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ABSTRACT: Rechargeable batteries employing metal negative electrodes (i.e., anodes) are attractive next-generation energy storage devices
because of their greater theoretical energy densities compared to
intercalation-based anodes. An important consideration for a metal’s
viability as an anode is the eﬃciency with which it undergoes
electrodeposition and electrodissolution. The present study assesses
thermodynamic deposition/dissolution eﬃciencies and associated
nucleation rates for seven metals (Li, Na, K, Mg, Ca, Al, and Zn) of
relevance for battery applications. First-principles calculations were used
to evaluate thermodynamic overpotentials at terraces and steps on
several low-energy surfaces of these metals. In general, overpotentials are
observed to be the smallest for plating/stripping at steps and largest at
terrace sites. The diﬀerence in the coordination number for a surface
atom from that in the bulk was found to correlate with the overpotential magnitude. Consequently, because of their low bulk
coordination, the body-centered alkali metals (Li, Na, and K) are predicted to be among the most thermodynamically eﬃcient
for plating/stripping. In contrast, metals with larger bulk coordination such as Al, Zn, and the alkaline earths (Ca and Mg)
generally exhibit higher thermodynamic overpotentials. The rate of steady-state nucleation during electrodeposition was
estimated using a classical nucleation model informed by the present ﬁrst-principles calculations. Nucleation rates are predicted
to be several orders of magnitude larger on alkali metal surfaces than on the other metals. This multiscale model highlights the
sensitivity of the nucleation behavior on the structure and composition of the electrode surface.
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■

INTRODUCTION
Despite the success of lithium-ion batteries,1−3 demands for
higher gravimetric and volumetric energy densities, greater
power output, and longer lifetime are driving research into
other battery chemistries “beyond Li ion.”4 In this regard,
metals are promising candidates for future battery anodes
because they have higher theoretical capacities than the
graphite-based, intercalation anodes used in lithium-ion
batteries, Table 1. Furthermore, the higher abundance of
non-Li metals may result in reduced costs.
The use of metal anodes in rechargeable batteries is not a
new idea. Early attempts to commercialize a Li metal-based cell
were unsuccessful because of dendrite growth during
charging.8 More recently, Fluidic Energy has commercialized
a rechargeable Zn−air battery,9 while Aurbach et al. developed
the ﬁrst rechargeable battery incorporating a Mg metal anode
in 2000.10 Eﬀorts to improve Mg batteries’ capabilities is an
active area of research.2,11,12 Al anodes are currently used in
primary batteries,13 but the use of an aqueous electrolyte limits
rechargeability because of the irreversibility of the Al2O3
discharge product. Plating and stripping Al metal anodes
using organic-based electrolytes has been largely unsuccessful
© 2019 American Chemical Society

Table 1. Properties of Candidate Negative Electrode Metals
for Use in Battery Applications
anode
Al
Ca
Mg
Na
K
Zn
Li
graphite7

abundance
(ppm)5
83 176
52 481
32 359
22 909
9120
79
13

gravimetric
capacity
(mA h/g)

volumetric
capacity
(mA h/cc)

potential vs SHE
(V)6

2980
1337
2205
1166
685
820
3862
300−350

8046
2046
3837
1181
624
5846
2093
790

−1.66
−2.87
−2.37
−2.71
−2.93
−0.76
−3.04
−2.79 to −2.94

at room temperature,14−16 with ionic liquids demonstrating the
only evidence to date of cycling.17−19 Na batteries using
molten Na electrodes have been proposed for applications in
load-leveling and emergency power.3 Nevertheless, considReceived: November 10, 2018
Accepted: January 30, 2019
Published: January 30, 2019
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Recognizing that the rate and density of nucleation can
aﬀect the evolution of electrodeposits,33−36 steady-state
nucleation rates are estimated using a multiscale approach
wherein a classical nucleation model is informed by the present
density functional theory (DFT) calculations.37−39 These
simulations allow for a comparison of nucleation rates during
ED on diﬀerent metallic surfaces and surface features (e.g.,
terraces vs step edges). The small TOs predicted for plating at
step edges result in higher nucleation rates at these features,
suggesting that a large population of kink sites will promote
eﬃcient cycling. Nucleation rates on terraces diﬀer by several
orders of magnitude across the metals, with rates on the bodycentered cubic metals predicted to be the fastest. In contrast,
nucleation rates at step edges are within a few orders of
magnitude of each other, indicating a relatively weak
dependence on metal composition.

