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ABSTRACT: Magnesium (Mg) metal is a promising anode material
for use in next-generation batteries because of its high theoretical
energy density, abundance, and its reduced tendency to form
dendrites as compared to lithium metal. Nonetheless, the development of a practical Mg battery presents several challenges. Among
these challenges is the decomposition of the electrolyte solvent, which
can contribute to passivation of the anode surface, thereby preventing
reversible plating/stripping of Mg during battery cycling. The present
study examines the thermodynamics and kinetics of electrodemediated solvent decomposition in Mg batteries using ﬁrst-principles
calculations. The initial steps in the reaction pathway associated with
decomposition of a model solvent, dimethoxyethane (DME), on three
relevant electrode surface compositionsMg(0001), MgO(100), and
MgCl2(0001)are examined. The energetics of DME decomposition are highly dependent on the composition of the anode
surface. On the pristine Mg surface, decomposition is predicted to be highly exothermic, to proceed via a pathway with a low
kinetic barrier, and to result in the evolution of ethylene gas. The tendency for DME to decompose on the Mg(0001) surface is
rationalized via a charge-transfer analysis: reductive charge transfer from the electrode minimizes reaction barriers and stabilizes
decomposition products. Conversely, decomposition is unfavorable on the oxide and chloride surfaces, where thermoneutral
reaction enthalpies and large reaction barriers are observed. These latter calculations support the hypothesis that a Mg−Cl
“enhancement layer” on the anode surface can improve the performance.

■

electrode.5,6,16−19 For example, ethereal solvents, such as
tetrahydrofuran (THF) and various glymes, have been
demonstrated to be amongst the most successful at supporting
reversible plating and stripping of Mg.16,18
Additional improvements in the plating and stripping
behavior are desired, however, even in electrolytes composed
of these solvents. For example, recent experimental studies have
highlighted variability in the electrochemical behavior after
holding ethereal solvent-based cells at open circuit voltage
(OCV).5,20−22 Tutusaus et al.21 measured the voltage proﬁle
and cell resistance using symmetrical Mg/Mg cells for a
monocarborane/tetraglyme-based electrolyte, which was recently reported to provide superior Mg plating and stripping
performance.18 Nevertheless, increased polarization and higher
interfacial resistance were observed following a hold at OCV.
Moreover, the interfacial resistance increased with the
increasing hold time. These observations suggested the
presence of a chemical reaction, such as electrolyte decom-

INTRODUCTION
State-of-the-art lithium-ion (Li-ion) batteries are limited by the
energy densities of their components. For example, the widelyused graphite intercalation anode employed in Li-ion cells has a
theoretical energy density of 837 mA h/mL.1 This is far smaller
than that of a metallic Li anode, 2061 mA h/mL, whereas an
additional increase to 3832 mA h/mL is possible with a metallic
magnesium (Mg) anode because of its multivalent nature.1 For
this reason, the investigation of alternative battery anode
materials such as Mg has received growing attention.2−12
Furthermore, Mg is more abundant in the earth’s crust than Li,
suggesting that it is a lower cost alternative,4 and metallic Mg
may present safety advantages, as it is less susceptible to the
formation of dendrites, as is common in Li metal batteries.13−15
Nonetheless, several challenges must be overcome before
Mg-based batteries become commercially viable.1 One notable
challenge is the formation of a passivation layer on the anode
that blocks the transport of Mg2+ across the electrode−
electrolyte interface.1,14,16 It has been suggested that this
passivation layer forms from the degradation of salt or solvent
species present in the electrolyte.1,4,16 Hence, many studies
have focused on developing salts/solvents that circumvent this
limitation and can reversibly plate and strip Mg at the negative
© 2018 American Chemical Society
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its common use in Mg batteries and its relatively simple
structure.1,5,7 A classical Monte Carlo (MC) algorithm coupled
with vdW-DFT calculations was used to determine low-energy
conﬁgurations for adsorbed (intact) DME. Subsequently, lowenergy conﬁgurations for decomposed DME were identiﬁed on
each surface. The thermodynamic and kinetic likelihood for
solvent decomposition was assessed by computing reaction
enthalpies and kinetic barriers between the intact and
decomposed conﬁgurations.
These calculations suggest that the greatest likelihood for
solvent decomposition occurs on the pristine Mg(0001)
surface. Mg(0001) exhibits both a large (exothermic)
thermodynamic driving force and a small kinetic barrier for
solvent decomposition. The most likely decomposition
products are adsorbed methoxy fragments and ethylene gas.
The favorable energetics for this reaction are aided by reductive
charge transfer from the electrode, which minimizes the
reaction barriers and stabilizes decomposition products.
Conversely, the oxide and chloride surfaces are relatively
inert. In these cases, the solvent decomposition reaction is
roughly thermoneutral and furthermore, is characterized by
very large kinetic barriers. The stability of the Cl-based surface
may explain how Cl additions to an electrolyte contribute to
improvements in the anode performance via a Mg−Cl
enhancement layer. In total, our study provides insights into
the mechanisms by which the composition of the anode surface
inﬂuences electrolyte decomposition.

