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Advancing Electrolyte Solution Chemistry and Interfacial
Electrochemistry of Divalent Metal Batteries
Hui Wang,[a, f] Jaegeon Ryu,[a, f] Yuyan Shao,*[a, f] Vijayakumar Murugesan,[b, f]
Kristin Persson,[c, d, f] Kevin Zavadil,[e, f] Karl T. Mueller,[b, f] and Jun Liu[a]
Divalent metal (Mg, Ca, etc.) battery chemistries potentially
provide a sustainable long-term technical solution for largescale energy storage because of the high natural abundance of
divalent metal elements in the earth crust. Good progress has
been made on materials especially electrolyte development in
the past years; however, significant challenges exist, particularly
the very limited fundamental understanding of electrolyte
solution chemistry and interfacial electrochemistry. In this

perspective, we review and discuss key discoveries and understanding of divalent battery chemistry with a focus on electrolyte-dependent interfacial electrochemistry of divalent metal
anodes. A concise review of electrolyte development, operando
studies of the electrified interfaces, and unique charge-transfer
process is provided; the knowledge gaps and future research
directions are discussed.

1. Introduction

potentially some concerns about its cost, safety, and resource
limitation. Divalent metals (e. g. Mg, Ca, etc.) provide great
potential to address these concerns. Divalent battery chemistry,
such as Mg2 + and Ca2 +, can offer significant improvements in
the
volumetric
capacity
(Mg:
3833 mAh cm 3;
Ca:
3
3
2073 mAh cm vs. Li: 2062 mAh cm ); The divalent metals are
much more abundant in the earth crust (Mg: 23300 ppm, Ca:
41500 ppm vs. Li: 20 ppm ), thus drastically reducing the cost
and environmental impact of producing raw materials (Mg: $
0.26 g 1, Ca: $ 0.66 g 1 vs. Li: $ 1.44 g 1).[2]
Although divalent batteries can potentially achieve high
volumetric energy densities using metallic anodes, discovering
a single electrolyte, which is capable of reversible divalent
metal plating/stripping at the anode and supporting reversible
intercalation/deintercalation in high-voltage cathodes, remains
a significant scientific and technical challenge.[2b,c, 3] Especially,
the high charge density of M2 + (Mg2 + : 120 C mm 3, Ca2 + :
52 C mm 3 vs. Li + : 52 C mm 3) poses a huge energy barrier for
solid-state diffusion of divalent ions in the bulk host materials
and within the interfacial layer on the surface.[2c] The development of versatile divalent electrolytes has been curbed by
multiple factors such as limited chemical and electrochemical
compatibility with the electrodes (i. e. narrow electrochemical
stability window),[2b] lack of reversible divalent metal plating/
stripping, instability against current collectors, low divalent ion
mobility, the formation of ion pairs (i. e. low divalent cation
transference number: t +) and low Coulombic efficiency (CE).
Among them, reversible electrochemical plating/stripping of
divalent metals is a limiting step for developing rechargeable
divalent metal batteries, in which electrolytes play an essential
role. The interphase chemistry has been well-studied in the
alkali metal (e. g. Li, Na, K, etc) batteries, where a solid
electrolyte interphase (SEI) can permit the monovalent cations
to migrate and facilitate the charge-transfer process during
plating/stripping. However, it is still debatable whether the SEI
model applies to the divalent metal anodes due to different
chemical reactivity and higher cation charge density. Roles of

Divalent metal electrochemistry and interfacial chemistry is the
foundation of divalent metal battery technology development.
In the past years, there has been good progress in materials
discovery for divalent batteries;[1] however, limited fundamental
understanding of divalent interfacial electrochemistry indicates
this is still an under-explored field, which presents great
opportunities for scientific discoveries that may lead to
disruptive battery technology development. Battery energy
storage is playing an ever-increasing, important role in today’s
society, driven by the electrification of transportation, smart
grid, portable devices, and other applications. While the stateof-the-art battery technology, Li-ion battery (LIB), has enabled
portable electrical devices broadly and is transforming the
electric transportation and reliable renewable grid, there are
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the electrified interface between electrolytes and divalent metal
anodes are yet to be fully elucidated for reversible plating/
stripping, which is the main topic of this review. Different from
previous critical reviews on anodes (including alloys),[4]
electrolytes,[2b,3a,b,5] cathode materials,[2c,6] overall system
progress,[7] in this paper, we mainly focus on advances of the
interface chemistry on divalent metal anodes in terms of cation
solvation and coordination, interfacial charge-transfer, and
dynamic surface layer (Figure 1). Before we discuss interface
chemistry, we need to understand electrolyte systems including
solution coordination chemistry for divalent metal batteries.