erable interest in room-temperature Na metal anode batteries
also exists, as evidenced by numerous studies on Na-ion, Na−
O2 and Na−S systems.3,20−22 Ren and Wu reported a K−O2
battery which showed a low discharge/charge voltage gap of
less than 50 mV during the initial cycle,23 and Zhao et al.
reported a K−S battery with impressive initial charge
capacity.24 Earlier attempts to cycle Ca anodes in organicbased solvents proved unsuccessful;25 however, cycling of Ca
metal was recently reported at elevated temperatures26 and at
room temperature.27
These developments have stimulated growing interest in
batteries that employ metallic negative electrodes. To be
viable, metal electrodes should undergo electrodeposition
(ED) and -dissolution with low overpotentials. For some
metals, these processes are highly eﬃcient, yet for others,
achieving eﬃcient cycling is a greater challenge. For example,
Table S1 lists overpotentials extracted from cyclic voltammograms reported in the literature. These data suggest the
existence of trends across the various metals. ED involving
Group I metals, such as Li, Na, and K, is the most eﬃcient,
whereas ED of Ca is much less. Mg, Al, and Zn tend to fall
between these extremes, with their performance dependent on
the electrolyte composition, scan rate, and temperature. (e.g.,
Zn plating/stripping is typically eﬃcient in aqueous electrolytes, but is less eﬃcient in nonaqueous systems).28,29
These observations beg the question: Why are some metals
able to plate and strip more easily than others? The
overpotentials associated with ED and -dissolution provide a
measure of the eﬃciency of these processes. In general, these
overpotentials can be traced to four contributing processes:
charge transfer, mass transport, chemical reaction, and
crystallization.30 As a step toward understanding eﬃciency
diﬀerences between diﬀerent metal electrodes, the present
study uses ﬁrst-principles calculations to evaluate “thermodynamic overpotentials (TOs)”31 associated with plating and
stripping on several low-energy surfaces of seven metals
relevant for battery applications: Li, Na, K, Mg, Ca, Al, and Zn.
Reactions at terraces and step edges are considered. The
thermodynamic factors probed here contribute to the reaction
and crystallization components of overpotentials and reﬂect
heterogeneity in the adsorption/desorption energy of ions
arising from inequivalent reaction sites on the electrode
surface.
We ﬁnd that the magnitude of the calculated overpotentials
is in many cases similar to measured values, and ranges from
tens to hundreds of mV. These calculations also capture the
ineﬃciencies (i.e., large overpotentials) associated with ED of
Ca and Mg; the calculated TOs for these metals are amongst
the largest overall, which is consistent with measurements
(summarized in Table S1). We observe that a metal’s crystal
structure correlates with plating and stripping eﬃciency; the
body-centered cubic alkali metals are predicted to be among
the most eﬃcient, whereas the remaining metals, all of which
possess face-centered cubic or hexagonal close-packed crystal
structures, are predicted to have higher TOs. As expected, ED/
dissolution is most eﬃcient at kink sites on steps,32 while
terrace sites yield the largest TOs. Quantitative diﬀerences
between the calculated and experimentally measured overpotentials point toward the importance of kinetic factors, such
as Ohmic resistance in electrolytes, diﬀusion through solid
electrolyte interphases, surface diﬀusion, electron transfer, etc.
These factors are not accounted for in the thermodynamic
analysis presented here.

■

METHODOLOGY

DFT calculations40 were performed using the Vienna Ab-initio
Simulation Package (VASP).41−44 The Perdew−Burke−
Ernzerhof formulation of the generalized gradient approximation45 (GGA-PBE) was used for exchange−correlation
eﬀects, and Blöchl’s projector augmented wave method46 was
used to describe interactions between the core and valence
electrons. The plane-wave energy cutoﬀ was set to 350 eV for
all systems; convergence testing revealed that this cutoﬀ was
suﬃcient to achieve energy convergence to within 1 meV per
atom. The electronic self-consistent iterations were discontinued when the change in total energy and the change in
energy eigenvalues were both within 10−6 eV. Hellmann−
Feynman forces were converged to within 0.02 eV/Å.
Convergence testing was performed on the primitive cells of
the bulk metallic crystals to determine the optimal sizes of the
Γ-centered k-point meshes. Energy convergence to within 1
meV per atom was achieved for k-point grids of density 343 for
Al, 163 for Ca, 163 for K, 283 for Li, 203 for Mg, 163 for Na, and
273 for Zn. For surface cells used in surface energy calculations
and for expanded surface supercells used in the adsorption
energy calculations, Γ-centered k-point meshes of round (k0a0/
a) × round (k0a0/b) × 1 were used, where k0 is the k-point
grid dimension for the primitive cell, a0 is the primitive cell
lattice parameter (the basal plane lattice parameter in the case
of the HCP metals), and a and b represent the in-plane lattice
parameters of the surface cell.
During ED, atoms absorbed onto the electrode surface may
subsequently diﬀuse to join other atoms, forming both stable
and unstable clusters; some of these clusters then grow and
ultimately form an electrodeposited ﬁlm. The growth of a
cluster is described as the sequential addition of individual
atoms. The critical nucleus size is deﬁned as the minimum size
above which nuclei will spontaneously grow. Below the critical
nucleus size, clusters dissolve with high probability.47
According to classical nucleation theory,48,49 the timedependent nucleation rate, J(t), can be expressed in terms of
induction time, τ, and the steady-state nucleation rate, J0, using
eq 148
ÄÅ
É
∞
ÅÅ
Ñ
2 Ñ
ÅÅ
jij −n t zyzÑÑÑ
n
J(t ) = J0 ÅÅ1 + 2∑ ( −1) expjj
zÑÑ
z
ÅÅ
Ñ
ÅÇ
k τ {ÑÑÖ
(1)
n=1
where J0 is expressed as47
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Table 2. Calculated Surface Energies (σ) for a Given hkl Surface Facet with and without Corrections (Described in refs 63 and
64), the Equilibrium Area Fraction of Each Facet as Determined by the Wulﬀ Construction, and the Area-Weighted Surface
Energy, σweighted
metal
Al