position, occurring at the interface between the electrolyte and
the Mg anode.
In other studies, a hold at OCV was found to be detrimental
to Mg plating/stripping, similar to the work of Tutusaus et al.,
but the authors attributed the results to processes other than
electrolyte decomposition on the anode surface. Barile et al.5
observed an increase in deposition overpotential, a decreased
stripping peak height, and a decrease in Coulombic eﬃciency
(CE) after a 1 week pause in cycling of the MACC/THF
system. The decrease in the performance was ascribed to the
formation of THF oligomers through ring-opening reactions
that appeared to be catalyzed by the AlCl3 in the MACC
solution. Connell et al.20 reported a decrease in CE with an
increase in the OCV hold time for the MgTFSI2/diglyme
system, which was related to surface passivation by trace
amounts of H2O.
Despite the ﬁndings described above, holding a system at
open circuit is not always detrimental to the electrochemical
behavior. Esbenshade et al.22 cycled Mg electrodes in PhMgCl/
AlCl3 in THF and EtMgCl in diglyme. They found an
improvement in deposition overpotential, exchange current
density, and CE following a pause in cycling at open circuit.
The authors attributed this behavior to the formation of a Mg−
Cl enhancement layer on the anode surface.
Similarly, Connell et al.20 found that the presence of Cl on
the anode surface inhibited passivation. These authors
proposed that surface-adsorbed Cl species may prevent salt
decomposition, by blocking the interaction of the salt with Mg
surface sites. Other work has shown similar results when Cl is
present in the electrolyte.6,23−25 For example, in the Mg(TFSI)2/THF electrolyte examined by Sa et al., chloride was
reported to be a necessary additive to obtain reversible plating/
stripping.24 By extension, one may hypothesize that the
presence of Cl ions on the anode surface may also block
solvent decomposition, resulting in improvements to the
plating/stripping performance.
Taken together, these studies demonstrate that reactions
occurring at the Mg anode/electrolyte interface are complex.
Nevertheless, understanding the processes governing surface
reactivity/passivation would be helpful in improving the
electrolyte stability and extending the cycle life. Likewise, it is
important to clarify the role of additives, such as Cl, on these
processes, given their apparent potential to minimize anode
passivation.
In an attempt to clarify the complex behavior at Mg anode/
electrolyte interfaces, the present study examines the energetics
of solvent decomposition on various Mg anode surfaces with
van der Waals-augmented density functional theory (vdWDFT). Negative electrodes based on metallic magnesium, and
on the surface phases expected to be present on those
electrodes (MgO and MgCl2) because of reactions with air or
an electrolyte, were the focus of the present study. Our
approach explores dozens of candidate chemical reactions on
these surfaces during a hold at OCV. It also builds on our
previous studies,26,27 wherein we assessed the electrochemical
stability of several common solvents at interfaces with model
Mg and oxide electrodes8 and examined ion agglomeration in
Mg electrolytes.28
Here, surface decomposition reactions involving dimethoxyethane (DME) are explored across a set of model electrode
surface compositions: Mg, MgO, and MgCl2. The selected
surface phases represent plausible compositions for a Mg
anode. Similarly, DME was chosen as a prototype solvent, given

