability to link macro-
scopic quantities (e.g., the applied current density) to local quantities
on the nanometer scale (e.g., the electrolyte concentration at a given
point on the electrode surface). Because the evolution of these local
quantities determines the electrochemical behavior of the system, im-
proved understanding of the mechanisms governing these phenomena
provides new routes for optimizing the performance of Mg batteries.
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