Ca

Li

Na

K

Mg

Zn

{hkl}
{100}
{110}
{111}
{120}
{113}
{133}
{100}
{110}
{111}
{120}
{113}
{133}
{100}
{110}
{111}
{114}
{120}
{121}
{233}
{100}
{110}
{111}
{114}
{120}
{121}
{233}
{100}
{110}
{111}
{114}
{120}
{121}
{233}
{001}
{11̅0}
{11̅1}
{110}
{111}
{001}
{11̅0}
{11̅1}

σ uncorrected (J/m2)

ji ω zyij ΔGc yzz
J0 = N jjjj c zzzzjjj
z
j g zjk 3πkBT zz{
k c{

0.92
1.01
0.82
0.99
0.96
0.99
0.46
0.55
0.47
0.55
0.54
0.53
0.45
0.49
0.53
0.52
0.51
0.54
0.53
0.23
0.21
0.23
0.25
0.29
0.24
0.25
0.12
0.11
0.13
0.13
0.12
0.12
0.13
0.53
0.63
0.65
0.78
0.78
0.32
0.61
0.71

1/2

ij −ΔGc yz
zz
expjjj
j kBT zz
k
{

σ corrected (J/m2)
1.05
1.14
0.96
1.13
1.09
1.12
0.49
0.58
0.50
0.59
0.57
0.56
0.49
0.53
0.56
0.55
0.54
0.57
0.57
0.24
0.23
0.25
0.26
0.30
0.26
0.26
0.12
0.11
0.13
0.13
0.13
0.13
0.13
0.59
0.70
0.71
0.85
0.84
0.41
0.71
0.80

area fraction

σweighted (J/m2)

expt. values (J/m2)

0.92
0.9854
0.8054

0.17
0.02
0.57
0.09
0.15

1.01

1.14,55 1.16,56 1.1457

0.44,59 0.4654
0.52,59 0.5454
0.44,59 0.4654

0.43

0.50

0.50,55 0.49,56 0.3757

0.46,60 0.4654
0.49,60 0.5054
0.53,60 0.5454

0.33
0.33
0.04

0.52

0.52,55 0.53,56 0.5357

0.5154
0.5454
0.5254
0.26,58 0.22,60 0.2254
0.25,58 0.22,60 0.2254
0.30,58 0.26,60 0.2554

0.13
0.06
0.10
0.20
0.67
0.09

0.24

0.26,55 0.26,56 0.2457

0.11

0.15,55 0.13,56 0.1357

0.17
0.37
0.46

0.69

0.79,55 0.76,56 0.4757

0.46
0.54

0.57

0.99,55 0.99,56 0.9257

other calculations (J/m2)
53

0.93,
1.03,53
0.83,53
1.0254
0.9854
0.9654
0.53,58
0.64,58
0.55,58
0.5554
0.5354
0.5354
0.54,58
0.59,58
0.60,58

54

0.2354
0.2754
0.2554
0.15,58 0.1254
0.14,58 0.1154
0.17,58 0.1354
0.1254
0.1354
0.1354
0.52,60 0.5454
0.6054
0.6354
0.7254
0.7654
0.3554
0.5354
0.7054

0.57

0.04
0.17
0.77
0.01

0.05

surface free energy terms. This assumption holds as long as the
cluster is large enough to distinguish between its surface and
bulk regions. However, very small clusters do not satisfy these
criteria; the cluster does not necessarily take the crystal
structure of the bulk phase, and no clear diﬀerentiation
between the bulk and surface energy contributions can be
made. Therefore, an atomistic approach is necessary to
determine the formation energies of clusters that are on the
nanoscale. As described below, the deposition of the ﬁrst
adatom on the electrode surface is consistently the most
endergonic or “uphill” ED step, independent of the surface
composition or structure (terrace or step). This behavior
suggests that the critical cluster size should be taken as a single
atom. Similarly, ΔGc is deﬁned in eq 2 to be the reaction
energy of the deposition of the initial adatom at either a terrace
or a step.

(2)

Here, N is the total number of atoms per unit surface area of
the electrode that can contribute to the formation of nuclei.
Assuming that a layer of the electrolyte in the vicinity of the
electrode contributes directly to the nucleation, N can be
calculated using N = NA·C0·d, where NA is Avogadro’s number,
C0 is the electrolyte concentration (1000 mol/m3), and d is the
thickness of the layer of the electrolyte in the vicinity of the
electrode (assumed 10 Å for all cases). ΔGc is the formation
energy of the critical nucleus, gc is the number of atoms in the
critical nucleus, and ωc, is the frequency of collision of the
atoms with the critical nucleus.
In classical nucleation theory, the formation energy of the
cluster is assumed to be separable into bulk free energy and
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■