2. Electrolytes and Electrolyte-dependent
Interfaces

Figure 1. Parameters dictating the interphase chemistry on divalent metal
anodes.

2.1. Electrolyte Design and Development
2.1.1. Grignard-based Electrolytes
(R, R’ = n-butyl and/or ethyl, x = 0–2, y = 0–3) in tetrahydrofuran
(THF) solutions.[11] The equilibrium electroactive species are the
consequence of transmetalation reactions, where the organic
and inorganic ligands are rapidly exchanged between the Mg
and Al cores, and have improved oxidative stability to ca. 2.2 V
on Pt. Incorporating the electron-withdrawing halogen ligands
on the organoaluminate core extended the electrochemical
window of the solution without compromising the reversibility
of the Mg deposition-dissolution process. Nonetheless, the
limited anodic stability of these electrolytes is associated with
the relatively weak aluminum-carbon bond that electrochemically breaks via β-H-elimination. The aliphatic ligands were
further substituted by phenyl (i. e. PhMgCl as the new Lewis
base), which does not possess β hydrogen, by Aurbach et al. in
2011 to develop the all phenyl complex (APC)-type

The first successful demonstration of Mg plating/stripping can
date back to the early 20th century in Grignard reagents (RMgX,
where R is an alkyl or aryl group, and X is Cl or Br) in ethereal
solutions,[8] in which Mg electrodeposits are not passivated.
However, they are not suitable electrolytes for real applications
due to their intrinsically reducing power and poor oxidative (i. e.
anodic) stability (typically less than 1.5 V vs. Mg0/2 + on Pt
working electrode (WE)). The pioneering work by Gregory et al.
in 1990[9] suggested that the addition of strong Lewis acids (e. g.
AlCl3 and organoborates[10]-BBu2Ph2 , etc.) into Grignard reagents can improve the anodic stability, and this strategy was
later further developed into the DCC (“Dichloro Complex”)
electrolyte family, which is based on the reaction products of
the Lewis bases RxMgCl2-x with a variety of Lewis acids R’yAlCl3-y
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electrolytes;[12] the resultant new electrolytes push the oxidative
stability to ca. 3.3 V on Pt.
A boron-based electrolyte,[13] similar to the APC electrolyte,
through the reaction of tris(3,5-dimethylphenyl)borane (Mes3B)
and PhMgCl in THF, was developed by Yang et.al. in 2012. It is
now well-accepted that the Lewis base of organomagnesium
halide does not exist in ethereal solvents as single compounds,
but rather an equilibrium mixture of various compounds (i. e.
Schlenk equilibrium) including high nucleophilic R2Mg or
Ph2Mg.[9] To expand the cathode material pool limited by these
nucleophilic species, the same transmetalation route was
employed to prepare a non-nucleophilic electrolyte of [Mg2(μCl)3 · 6THF][HMDSAlCl3] (HMDS: hexamethyldisilazide) that has
an electrochemical window up to 3.2 V on Pt,[14] in which
HMDSMgCl is a non-nucleophilic Lewis base and AlCl3 is the
Lewis acid. Other solutions using alkoxides,[15] borates,[16]
coupled with AlCl3,[17] have been proposed to prepare electrolytes with favorable characteristics. Later, the inorganic Mg
aluminum chloride complex (i. e. MACC) was further presented
which comprises the acid-base reaction products between
MgCl2 and AlCl3 in THF.[18] One drawback of these electrolytes,
based on transmetalation strategy, is that they prohibit the
exploration of organic anionic supporting ligands and introduce
other metals that lead to undesirable side reactions (i. e. Al codeposition). Besides, the inorganic chloride was found to be the
only suitable anionic supporting ligand for Mg ions in these
systems.[19] However, the presence of halide ions corrodes
battery components, which push the community to develop
halogen-free Mg salts, which possess high oxidative (anodic)
stabilities, high anti-corrosion stability, and high compatibility
with Mg metal.