■

METHODOLOGY
DFT calculations were performed using the Vienna ab initio
simulation package.29−32 The exchange−correlation energy was
determined using the functional of Perdew, Burke, and
Ernzerhof,33 coupled with the fully self-consistent vdWDF234−37 functional to account for dispersion interactions
between the solvent adsorbate and the electrode surface.
Dispersion interactions were also necessary to accurately
reproduce surface structures and surface energies. Most
notably, in the absence of dispersion interactions, the energy
of a MgCl2(0001) slab is essentially equivalent to the bulk
energy of MgCl2. This is not a physically realistic scenario
because it implies that there is no energy cost for forming a
surface.38 This discrepancy is avoided with the use of the vdWDF2 functional.
Electronic wavefunctions were expanded in a plane wave
basis, with a 400 eV energy cutoﬀ, and the projector-augmented
wave method was used to describe interactions between core
and valence electrons.39,40 Unless otherwise stated, the ions in
each computational cell were allowed to relax until all forces
were less than 0.04 eV/Å.
Each DME/surface computational cell was constructed to
minimize the interaction with its periodic images. The vacuum
region of the cell, which separated the adsorbed DME molecule
and the bottom layers of the surface, was always greater than 10
Å. Computations were performed on the lowest energy surface
for each model electrode composition. For pristine Mg, this was
the (0001) termination, as shown in the literature,41,42 and was
conﬁrmed by our own calculations. The computational cell for
the DME/Mg system consisted of a 3 × 4 supercell with
physical dimensions of 16.58 Å × 12.77 Å within the surface
plane. The cell consisted of 112 atoms (including the DME
molecule) and four surface layers, with the two bottom layers
ﬁxed at their bulk spacing. The k-point mesh was set to 2 × 2 ×
1. For MgO and MgCl2, the (100) and (0001) surfaces,
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the set of all possible bonds in the DME molecule (C−H, C−
O, and C−C), and the fragmented molecule was placed at a
distinct surface site and relaxed. All distinct surface sites were
explored, and the fragmented molecule was rotated in both inplane and out-of-plane directions so as to maximize the
interaction with the surface. Cases in which two bonds were
sequentially broken were also explored; in these situations, the
relaxed structure following the ﬁrst cleavage was used as the
input for the second bond cleavage. In total, 190 decomposed
conﬁgurations were investigated across all the surfaces.
Subsequently, the lowest energy, decomposed geometries
were selected for further analysis. The nudged elastic band
(NEB) method was used to calculate the minimum energy
pathway (MEP) between the intact and decomposed
conﬁguration on each surface. Each NEB calculation was
performed using the Gamma point (1 × 1 × 1 k-point mesh)
and with ﬁve images. Starting conﬁgurations for the images
were determined by linear interpolation between the initial
(intact) and ﬁnal (decomposed) states. Additional spot check
calculations were preformed using a higher k-point mesh (2 × 2
× 1). In these cases, the NEB barriers showed only a moderate
change; the largest diﬀerence from the Gamma point results
was 0.08 eV.
Metadynamics52−55 was also used to examine decomposition
reactions on the Mg(0001) surface. Here, a bias potential in the
form of Gaussian-shaped hills was deposited to the C−O bond
in DME closest to the Mg surface. The bias potential had a
height of 0.025 eV, a width of 0.025 Å, a deposition stride of 25
time steps, and a time step of 1 fs. The bias was applied to the
C−O bond, as this was the ﬁrst bond to break on the MEP, as
determined by the NEB method. Before starting the
metadynamics simulation, a short (0.32 ps) NVT molecular
dynamics equilibration was carried out at a temperature of 300
K.
The impact of charge transfer on stabilizing reaction
products on each surface was evaluated using a Bader charge
analysis.46−49 In the Bader approach, charges are calculated
from the ground-state electron density; the coordinates of an
atom are deﬁned by a maximum in the charge density and the
charge around that atom is assigned to it. Distinct atoms are
identiﬁed by minima in the charge density. Charge transfer
during a given decomposition reaction was monitored by
evaluating the Bader charge on each atom as a function of
distance along the MEP.

respectively, were adopted as the lowest energy terminations,
consistent with our previous study,9 and with literature
reports.38,43 The DME/MgO (MgCl2) system was expanded
in a 4 × 4 (2 × 4) supercell with dimensions of 11.98 Å × 11.98
Å (12.83 Å × 14.82 Å). The resulting 144 (112) atom cell was
four (six) layers thick, and the two (three) bottom layers were
ﬁxed to their bulk-like spacing. The k-point mesh for these
insulating systems was set to 1 × 1 × 1. The minimum vacuum
space between periodic images in the intact and decomposed
conﬁgurations on each of the surfaces is, respectively, Mg: 8.7 Å
and 8.0 Å; MgO: 6.1 Å and 6.0 Å; and MgCl2: 7.4 Å and 6.9 Å.
The adsorption energy, Ead, for DME on each surface was
calculated as
Ead = Esurf + DME − Esurf − E DME

(1)

where Esurf+DME is the total energy of the adsorbed DME/
surface system, Esurf is the energy of the isolated surface slab,
and EDME is the energy of the isolated DME molecule. The
energy of the isolated molecule was evaluated in both gas and
liquid phases. Although DFT adsorption energies are typically
only calculated with respect to a gas-phase molecule, the liquid
phase reference is more physically realistic in this scenario
because the DME will be a liquid in a real battery. The energy
of the liquid phase was determined by subtracting the
experimental latent heat of vaporization (36 kJ/mol)44 from
the DFT gas-phase energy.
The adsorption of DME on a single side of the electrode
surface will result in a dipole within the computational cell
when periodic boundary conditions are applied. Such a dipole
can, in principle, impact the energy and forces of the calculation
in an unphysical fashion.45 We determined the impact of dipole
interactions in each DME/surface cell and found only a modest
eﬀect; adsorption energies diﬀered by, at most, around 3%. In
addition, the eﬀect of increasing the plane wave energy cutoﬀ
and the k-point mesh in each system was calculated. Again, the
system energies displayed only modest diﬀerences, with the
largest eﬀect modifying the adsorption energy by around 10%.
Our calculations assume that DME decomposition occurs
following adsorption of an intact DME molecule on the anode
surface. A classical MC-simulated annealing algorithm and
physical intuition were used to produce a set of low energy,
intact adsorption conﬁgurations on each anode surface
composition. Input to the MC algorithm included partial
charges, which we calculated within DFT using the Bader
charge analysis scheme;46−49 a DFT-relaxed, ﬁxed surface
structure; a set of more than 200 low-energy conformations of
the DME molecule; and the COMPASS II force ﬁeld.50 The
ﬁve lowest energy conﬁgurations for each surface from the MC
calculations were used as input to relaxation calculations using
vdW-DFT.
In addition to these MC-generated structures, additional
candidate structures were generated using the ﬁve main DME
conformers found in the liquid state.51 Intuition was used to
position these conformers in a diverse set of positions on the
anode surface, followed by relaxation with vdW-DFT. The
results from both methods were analyzed, and the lowest
energy adsorbed geometry for each surface structure was
selected for further analysis. These adsorbed geometries will
henceforth be referred to as “intact” conﬁgurations.
Starting from the intact conﬁgurations, the most probable
decomposed structures were determined by calculating the
energies of dozens of possible DME decomposition products
on each surface. A single bond was systematically cleaved from