RESULTS AND DISCUSSION
Bulk Properties. The lattice constants and bulk moduli for
Al, Ca, K, Li, Mg, Na, and Zn were calculated and compared
with experimental and computational values reported in the
literature. Primitive cells of the metals were relaxed until the
structure that minimized the total energy was achieved. The
bulk moduli were calculated using a series of ﬁxed-volume
cells, allowing the lattice and basis vectors of each to relax and
ﬁtting the total energy versus volume data to the Murnaghan
equation of state.50 Table S2 lists the resulting lattice constants
and bulk moduli, along with experimental values and other
calculated values. There is excellent agreement between our
calculated lattice vectors, experimental measurements, and
those reported from other calculations which used the GGAPBE exchange−correlation functional; in all cases, the
disagreement is ∼2% or less. Similarly, less than 10%
disagreement is observed between the calculated and measured
bulk moduli. (One exception is Zn, which as noted in
Ledbetter’s compilation of Zn properties,51 could be because
of its relatively high anisotropy.)
To avoid spurious errors resulting from the diﬀerences in kpoint sampling sets between the surface and bulk simulation
cells, the energies of the atoms in the bulk were calculated
according to the method of Fiorentini and Methfessel.52
Following this method, slab models of varying thicknesses were
constructed for the surfaces under consideration. The in-plane
surface dimensions were obtained from the bulk lattice
parameters calculated previously, while the thicknesses of the
slabs were increased sequentially from 10 to 20 layers,
maintaining 15 Å of vacuum separation between the surfaces.
The total energies from the relaxed cell calculations were
plotted versus the number of layers, and the slopes of the linear
portions yielded the bulk energies.
Surface Energies and Wulﬀ Plots. In order to identify
the most likely surfaces of the metal electrodes to be present
during ED, equilibrium crystallite shapes were predicted by
constructing Wulﬀ plots from the calculated surface energies of
several plausible facets. Surfaces with the largest areal packing
densities are typically expected to exhibit the lowest surface
energies; thus, our surface energy calculations emphasize these
surfaces. Supercells contained slabs of 10−22 layers in
thickness, with the free surfaces separated by 20 Å of vacuum.
All atoms were relaxed to their minimum force positions. The
surface energy was calculated as
σ=

1 slab
(E − nslabμ0 )
2A

GGA-PBE-based surface energy calculations, which are
summarized in Table 2. To facilitate comparisons with earlier,
noncorrected calculations, our uncorrected surface energies are
also reported. As shown in the table, the present (uncorrected)
surface energies are in good agreement with earlier
calculations.
With these corrected surface energies, equilibrium crystallite
shapes (i.e., Wulﬀ plots) were constructed using the Wulﬀmaker program,65 Figure 1. In addition to listing the corrected

Figure 1. Wulﬀ plots for (a) Li, (b) Na, (c) K, (d) Ca, (e) Al, (f) Mg,
and (g) Zn. At ambient conditions, (a−c) adopt the BCC crystal
structure, (d−e) adopt the FCC structure, and (f−g) are HCP.

surface energies, Table 2 tabulates the respective fraction of the
crystallite surface area of each facet. Based on the surface
energies and areas, σweighted represents the area-weighted
average of the surface energy. This value is expected to be
the property most closely resembling experimental measurements of the surface energy in the cases where the hkl index of
the surface is not known. Indeed, less than 12% disagreement
was observed between σweighted and the average of the
experimental values for each of Al, Ca, Li, Na, and Mg. The
discrepancy between theory and experiment is larger for
potassium (∼20%) and Zn (>40%). The absolute values for
the surface energy of K are smaller than those for the other
metals considered here, and therefore, a small variation yields a
greater percentage error. It should also be noted that other
calculated surface energies agree well with our calculated
surface energies, including those of Zn.
There are several possible explanations for the discrepancies
between the experimental and calculated surface energy of Zn,
one of which is the experimental method used to obtain the
surface energies. For example, Tyson55 established a linear
correlation between cohesive energy at 0 K and surface energy,
whereas de Boer et al.56 established a linear trend between
enthalpy of vaporization and surface energy. It has been
noted66,67 that these methods use observables that are
referenced to elements in the gas phase, which in the case of

(3)

where the surface area of the cell is given by A = |a × b|, with a
and b as the surface lattice vectors, Eslab is the total energy of
the slab cell, nslab and nbulk are the number of atoms in the slab
and bulk cells, respectively, and μ0 is the total energy per atom
of the bulk cell, calculated using the method described above.
The factor of 2 in the denominator accounts for the presence
of two surfaces in the slab calculations.
Mattsson and co-workers have discussed an error present in
local (local-density approximations, LDA) and semilocal
(GGA) DFT calculations on surfaces. This error arises from
the rapidly decaying nature of the electron density at the
solid−vacuum interface.61,62 A simple scheme was developed
to account for this error,63,64 which in practice involves adding
a correction to the surface energy as calculated with LDA, PBE,
or PW91 functionals. We have applied this correction in our
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DOI: 10.1021/acsami.8b19787
ACS Appl. Mater. Interfaces 2019, 11, 7954−7964