2.1.2. Carborane-based Electrolytes
The monoanionic icosahedral closo-carborane-HCB11H11 was
discovered by Mohatadi et al. in 2015 as an excellent candidate
to replace Cl ,[20] because the anionic charge is part of the cage
bonding and fully delocalized over this 12-vertex cage. Further,
some substituted HCB11H11 anions, lacking lone pairs of
electrons and nucleophilic sites, are among the weakest
coordinating anions. The new electrolyte formulation of Mg(HCB11H11)2/tetraglyme (G4) possesses a wide electrochemical
window of 3.6 V on Pt and 99 % CE calculated by the charges
passed during Mg plating/stripping in cyclic voltammetry (CV)
scan (CV method) over 100 cycles. Later, the synthesis of
Mg(HCB11H11)2[21] and Mg (HCB9H9)2[22] was reported in 2015–
2017 through a different cation reduction synthesis methodology. The oxidation of this parent anion of HCB11H11 in
different solvents was systematically studied with coupled
computational and experimental methods in 2018;[23] it was
revealed that the anodic stability of the HCB11H11 anion is
defined by its oxidation to a neutral radical at 4.6 V (on Pt),
independent of the solvent employed (Figure 2a). Most recently, the low solubility of Mg(HCB11H11)2 in less coordinating
ethers has been improved by the solvent blends such as
dimethoxyethane (DME)/diglyme (G2), THF/DME or G2, DME/
dioxolane (DOL).[24] A derivatization example of FCB11H11 was
demonstrated with an even broader electrochemical window of
4.9 V on Pt. The high anodic stability is possibly associated with
the passivation layer, which is formed by a rapid reaction
between RCB11H11. radicals in either the H or F terminated
anion with the anion, solvent, or impurities.
Despite the favorable properties of Cl -free electrolytes, the
nontrivial synthesis, and the associated high costs would be a

Figure 2. Rational designs of the counter anion in the divalent metal chemistry. a) Coupled computational screening and experimental validation were used
to identify electrochemically stable RCB11H11 anion derivatives. Reproduced with permission from.[23] Copyright 2018 American Chemical Society; b) Calculated
electrochemical windows (IP/EA) of different salt anions in different solvent dielectric media. All the values are reported vs. Mg2 + /Mg, and the solvent effect is
considered by the IEF-PCM model. IP/EA of well-solvated anion where red dots are EAs (electron affinity: the energy gained for a reduced anion); blue dots are
IPs (ionization potential: the energy penalty to oxidize an anion). Reproduced with permission from.[31] Copyright 2015 American Chemical Society. c) A brief
history of Mg electrolyte breakthroughs with a tradeoff between expanded electrochemical windows and inferior reversibility of Mg plating/stripping.
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major drawback from the application point of view. It is of
importance to develop “simple” electrolytes, i. e., consisting of
metal salts with well-defined cation and anion in the common
organic solvents such as THF, glymes, etc., like those for Li-ion
batteries. Mg(PF6)2, a compound previously considered incapable of reversible Mg deposition, was demonstrated with
favorable electrochemical behavior in acetonitrile (AN).[25] The
only “simple” and commercially available combinations of salt
and solvent for reversible Mg electrodeposition, include Mg bis
(trifluoromethanesulfonyl)imide (Mg(TFSI)2),[26] Mg trifluoromethanesulfonate (Mg Triflate(OTf)),[27] Mg borohydride (Mg(BH4)2),[28] and MgCl2.[26b] Despite moderate improvements with
these salts dissolved in glyme solvents,[26,29] or ionic liquids,[30]
the overall electrolyte performance (electrochemical reversibility
of plating/stripping and anodic stability) is still far from being
practical for battery systems.