■

RESULTS AND DISCUSSION
Thermodynamics of DME Decomposition. Figure 1
illustrates the structures of the three model Mg anode surfaces
and of the solvent molecule (DME) investigated in this study.
The surfaces, which include Mg(0001), MgO(100), and
MgCl2(0001), represent the lowest energy surfaces for each
composition. In the case of MgCl2, the Cl-terminated surface of
α-MgCl2 was selected. This surface was reported to be nearly
three times lower in energy than the next lowest energy
termination.38 The DFT-computed surface energies as
determined in the current study are 0.56, 0.83, and 0.10 J/
m2, respectively. These values compare favorably with the
surface energies determined from similar calculations in the
literature: 0.55,41 0.88,9 and 0.097 J/m2,38 respectively. The
most favorable DME adsorption geometries on each surface,
representing the intact conﬁgurations, are shown in Figure 2.
The corresponding DFT adsorption energies with respect to
liquid phase DME are given in Table 1.
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Table 1. Summary of Calculated Adsorption (ΔEad),
Reaction (ΔErxn), and Activation (Ea) Energies on Each
Model Anode Surfacea
surface

ΔEad (eV)

ΔErxn (eV)

Ea (eV)

Mg(0001)
MgO(100)
MgCl2(0001)

−0.32
−0.52
−0.02

−4.04
−0.03
−0.06

0.24
2.92
3.52

ΔEad is the adsorption energy for DME with respect to the liquid
phase (eq 1), ΔErxn is the reaction energy associated with the
decomposition of DME (eqs 2−4), and Ea is the activation energy for
the decomposition reaction.
a

the lowest energy (roughly linear) conformation, Figure 2c,f,
observed for an isolated molecule,51 consistent with a weak
interaction with the surface and its nearly thermoneutral
adsorption energy.
As explained in the previous section, the energies of dozens
of decomposed DME conﬁgurations (63 on Mg, 74 on MgO,
and 53 on MgCl2) on each surface were calculated by cleaving a
C−H, C−O or C−C bond. In some cases, a second bond was
also cleaved. An earlier study on the LiMn2O4 surface found
that cleaving a second bond was necessary to arrive at a lowenergy decomposed structure.27
Figure 3 shows a summary of the DFT-calculated
decomposition energies with respect to the intact conﬁguration
on each surface (structures that relaxed back to the intact
conﬁguration following bond cleavage have been omitted).
Turning ﬁrst to Mg(0001), Figure 3a, the calculations reveal
that DME decomposition is strongly exothermic on this
surface: there exist many decomposed conﬁgurations that are
more than 1 eV lower in energy than the intact conﬁguration.
Furthermore, we observe that bond cleavages that create larger
molecular fragments tend to be favored over the abstraction of
smaller molecules (or atoms). For example, the abstraction of a
methoxy (CH3O) fragment is energetically preferred over the
abstraction of an H atom by roughly 2 eV. This is explained by
the fact that these larger fragments tend to be electrondeﬁcient, yet they can compensate for this deﬁciency by pulling
electron density from the pristine Mg surface (as shown
below).

Figure 1. Model magnesium anode surface compositions examined in
this study: (a) Mg(0001), (b) MgO(100), and (c) Cl-terminated
MgCl2(0001). (d) Structure of the solvent, DME, examined in this
study. Sample cleavage points for C−H and C−O bonds are shown.
Mg, O, Cl, C, and H atoms are colored yellow, red, green, black, and
white, respectively.