Research Article

ACS Applied Materials & Interfaces

Figure 2. Calculated deposition/dissolution reaction energies on the terraces of three representative metallic anodes: (a) Li{110}, (b) Ca{111},
and (c) Mg{0001}. Deposition energies are read left to right, and dissolution energies are read right to left. Reaction energies are plotted for three
scenarios of applied potential, V:V = E0, represented with the black line, corresponds to the equilibrium potential for a given metal; V = ηdep, dark
gray line, where ηdep is the thermodynamic overpotential for deposition; and V = ηdes, light gray line, where ηdes is the thermodynamic overpotential
for desorption. Images above the plots show the state of the simulation cells at each reaction step. Dark green, yellow, and red represent the Li, Ca,
and Mg electrode surface atoms, respectively, whereas light green, orange, and yellow represent Li, Ca, and Mg adatoms, respectively.

shown in Figure 1. Deposition on terrace sites was simulated
on 2 × 2 expansions of the surface unit cells. These slabs
comprised 5−12 layers, yielding slab thicknesses of 9−12 Å.
To assess ﬁnite-size eﬀects, additional overpotential calculations were performed on larger 3 × 3 and 4 × 4 expansions of
the Mg(0001) terrace unit cell. Only a small change in the
calculated values was observed, and compared to the 2 × 2
system, the 3 × 3 overpotential diﬀered by 3.5%, whereas the 4
× 4 system diﬀered by 1.5%. All surfaces were constructed
using the calculated lattice parameters of the bulk cells. The
facets examined for TOs were those with the largest areal
fractions: {111} and {100} for Al and Ca; {110} and {100} for
Li, Na, and K; {001}, {11̅0}, and {11̅1} for Mg; and {001} and
{11̅0} for Zn. Additionally, deposition was simulated on
stepped surfaces comprising 11−20 layers, yielding slabs 9−12
Å thick. Step morphologies were approximated using {210}
surfaces for BCC metals, {212} for FCC metals, and {101̅7}
for HCP metals. To limit image interactions between kink
defects, 5−6 surface unit cells were used in the direction
parallel to the step edge.
The energetically preferred adsorption sites were determined
by a search over possible sites on each surface. This energy was
recorded, and subsequent deposition reactions were evaluated
in the presence of the adsorbate(s) produced in earlier steps.
Each conﬁguration was allowed to relax until it met the force
convergence criterion, excluding the bottom two layers, which
were ﬁxed to maintain a bulklike structure. This sequential
adsorption−relaxation process was continued until a complete
monolayer was deposited. TOs for electrodissolution (i.e., the
reverse of ED) were calculated starting from a complete
adsorbed monolayer and running the deposition procedure in
reverse.
Following earlier applications of the TO method,31,69−87
each deposition or stripping event, inclusively referred to here
as a “step,” is described by the equilibrium reaction: (Mz+ +
ze−) + * ⇆ M0*, where Mz+ represents the metal cation
incident upon the metal surface during deposition, the lone

the divalent metals Hg, Cd, Mg, and Zn, leads to signiﬁcant
errors in the resulting surface energies. Furthermore, the
experimental values use surface tensions measured at high
temperatures, but then extrapolate to 0 K.55,66,67 Additionally,
several authors68,69 have noted that experimentally determined
surface energies are generally larger than those predicted by
calculations. This results from the presence of surface defects,
and the experimental surfaces being a mixture of several
crystallographic planes.
Overview of Thermodynamic Overpotential Calculations. The calculation of TOs has been used extensively to
examine electrocatalysts 7 0 − 7 8 and metal−air batteries.31,69,79−87 The calculated overpotentials from these
studies generally agree well with experimentally observed
overpotentials. The present study adopts this methodology to
explore overpotential contributions during the ED and
-dissolution of metal ions at metallic negative electrodes in
batteries. The goal is to examine trends in the TOs as a
function of the anode composition and surface structure, the
latter including various surface facets and adsorption/
desorption sites.
Our calculations consider terrace and step sites on the
electrode surface. In prior studies,31,83 it was observed that
application of the TO method at terrace sites alone led to an
overestimation of the overpotential; electrochemical reactions
at step and kink sites yielded predictions more in line with
experimental data. Nevertheless, it has also been suggested84,86
that at high current densities, the overpotentials resulting from
charge transfer at terrace sites can contribute to the
overpotential when a large number of terrace sites are
available. Additionally, the limited time available for surface
diﬀusion under high current densities implies that not all
electrodeposited ions will have suﬃcient time to migrate to
low-energy step/kink sites. Thus, it is reasonable to examine
the behavior at both terrace and kink sites.
TOs for ED were calculated for a series of atomic deposition
events on several low-energy surfaces of the seven metals
7958
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Figure 3. Calculated thermodynamic overpotentials for ED and -dissolution on seven metals as a function of the surface facet and surface
morphology (terraces vs steps). Facets of a given metal are arranged according to ascending surface energy, and metals are grouped by columns of
the periodic table. Solid orange/green bars represent plating overpotentials on terraces/steps; cross-hatched bars represent stripping overpotentials
on terraces and steps. For simplicity, only the absolute value of the overpotential is plotted.