calculated by CV method, low overpotential for reversible Mg
deposition, and anodic stability up to 4.0 V on SS, Ti, Al, and GC.
Based on these reports,[42] it is reasonable to expect that other
boron-based bulky and weakly coordinating anions-based
electrolytes hold promise in the development of Mg
electrolytes[43] and Ca electrolytes.[44]
Despite recent advances on divalent metal electrolytes
(Figure 2b and Table 1), most electrolyte systems cannot meet
all performance metrics (Figure 2c), i. e., high anodic stability at
the cathode, high cathodic stability at the metallic divalent
anode, high charge-transfer kinetics for both electrodes, and
long-term cycling performance. To date, fluoroalkoxyboratebased Mg electrolytes show excellent anodic stability but
insufficient cathodic stability due to a potential passivation film
formed on Mg or Ca anodes. DCC-derived electrolytes and new
electrolytes using the combination of simple Mg salt and special
Mg additive (e. g. MgCl2 and Mg(BH4)2, etc.) demonstrate
sufficient cathodic stability, i. e., the CE of Mg plating/stripping
can reach 100 %, but exhibit low anodic stability. Especially, the
underlying fundamental reason for 100 % CE and passivationfree characteristics are yet to be fully exploited in these systems.
The bottom-up understanding of the interfacial charge-transfer
during reversible Mg plating/stripping could allow us to rationally design an ideal electrolyte formulation that can meet
requirements for both electrode sides in divalent metal
batteries.

2.1.3. Fluorinated Alkoxy-based Electrolytes
New Mg salts are continuously developed with readily
resourced materials that can enable high conductivity, reversibility, and compatibility. Inspired by electrolyte designs for Liion batteries,[32] the bulky and weakly coordinating anions are
of interest due to their expanded electrochemical window. A
facile
method
of
synthesizing
Mg-tetrakis
(hexafluoroisopropyloxy)aluminate (Al(hfip)4 ) (Mg[Al(hfip)4]2)
was reported in 2016[33] and the mixture of this salt in DME can
impart a near 100 % CE calculated by CV method for Mg
plating/stripping and an enhanced electrochemical window of
> 3.5 V (vs. Mg2 + /Mg on glassy carbon (GC)). Besides, a class of
compounds (Mg[Z(ORF)4]2 , where Z=Al or B; RF = fluorinated
alkyl group) was presented using a more robust, facile, versatile
route of the anion metathesis reaction.[34] Remarkably, the asprepared solution of 0.60 M Mg[B(hfip)4]2 in DME presents
anodic stability up to 4.3 V on the stainless steel (SS) and Al,
which surpasses that of the DME solvent. Compared to
alkyloxyaluminate anions, alkyloxyborate anions are lighter and
generally less water sensitive. The alkyloxyborate anion of
B(hfip)4 has recently attracted increasing attention. One-step
in situ reaction of tris(hexafluoroisopropyl)borate [B(hfip)3]),
MgCl2[35] or MgF2[36] and Mg powder enabled the preparation of
Mg[B(hfip)4]2-based electrolytes.[37]
Recently, synthesis of Ca[B(hfip)4]2 was realized via a clean
and straightforward route by reacting Ca(BH4)2 with hexafluorisopropanol (hfip) in DME in 2019.[38] It can be prepared from
Ca(hfip)2 and B(hfip)3 through the Lewis acid-base reaction
analogous to the reported Mg[Al(hfip)4]2 by Arnold et al. in
2019.[39] Despite these advances based on Al(hfip)4 or B(hfip)4
anions,[40] their lack of chemical stability under ambient temperature still poses a challenge as they undergo chemical
decomposition in the presence of trace moisture. Recently, Liu
et al. reported a more stable salt of Mg fluorinated pinacolatoborate-Mg[B(O2C2(CF3)4)2]2 (Mg-FPB), which has strongly coordinating perfluorinated pinacolato bidentate ligands to stabilize
the boron center in 2019.[41] The Mg-FPB/G2 solution showed
an outstanding electrochemical performance of 95 % CE
ChemElectroChem 2021, 8, 1 – 18
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2.2. Solvation-dependent Stability
In most electrolytes for divalent battery systems, the solvation
structure of active cation species can be easily altered by
different donor oxygen/nitrogen denticity of solvents, strong
coordination agents, and different Lewis acids, maintaining the
dynamic charge equilibrium. Interestingly, the dielectric constant of a solvent is indirectly correlated to the solvation of
Mg2 +.[31] Persson et al. examined a matrix of salt and solvent
combination for potential Mg electrolytes, using combined
classical molecular dynamics and first-principles simulations,
and found Mg salts show a high tendency toward contact ion
pair formation and aggregates in most organic solvents.[31,45]
The solvation structure impacts not only the dynamics and
charge transfer of active Mg species but also the stability of
some anions[31,46] in the electrolyte, while there are many
uncertainties in understanding the ion solvation structure from
the computational study.[47] There exists a strong correlation
between ion-pair formation and an increased tendency toward
reduction of the anion (Figure 3a-b). At Mg metal anode
potentials, the ion pair undergoes reduction at the Mg cation
center, which can activate the anion for decomposition.
Compared to ion pair-dictated decomposition of TFSI , a few
anions, such as BH4 , Cl and BF4 , are stable against Mg metal
reduction. Therefore, it is of fundamental importance to understand how different solvation structures in the forms of ion
pairs (or active species) either incorporated with solvents are
formed and being used for the electrochemical plating/stripping
indeed, not just based on the developed salts itself. Accord-
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Table 1. Summary of HOMO/IP and LUMO/EA energy levels and the corresponding redox potentials for the anion component and Coulombic efficiency for
plating/stripping.
Mg electrolyte