DME adsorbs exothermically (corresponding to a negative
adsorption energy in eq 1) on all surfaces. However, adsorption
is more exothermic on the Mg and MgO surfaces, with energies
of −0.32 and −0.52 eV, respectively, compared with −0.02 eV
on MgCl2. Mg atoms can be found in the surface layer for both
Mg and MgO slabs, and on these surfaces, adsorbed DME
orients itself so that the ethereal O atoms in DME are directly
above these Mg atoms. Figure 2a,b shows that adsorbed DME
adopts a bent geometry on these two surfaces, which is distinct
from the linear geometry observed for isolated DME. The
distances between surface Mg and O within DME are 2.40 and
2.25 Å on Mg(0001) and 2.46 and 2.25 Å on MgO(100).
These distances are slightly larger than the Mg−O bond
distance in bulk MgO of 2.11 Å. On MgCl2, DME maintains

Figure 2. Images of the lowest energy intact conﬁgurations of DME on: (a,d) Mg(0001), (b,e) MgO(100), and (c,f) Cl-terminated MgCl2(0001).
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Figure 3. Energies of various DME decomposition products with respect to intact, adsorbed DME on the (a) Mg, (b) MgO, and (c) MgCl2 surfaces.
Negative energies represent an exothermic decomposition reaction. The symbol shape identiﬁes the diﬀerent types of decomposition products. The
lowest energy products are circled in red and are depicted in Figure 4.

Figure 4. Lowest energy decomposition products of DME on (a,d) Mg(0001), (b,e) MgO(100), and (c,f) MgCl2(0001).

decomposition on the oxide and chloride surfaces, ΔErxn =
−0.03 and −0.06 eV, respectively. As will be shown later, these
reaction energies can be correlated with the ability of the
pristine Mg surface to stabilize the DME decomposition
products via charge transfer.
The most favorable decomposed conﬁgurations on each
surface were subjected to additional analysis. The geometries of
these conﬁgurations are depicted in Figure 4. On Mg(0001),
the lowest energy decomposed conﬁguration can be obtained
from the intact structure via the cleavage of two C−O bonds,
forming two CH3O (methoxy) fragments that dissociate from
the DME molecule and move to hollow hcp sites on the
surface. NEB calculations (discussed below) indicate that the
methoxy fragments break oﬀ from the original DME molecule
sequentially. Following the abstraction of the methoxy
fragments, the remainder of the DME molecule evolves from
the surface as ethylene gas (C2H4). Thus, the overall reaction is
given by

In contrast, DME decomposition is approximately thermoneutral on the MgO and MgCl2 surfaces, Figure 3b,c: more
speciﬁcally, the decomposed conﬁgurations (circled in red) on
MgO or MgCl2 are only slightly lower in energy (less than 0.1
eV) than the intact conﬁguration. Nonetheless, the presence of
the oxide and chloride surfaces do have a small but favorable
energetic eﬀect, as they reduce the decomposition energies
relative to their values in the gas phase. For example, these gasphase decomposition energies (determined from a diﬀerence in
the energies of intact and decomposed DME, using the same
decomposition products as found for the surface-mediated
reaction) are endothermic: 0.25 eV (assuming MgO products)
and 0.04 eV (assuming MgCl2 products) for MgO and MgCl2,
respectively. In general, the most favorable decomposition
products on these surfaces are stable molecules (i.e., satisfying
the octet rule) that exhibit negligible charge transfer with the
surface (as will be shown below).
The energies of the most favorable decomposition reactions,
ΔErxn, are shown in Table 1. These data demonstrate that DME
decomposition is thermodynamically favorable on the pristine
Mg surface; here, decomposition is strongly exothermic, ΔErxn
= −4.04 eV, with respect to the intact structure. There is littleto-no thermodynamic driving force, however, for DME

C4 H10O2 → 2CH3O + C2H4(g)

(2)

where C4H10O2 is the intact, adsorbed DME, 2CH3O
represents the two adsorbed methoxy fragments, and C2H4 is
a gaseous ethylene molecule. Ethylene gas has been reported to
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Figure 5. Minimum energy pathways for the most favorable DME decomposition reactions on (a) Mg(0001), (b) MgO(100), and (c) MgCl2(0001)
obtained using the NEB method. Energies are with respect to the intact, adsorbed conﬁguration on each surface, corresponding to the point at which
the reaction coordinate is equal to zero.

evolve in Li battery cells in both EC-based electrolytes56,57 and
in DOL/DME-based solutions.58
On the MgO and MgCl2 surfaces, the most stable
decomposed conﬁgurations are formed through a single C−O
bond cleavage, in conjunction with the exchange of an H atom
between the two fragments formed by this cleavage. The overall
reaction on MgO is
C4 H10O2 → CH3OH + CH 2CHOCH3