asterisk (*) represents an adsorption site on the surface, z is
the oxidation number of the cation, e− represents an electron,
and M0* is the adsorbed metal adatom after adsorption and
reduction.
At equilibrium, the reaction energy associated with each
deposition step i in the adsorption sequence is calculated as
0
ΔEdep
rxn,i = Ei − Ei−1 − μ . Here, Ei is the total energy of the
surface cell with i metal atoms adsorbed on the surface, Ei−1 is
the energy of the same cell with i − 1 adatoms (i.e., from the
previous deposition event), and μ0 is the chemical potential of
the bulk metal. Equivalent reaction energies can be deﬁned for
the dissolution process, ΔEdiss
rxn,i. The Nernst equation allows
reaction energy to be expressed in terms of potential, U, as
U=−

ηdep

ηdiss

diss y
ij max[ΔErxn,
i] z
jj i
zz
j
zz
= jj
zz
jj
ze
zz
j
k
{

(5)

The sign diﬀerence between these two expressions maintains
the convention such that plating potentials are negative and
stripping potentials are positive.
Deposition/Dissolution on Terraces. Taking the
Li{110}, Ca{111}, and Mg{0001} surfaces as examples, Figure
2 plots the partial sums of the reaction energies, ∑iΔErxn,i, for
deposition and dissolution as a function of the reaction step.
Reading the plots from left to right represents the deposition
reaction, whereas reading the plots from right to left represents
dissolution. The thick black lines represent the equilibrium
condition (i.e., operation at each metal’s standard potential).
diss
Ideally, and as described above, ΔEdep
rxn,i = ΔErxn,j = 0 for all steps
when in equilibrium. This is consistent with a scenario where
the local structure of the deposited atom is similar to an atom
in the bulk. However, heterogeneity in the surface structure
gives rise to nonzero reaction energies. An endothermic
reaction step contributes a thermodynamic barrier to the
reaction.
Taking deposition on Li{110} as an example, reaction step
1, which represents depositing a single atom onto the pristine
surface, has a reaction energy, ΔEdep
rxn,1 = 0.26 eV. The reaction
energy changes for the second, third, and fourth deposition
steps are −0.03, 0, and −0.23 eV, respectively. The ﬁrst
deposition step is the most endothermic and represents the
limiting step. This step therefore determines the TOs for
deposition, ηdep = −0.26 V, eq 5. Application of this potential
results in all deposition steps being exothermic, ΔEdep
rxn,i(V =
ηdep) ≤ 0, dark gray curve; thus, deposition will occur
spontaneously under these voltage conditions. Similarly,
reading from right to left for dissolution, the ﬁrst dissolution
step ΔEdiss
rxn,1 = 0.23 eV is limiting, thus, ηdiss = 0.23 V.
Application of a potential equal to 0.23 V results in all
dissolution steps being exothermic, ΔEdiss
rxn,j(V = −ηdiss) ≤ 0.
This behavior is shown with the light gray curves in Figure 2.

ΔErxn, i
ze

dep y
ij max[ΔErxn,
i] z
jj i
zz
j
zz;
= −jj
zz
jj
ze
zz
j
k
{

(4)

At the equilibrium potential for each metal, the reaction free
diss
energy change will in principle vanish, ΔEdep
rxn,i = ΔErxn,j = 0, as
there is no net reaction. However, as a result of surface
heterogeneity and diﬀerences between bonding of adatoms on
diss
the surface and within the bulk, ΔEdep
rxn,i and ΔErxn,i will in
general not be equal to zero for each deposition/dissolution
event. (Nevertheless, the sum of ΔErxn,i and overall deposition/
dissolution events that replicate the initial surface structure will
be approximately zero. This can be seen by noting that such a
sum corresponds to the addition/subtraction of a full
monolayer to/from the surface, which is equivalent to
increasing/decreasing the thickness of the slab by one bulklike
layer.)
diss
Deviations of ΔEdep
rxn,i and ΔErxn,j from zero are interpreted via
eq 4 as thermodynamic contributions to the overpotentials
associated with plating or stripping. The most endothermic of
these reaction energy changes encountered during the
deposition or dissolution process is identiﬁed as its respective
TO
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Figure 4. Calculated deposition/dissolution reaction geometries (a) and energies on stepped surfaces of three representative metallic anodes: (b)
Li{210}, (c) Ca{212}, and (d) Mg{101̅7}. In panel (a), dark green spheres represent the substrate Li atoms and yellow represents the deposited Li
atoms. Atoms are deposited along the step edge until a full row has been completed. (b−d) Reaction energies as a function of the reaction step for
three scenarios of applied potential, V:V = E0, represented with the black line, corresponds to the equilibrium potential for a given metal; V = ηdep,
dark gray line, corresponds to the potential needed to overcome the thermodynamic overpotential for deposition; and V = −ηdiss, light gray line,
corresponds to the potential needed to overcome the thermodynamic overpotential for desorption.