DCC[11]

Anion

HOMO
[eV]

R’yAlCl3-y
(R’ = n-butyl and/or ethyl,
y = 0–3)
Ph2AlCl2
PhAlCl3
Ph4B
(C6F5)3BPh
(HMDS)2AlCl2
(HMDS)AlCl3 [58]
AlCl4

APC[12]

HMDS
+ AlCl3[14]
MACC[18a]
Carborane[23]

IPe
[V vs
Mg]

Uoxexpected

6.05
6.40
4.82
5.56

3.8
4.2
2.6
3.3

5.67

3.4

4.0 (Pt/SS/Ti/Al/
GC)
> 5.0 (SS, Al, Pt,
Au, GC)
~ 3.0 (Al)
~ 2.8 (GF)
~ 2.5 (SS)
3.6

TPFA in 3-methylsulfolane
or G3[43a]
B(Hfip)3/Cl in DME[35]

5.13
4.94
4.93
3.43
7.39

4.1
2.3
5.3
~ 1.7 (Pt)
~ 2.2 (Au)
> 3.0 (Pt)

TFSI/Cl in DME

Mg(OTf)2/MgCl2/DME

a
d

2.6 (Pt)
3.7 (Pt)
3.2 (Pt)
3.9 (Pt)
3.1 (Pt)
4.6 (Pt)
4.9 (Pt)
3.5 (Pt)
4.3 (SS/Al)

5.00

TFSI in AN
TFSI in THF
TFSI in G2
BH4 in THF
BF4 in AN
BH4 in DME[28]

EAf
[V vs
Mg]

Ured-

OTf/Cl in DME

1.9 (Al)
2.0 (SS)
2.4 (Ni)
3.1 (Mo)

CE [%]

expected

[V vs
Mg]
100.0 (Pt, mass)a
99.6 (Pt, charge)a

2.2 (Pt)

B or Al (ORF)4
RF = fluorinated alkyl
group[34]
B((CF3)4C2O2)2[41]

MgTFSI2 + Mg(BH4)2 or
MgCl2[31]

LUMO
[eV]

[V vs
Mg]

HCB11H11
FCB11H11

Alkoxy-based

Uox-reported
[V vs Mg]

0.06
0.06
0.54
0.42

2.3
2.2
1.7
1.8
95–100 (Pt)b
99 (Pt)b
98.8 (Cu)c
> 99 (Pt)b
> 99 (Pt)b
> 98 (from 3rd, Pt)d

2.70

95 (Pt)b
~ 96 (Pt)b
~ 98.5 (Cu)b

1.47
2.01
2.05
3.08
1.74
67 (Pt, Au)b
~ 100
(after conditioning,
Pt)a,b,c
89.9, 99.4 (1st, average, c-Al)d

Calculated by EQCM method, b Caculated based on the charges passed in CV measurement, c Calculated based on the macro-reversibility measurement,[26b]
Calculated based on the galvanostatic plating/stripping, e Ionization Potential, f Electron affinity.

ingly, there have been great efforts to identifying the active
species in the different electrolytes for divalent battery systems.
As representatively sorted out in case of Cl , BH4 , and TFSI
anions along with some bulky anions as well, active species can
dramatically change depending on the different combinations
of anions/solvents even with an identical anion (i. e. Cl , BH4 ,
and TFSI ) used.