Reaction Barriers for DME Decomposition. Following
the analysis of the thermodynamic viability of DME
decomposition on each surface, the kinetics of the three
primary decomposition reactions were subsequently assessed.
This was accomplished by determining the reaction barriers
from NEB calculations. The MEPs (calculated from the NEB)
for the decomposition reactions are shown in Figure 5; the
heights of the corresponding reaction barriers are listed in
Table 1. Images showing the instantaneous structure of the
DME/surface systems along the MEP are shown as insets in
Figure 5. The initial and ﬁnal points on each curve correspond
to the intact (Figure 2) and decomposed (Figure 4)
conﬁgurations, respectively. All energies are plotted with
respect to the intact conﬁguration, which is assigned an energy
of zero.
Turning ﬁrst to the pristine Mg surface, Figure 5a shows that
the MEP exhibits two downhill steps in energy, corresponding
to two C−O bond cleavages. The barrier for the ﬁrst bond
cleavage is relatively small, 0.24 eV, whereas the second bond
cleaves spontaneously (i.e., without a barrier). The low kinetic
barrier for this pathway suggests that DME decomposition
should be a rapid process on the pristine Mg surface.
In contrast, on the MgO and MgCl2 surfaces, the MEP in
both cases exhibits a single, very large barrier with heights of
2.92 and 3.52 eV, respectively, Figure 5b,c. Earlier, we described
DME decomposition on these surfaces as occurring through a
combination of C−O bond cleavage and H exchange between
fragments. The NEB calculations indicate that the barrier
associated with these reactions can be primarily attributed to
the H-exchange step, with C−O cleavage occurring before the

(3)

and on MgCl2, the overall reaction is
C4 H10O2 → CH 2O + CH3CH 2OCH3

(4)

where CH3OH, CH2CHOCH3, CH2O, and CH3CH2OCH3
represent DME fragments that remain adsorbed to the surface
following decomposition.
On both MgO and MgCl2, the initial C−O bond cleavage
creates two species on the surface: a methoxy fragment and the
remainder of the DME molecule. On MgO, a H atom is
transferred from the remaining DME fragment to the methoxy
fragment, generating a methanol (CH3OH) and a methyl vinyl
ether (CH2CHOCH3) molecule. It was postulated in a recent
experimental study that methanol was formed as an
intermediate product in the decomposition of a diglymebased electrolyte in a lithium−sulfur battery.59 On MgCl2, H
atom transfer between fragments is also observed but occurs in
the opposite direction. That is, H is transferred from the
methoxy fragment to the remaining DME fragment, leaving a
formaldehyde (CH 2 O) and a methyl ethyl ether
(CH3CH2OCH3) molecule on the surface.
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Figure 6. Evolution of Bader charge on selected atoms as a function of the reaction coordinate for DME decomposition on: (a) Mg, (b) MgO, and
(c) MgCl2 surfaces. For clarity, only those atoms exhibiting signiﬁcant charge transfer are shown. Atoms are labeled using the same scheme as in
Figures 2 and 4.

analysis.46−49 The evolution of the Bader charges along the
MEP on each surface is displayed in Figure 6 and summarized
in Table 2. For clarity, we have limited our discussion to only
those atoms showing an appreciable change in their Bader
charge between the intact and decomposed states.
Bonding in the pristine Mg surface is metallic, whereas both
of the MgO and MgCl2 surfaces exhibit an ionic behavior.
Consequently, electrons on the two ionic surfaces will be more
localized than those in metallic Mg. This metallic behavior, and
the fact that Mg is a relatively electropositive element60
suggests that the Mg surface is more amenable to oxidation
than either of the more stable compounds, MgO or MgCl2.
This, in turn, allows for more facile donation of electrons to
DME decomposition products, with the potential to stabilize
these fragments.
During DME decomposition on the Mg surface, a total of
1.62 e− is transferred from the surface to the decomposition
products, Table 2. Figure 6a shows that there are two primary
charge exchange events during the reaction, each coinciding
with a downhill step in energy on the MEP and to a C−O bond
cleavage. These charge exchanges occur at reaction coordinates
of roughly 10 and 21 Å in Figure 6a. In both exchanges, charge
is pulled from surface Mg atoms surrounding the electrondeﬁcient O atom in the recently abstracted CH3O fragment.
The relevant atoms are Mg1, Mg2, Mg3, and O1 in the ﬁrst
charge exchange, and Mg3, Mg4, Mg5, and O2 in the second
exchange. As these charge-transfer processes coincide with
decreases in energy, it appears that the transfer of charge
stabilizes the decomposition products. In total, O1 and O2 are
both reduced during DME decomposition, with each atom