Figure 2a−c shows that the initial deposition step onto an
empty terrace is consistently the most endergonic step,
independent of surface composition. This results from the
initial deposition site presenting the least number of nearest
neighbors for bonding; this step nucleates a new, single-atom
island on top of an existing terrace. Similarly, the ﬁnal
deposition step, 3 → 4, is consistently the most exergonic. This
behavior can be explained by the adsorbed species forming a
pit in step 3, which subsequently becomes ﬁlled upon
deposition (step 4). This geometry provides the maximum
number of nearest neighbors available to an arriving atom. The
reaction energy summed over the entire deposition process is
approximately zero, as expected. The reaction energy proﬁle
between the initial and ﬁnal reaction steps exhibits a plateaulike shape with nearly constant reaction energies. These
energetic similarities suggest that the plateau reaction steps are
structurally similar; indeed, these steps all correspond to
deposition/stripping from sites at the edge of the island.
Figure 3 summarizes the TOs across all of the metal surfaces
examined. The data are grouped by metal and arranged for a
given metal according to increasing surface energy. We ﬁrst
discuss trends in the TO for terrace reactions, represented in
Figure 3 by the orange bars (deposition) and overlaid blue
cross-hatching (dissolution). Broadly speaking, the calculated
TOs on terraces are generally large, ranging from 100 to 500
mV. These values are somewhat larger than those typically
observed experimentally at low current densities; see Table S1.
As discussed above, this overestimation may be due to the
assumption of a terrace-based mechanism, which may not be

the preferred experimental adsorption/dissolution site at low
rates.
The second trend in the data pertains to the group I metals,
Li, Na, and K, which generally exhibit lower TOs compared to
the group II metals (Ca and Mg), group III metal (Al), and the
transition metal (Zn). This trend is in rough agreement with
the experimental overpotentials in Table S1, especially
considering that the scan rates for the alkali metals reported
there are, on the whole, at least twice those of the group II and
group III metals. This trend of less eﬃcient plating in the diand trivalent metals would be further evident if the reaction
energies, ΔErxn,i, rather than the TOs, were plotted in Figure 3,
as this would result in a doubling of the plotted values for the
divalent metals and a tripling for trivalent Al.
To explain the lower overpotentials observed for the alkali
metals, we recall that they crystallize in the BCC structure,
whereas the other metals adopt FCC or HCP lattices. BCC
bulk atoms have a coordination number (CN) of 8, whereas
for the close-packed FCC and HCP systems, the atoms have
CN = 12. Focusing on deposition, we recall that the TO is
determined by the initial deposition event. Therefore, the
origin of the relatively lower overpotential for the alkali metals
should be tied to the bonding environment of these initially
deposited adatoms. These adatoms are coordinated by 4 or 5
nearest neighbors on the {110} and {100} surfaces,
respectively. In contrast, the CNs for adatoms on the FCC
and HCP metals (Mg, Ca, Al, and Zn) are at best similar to the
BCC surfaces and are often smaller: CN = 3 on the closepacked {111} and {0001} surfaces; CN = 4 on the FCC {100}
surfaces and on Mg {11̅00} and {11̅01}; and CN = 2 on
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Figure 5 shows the steady-state nucleation rate as a function
of applied potential for ED on terrace and step sites obtained

Zn{11̅00}. Comparing the bulk CNs to the CNs of the initially
deposited adatoms, we note that the BCC alkali metals have
the smallest surface-to-bulk CN diﬀerence. In other words, the
surface bonding environment experienced by the alkali metal
adatoms is more similar to their bulklike coordination than in
the FCC or HCP systems, as illustrated in Figure S4. We
postulate that this similarity results in relatively lower TOs for
the alkali metals. A similar argument based on CN has been
invoked to explain diﬀerences in dendrite formation tendencies
during ED of metals.60
Additional trends apparent in Figure 3 relate to the surface
energy and the asymmetry between deposition and dissolution.
Regarding surface energy eﬀects, we note that the TO
generally decreases with increasing surface energy. In the
case of deposition, this trend can be rationalized by
recognizing that the atoms comprising a high-energy facet
are more reactive to (i.e., more readily bond with) adatoms. In
the case of stripping, and assuming a simple picture of surface
energetics that depends only on bond counting, it will be
energetically easier to remove an atom (step 4 → 3) from a
high surface energy facet because of the fewer bonds that must
be broken (relative to a more stable surface). This qualitatively
explains the reduction in TOs for stripping on higher surface
energy facets.
Deposition/Dissolution on Step Edges. Figure 4 shows
the calculated reaction energies for deposition and dissolution
on selected stepped surfaces for Li, Ca, and Mg. Data for the
other four metals are given in Figures S1−S3. Similar to the
energy proﬁle for plating/stripping on terraces, Figure 2, the
limiting reaction on stepped surfaces is always the ﬁrst
deposition or stripping event, which corresponds to the
nucleation of a kink. An additional similarity with the terraced
surfaces is the plateau-like shape of the reaction proﬁle. The
reactions comprising the plateau region exhibit similar energies
because they all correspond to the same process, that is,
propagation of a kink along the step edge.
An important diﬀerence between the stepped and terraced
surfaces is the magnitude of the TO. For the systems depicted
in Figure 4, the TO ranges from −0.13 to 0.13 V. These values
are roughly 2−3 times smaller than those for terraces reported
in Figure 2. The trend of the stepped surfaces exhibiting
signiﬁcantly smaller TOs is maintained across the other metals,
as shown in Figure 3. This trend can be understood using a
simple bond-counting argument; adsorption at a step edge or
kink presents a larger number of coordinating atoms compared
to adsorption on a terrace.
Steady-State Nucleation Rate. In the case of nucleation
during the ED process, assuming that the process is controlled
by the kinetics of the electrochemical reaction and not by the
diﬀusion of atoms on the surface, the frequency of collision of
the atoms with the critical nucleus, ωc in eq 2, is deﬁned as
Sci0/ze, in which Sc is the surface area of the critical nucleus
and i0 is the exchange current density.47 Moreover, under an
applied potential, Uapp, the formation energy of the critical
nucleus, ΔGc, can be written as47
ΔGc = −ze(ηdep − Uapp)