maximum on the MEP is reached. These large barriers suggest
that DME decomposition is kinetically hindered on the oxide
and chloride surfaces. (We note the existence of a dip on the
MgCl2 MEP, Figure 5c, between the third and fourth images,
suggesting that there is a conﬁguration with a lower energy than
the decomposed state. However, this appears to be an artifact of
noisy forces; adding a new image between the original third and
fourth images and re-running the NEB did not converge to a
conﬁguration lower in energy than the decomposed state.)
The mechanism for DME decomposition on the pristine Mg
surface was also evaluated using an approximate metadynamics52−55 simulation at 300 K. This simulation is described
as “approximate” because relatively large bias-potential
depositions were applied at a rapid rate, to minimize the
computational expense. The reaction barrier can be overestimated under these conditions. Nevertheless, the metadynamics simulations predicted a reaction mechanism that was
nearly identical to that obtained with the NEB, including the
cleavage of the second C−O bond without the application of a
bias potential. This observation lends further support for the
spontaneous abstraction of the second methoxy fragment,
consistent with the NEB results. As expected, the free-energy
barrier via metadynamics, 0.58 eV, is larger than that obtained
from the NEB. While some portion of the larger barrier may be
traced to entropic eﬀects, we also anticipate that smaller
increments to the bias potential and more time between biaspotential depositions will also yield a barrier more similar to
that of the NEB, as previously mentioned.
Charge-Transfer Analysis. Charge transfer between DME
and each anode surface was analyzed using a Bader charge
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reaction energy for DME decomposition on MgO is only
slightly more exothermic than for the same reaction in the gas
phase. The lack of charge transfer on MgO, in conjunction with
the similarity of the reaction energies and energy barriers for
the surface-mediated and gas-phase reactions, suggests that the
MgO surface is essentially inert (i.e., does not aid signiﬁcantly
in the decomposition of DME). Conversely, the calculations
aimed at evaluating the gas-phase DME decomposition
pathway (as initialized from the Mg surface pathway) did not
converge after ∼4500 ionic relaxation steps. This behavior,
combined with the large charge transfer and exothermic DME
decomposition energy discussed previously, suggests that the
Mg(0001) surface plays a signiﬁcant role in mediating DME
decomposition.
To summarize, DME decomposition is both thermodynamically and kinetically favorable on the pristine Mg surface. In
contrast, the MgO and MgCl2 surfaces are relatively inert.
These results suggest that the performance of Mg anodes in
DME-based electrolytes could be improved by evolving
chloride- or oxide-based surface ﬁlms, as these will hinder
DME decomposition. Such a process would be analogous to
the formation of a solid electrolyte interphase (SEI) on the
anode of Li-ion batteries.1 In Li-ion cells the formation of the
SEI limits electrolyte decomposition, yet allows for the
transport of Li-ions between the electrolyte and the underlying
electrode. In Mg-ion systems, the possibility of forming a
similarly functioning SEI has been debated.1,14,16,61 For
example, some surface ﬁlms on Mg anodes have the potential
to block the transport of Mg2+ across their thickness.1,14,16
Nevertheless, recent work by Arthur et al.61 suggests that the
blocking behavior of Mg SEIs may not be universal. In that
study, magnesium deposition and stripping were examined in
symmetrical Mg/Mg cells containing borohydride electrolytes.
Evidence for the formation of an SEI was suggested by several
surface characterization techniques. Notably, the formation of
the SEI did not prevent magnesium deposition and stripping.
With regard to the surface compositions analyzed in this
study, it is expected that Mg-ion diﬀusion through crystalline
MgO would be slow.62 Nevertheless, transport could be
suﬃciently fast if the oxide was very thin, amorphous, or
porous.63 We are aware of no measurements or calculations of
Mg-ion diﬀusion through MgCl2. However, since MgCl2 is a
layered material with large interplanar spacing along the ⟨0001⟩
direction, ion transport within these planes could potentially be
fast. Earlier experimental work has shown that the formation of
a Mg−Cl enhancement layer on the anode surface coincides
with improved performance.20,22 Undoubtedly, more detailed
experimental characterization of the structure and composition
of the “Mg SEI” will be helpful in clarifying the mechanisms
responsible for eﬃcient operation of Mg anodes.

Table 2. Bader Charges (in Electrons) on Selected Atoms or
on the Entire DME Molecule before (qintact) and after
(qdecomposed) DME Decompositiona
qintact
Mg1
Mg2
Mg3
Mg4
Mg5
O1
O2
DME molecule
C1
H1
O1
DME molecule
C1
C2
DME molecule

Mg(0001)
0.51
0.01
0
0.23
−0.01
−1.06
−1.06
−0.24
MgO(100)
0.46
0.09
−1.02
−0.08
MgCl2(0001)
0.44
0.43
0

qdecomposed

Δq

0.28
0.28
0.72
0.26
0.22
−1.41
−1.41
−1.86

−0.23
0.27
0.72
0.03
0.23
−0.35
−0.35
−1.62

0.12
0.64
−1.19
−0.08

−0.34
0.55
−0.17
0

0.95
0.15
0

0.51
−0.28
0

Δq is the net charge transferred during DME decomposition (Δq =
qdecomposed − qintact).