Figure 5. Steady-state nucleation rate as a function of applied
potential, Uapp, for plating on (a) terrace and (b) step sites on seven
metal negative electrodes. Uapp is varied from −30 to −10 mV vs the
corresponding equilibrium potential for each metal.

using our calculated TOs as the input to eq 1. The relatively
small TOs predicted for the alkali metals (Li, Na, and K)
generally result in higher steady-state nucleation rates
compared to the other metals, regardless of whether plating
occurs on terraces or at steps. However, as discussed earlier
and as demonstrated in Figures 2−4, the TO for plating at step
sites is smaller than that on terrace sites. This results in a
steady-state nucleation rate that is several orders of magnitude
higher at steps compared to terrace sites, independent of the
choice of metal. This is attributed to the exponential
relationship between the reaction energies of initial deposition
and the nucleation rate as deﬁned by eq 2. The relative
ordering of the surfaces/metals with respect to their nucleation
rate is similar for step and terrace deposition sites. Nevertheless, the rates on the step sites are more tightly clustered,
suggesting that deposition in these cases is less sensitive to the
metal’s composition.
Figure 5 also illustrates that the nucleation rate increases
with the application of a more negative potential, as expected.
The slope of each line is proportional to the number of
transferred electrons, z, during the electrochemical reduction
of the corresponding metallic ion. By applying a negative
potential, Uapp, the formation energy of the critical nucleus
decreases by zeUapp , which exponentially increases the steadystate nucleation rate.
A number of studies argue that the nucleation phenomenon
is one of the key parameters that governs how a metal will plate
during ED. For example, mesoscale simulations of Li dendrite
growth indicate that more uniform deposition (i.e., impingement and subsequent stable growth) can be achieved when
nuclei are more densely distributed,88 as would be aﬀorded by
a large population of kink sites on the electrode surface.
Experimentally, the role of nucleus density on the plating
behavior has been examined by Garcia et al.,89 who reported
the prevention of dendrite formation in Zn metal anodes by
introducing a nucleation pulse to increase the initial coverage
of Zn nuclei. More recently, Rehnlund et al. showed that
dendrite-free Li deposition can be achieved by using a
decreased Li salt concentration and a short nucleation pulse,
which resulted in an increased nucleus density on the electrode
surface.90

(6)

The calculated steady-state nucleation rate and formation
energy of the critical nucleus for ED on terrace and step sites at
an applied potential of −10 mV are listed in Table S3 of the
Supporting Information.
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■

CONCLUSIONS
The TOs and associated nucleation rates are calculated for
seven metals (Li Na, K, Mg, Ca, Al, and Zn) considered as
potential anodes for next-generation rechargeable batteries.
The magnitude of the calculated overpotentials is in many
cases similar to the measured values and ranges from tens to
hundreds of mV. These calculations also provide insight
regarding the ineﬃciencies associated with ED of Ca and Mg;
the calculated overpotentials for these metals are amongst the
largest overall, consistent with measurements.
We observe that a metal’s crystal structure correlates with
the eﬃciency of plating and stripping; body-centered cubic
alkali metals are predicted to be among the most eﬃcient
systems, whereas the remaining metals, all of which possess
close-packed crystal structures, are predicted to have higher
TOs. As expected, ED/dissolution is most eﬃcient at kink sites
on steps, while undercoordinated terrace sites yield the largest
TO. Trends involving surface energies are discussed. Diﬀerences between the calculated overpotentials and experimental
measurements highlight the importance of kinetic factors
(which are not accounted for in the present approach), such as
Ohmic resistance in electrolytes, diﬀusion through solid
electrolyte interphases, surface diﬀusion, electron transfer, etc.
Steady-state nucleation rates were estimated using a classical
nucleation model informed by the present DFT calculations.
These simulations allow for a comparison of ED nucleation
rates on diﬀerent metallic surfaces and surface features (e.g.,
terraces vs step edges). The small TOs predicted for plating at
step edges result in higher nucleation rates at these features,
suggesting that a large population of kink sites will promote
eﬃcient cycling. Nucleation rates on terraces diﬀer by several
orders of magnitude across the metals, with rates on the bodycentered cubic metals predicted to be the fastest. In contrast,
nucleation rates at step edges are within a few orders of
magnitude of each other, indicating a weak dependence on
metal composition. This approach demonstrates a technique
for linking atomistic data with a continuum nucleation model,
and highlights the sensitivity of the nucleation behavior on the
structure and composition of the electrode surface.
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