a

gaining 0.35 e−. On the other hand, the majority of surface Mg
atoms (Mg2−5) are oxidized; only Mg1 experiences a net gain in
charge, and it’s charge state exhibits a complex ﬂuctuation as a
function of the reaction coordinate, Figure 6. The 0.24
electrons transferred to the intact DME (Table 2) is likely an
artifact of inaccurate charge partitioning in the Bader analysis.
In an earlier study (ref 8), we determined that the lowest
unoccupied molecular orbital (LUMO) for DME is 600 mV
(GGA) to ∼2 V (G0W0) more negative (i.e., higher in energy)
than the Mg/Mg2+ level. This implies that the amount of charge
transferred from the Mg electrode to the DME LUMO is
negligible. Figures S1−S3 show the partial density of states for
isolated DME and for selected adsorbed conﬁgurations along
the decomposition reaction pathways on all three surface
phases. The DME LUMO is positioned at a higher energy than
the Fermi level of the surfaces, indicating that reductive charge
transfer to intact DME is unlikely.
A very diﬀerent behavior is observed on the oxide and
chloride surfaces. In these cases, no signiﬁcant charge is
transferred between the surface and the decomposed DME
products, Table 2. The only charge transfer that occurs is
between atoms in the DME fragments. The resistance to charge
transfer from these ionic surfaces (i.e., oxidation) reﬂects their
high stability. The outcome is that the DME fragments are not
stabilized by charge transfer, and the decomposition reactions
generate products whose energies are roughly equivalent to
those of the unreacted DME molecule.
The reaction pathways for the gas-phase decomposition of
DME were also examined. This was achieved by initializing a
NEB calculation from the surface-mediated pathways shown in
Figure 5, but with the surfaces removed from the computational
cell (gas-phase decomposition based on the MgCl2 pathway
was not investigated, as it is expected to be similar to the
analogous pathway on similarly-inert MgO). When initiated
from the MgO pathway, these calculations reveal that the shape
and reaction barrier for the gas-phase pathway are similar to
those found on the surface. Earlier, it was mentioned that the

■

CONCLUSIONS
Magnesium is a promising anode material for use in nextgeneration batteries because of its high energy density,
abundance, and its reduced tendency to form dendrites.
Nonetheless, the development of a practical Mg battery must
overcome several challenges. Among these is the decomposition of the electrolyte solvent, which can contribute to
passivation of the anode surface, thereby preventing reversible
plating/stripping of Mg during battery cycling. The present
study has examined the thermodynamics and kinetics of
electrode-mediated solvent decomposition in Mg batteries
using ﬁrst-principles calculations. The initial steps in the
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reaction pathway associated with decomposition of a model
solvent, DME, on three relevant negative electrode surface
compositionsMg(0001), MgO(100), and MgCl2(0001)
were examined.
These calculations have revealed two distinct scenarios for
DME decomposition. On the metallic surface, solvent
decomposition is highly exothermic and rapid, with ethylene
gas predicted to evolve as a product. Reductive charge transfer
from the Mg(0001) surface to the DME fragments aids in
reducing kinetic barriers and stabilizes the decomposed state.
On the other hand, both of the ionic MgO(100) and
MgCl2(0001) surfaces were observed to be relatively inert,
with limited impact on solvent decomposition. Decomposition
on these surfaces is approximately thermoneutral, indicative of
a weak thermodynamic driving force for these reactions. The
decomposition reaction pathways also exhibit large energy
barriers, which are attributed to a slow H-exchange process
between fragments. Additional evidence for the limited role
played by these surfaces can be found in the negligible amount
of charge transferred between the surface and the adsorbed
DME.
These outcomes have several important consequences for
electrolyte/anode interfaces in Mg batteries:
(1) Mg metalwhose presence can result from cracking/
exfoliation of an existing SEI, or electro-deposition of Mg
during chargingwill readily decompose DME into
ethylene gas and adsorbed methoxy fragments.
(2) The resulting fragments may further evolve into
adherent, stable phases (i.e., ﬁlms comprised of oxides,
hydroxides, carbonates, etc.) that are less likely to
promote solvent decomposition.
(3) Although the aforementioned ﬁlms will slow the rate of
solvent consumption, their ability to transport Mg ions
during plating/stripping will determine whether they are
helpful (as in an SEI) or harmful (i.e., passivating) to cell
operation overall. These transport properties will be
strongly inﬂuenced by the structure (crystallinity,
porosity) and composition of the ﬁlms. Unfortunately,
these microstructural properties are diﬃcult to predict at
the level of ﬁrst-principles calculations.
(4) In the case of Cl-containing electrolytes, the present
calculations support the hypothesis that a Mg−Cl
enhancement layer on the anode surface can improve
the performance by limiting solvent decomposition.
Furthermore, the layered (vdW) structure of crystalline
MgCl2 may allow for facile Mg-ion transport. Thus,
MgCl2 may be an important component of a Mg anode
SEI.
Ultimately, an ideal Mg anode should exhibit a surface ﬁlm
that limits solvent decomposition, yet allows for the rapid
transport of Mg2+ across its thickness. The development of
strategies that balance these requirements will accelerate the
commercialization of Mg-ion batteries.
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