in Mg(TFSI)2/triglyme (G3) solutions. DME, as a bidentate ligand,
strongly promotes the formation of divalent cations, such as
[Mg2Cl2]2 + and [Mg3Cl4]2 +, stabilized by intrinsically (or preferentially) bound DME molecules. The dramatic improvement in the
electrochemical properties, driven by the addition of chloride
anions into pristine MgTFSI2 solution in DME, could be
potentially attributed to weaker Mg ions-DME solvates, stabilized intermediates by ligand rearrangement, and barrier effect
of Cl containing complexes at the surface to prevent decomposition of TFSI anion. This strategy has been extended to high
concentration electrolytes of Mg(TFSI)2:MgCl2:2TGM for hightemperature applications.[49]
In the meantime, unique cation complex of [Mg2(μCl)2(DME)4]2 + was identified for highly active electrolytes both
from the experimental and theoretical analysis;[50] the cation
complex can be formulated in DME by dehalodimerization of
MgCl2 through reacting with Cl ion acceptor or switcher
(Figure 3c),[51] such as Lewis acid compound (e. g. AlEtCl2 or

2.2.1. Electroactive Species with Cl
Doe et al. filed a patent in 2013[48] on the addition of chlorides
(i. e. MgCl2) to the Mg(TFSI)2 solutions (in DME), which can yield
solutions that support highly reversible and stable Mg deposition. Later, this finding was further extensively studied with a
new formulation (Mg(TFSI)2_2MgCl2 in DME)[26b] by a wide
variety of analytical tools.[29b] Interestingly, MgCl2 has very poor
solubility in Mg(TFSI)2/G2 solutions and only moderate solubility
ChemElectroChem 2021, 8, 1 – 18
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Figure 3. Tailored designs of the divalent cation solvation shell. a) bonding dissociation energy of TFSI in different chemical environments corresponding to
well-solvated, Mg + ion paired and Mg2 + ion paired configurations in a PCM model. Reproduced with permission from.[31] Copyright 2015 American Chemical
Society; b) The computed free energy change in triglyme (G3) of ion association of various anions (X ) with [Mg(G3)2]2 +. A negative ΔG indicates favorable ion
association and a positive ΔG indicates unfavorable ion association in G3. Reproduced with permission from.[43a] Copyright 2019 The Electrochemical Society.
c) Successful electrolyte formulation with Cl and BH4 as solvation-shell adjusters. d) Radical distribution function of Mg BH4, Mg-TFSI, and Mg G2 in a mixed
solution of 0.01 M Mg(BH4)2/G2 with varying concentration of Mg(TFSI)2. Reproduced with permission from.[57] Copyright 2018 Elsevier.

AlCl3, etc)[52] and an Mg compound (Mg(TFSI)2) that is solvable in
DME. The overall reaction was driven by the ability of the
acceptor or switcher to extract one Cl from MgCl2 and/or the
formation of the more stable dimer species. Such a reaction
pathway was also recognized as the reverse Schlenk equilibrium (i. e. comproportionation),[53] where the solubility of
MgCl2 can be greatly enhanced in the Mg(HMDS)2/THF system.
Wang et al.[54] used the hard Lewis acid of Li + from the source
of LiTFSI to enhance the Mg2 + active species concentration in
the Mg(HMDS)2 in G4 electrolytes. Similarly, it was found that
the hard Lewis acid of Li + from LiCl plays similar roles in the
MACC electrolyte using THF as the solvent.[55] The reverse
Schlenk equilibrium was also successfully applied to enhance
the solubility of Mg(HCB11H11)2 in DME by reacting with
MgPh2.[21] Through the above mechanism by increasing the
solubility of electrolyte agents (i. e. MgCl2 or Mg(BH4)2), the (first)
solvation structure of bulk electrolytes, significantly altered
from the active cation species, are vulnerable to be reduced on
the Mg metal anodes. Besides, the agent anion species are
stable against the reduction environment. At the electrified
electrode surface, the modified speciation of solvation structure
involving the solvation-shell adjusters (i. e. Cl or BH4 ) releases
the weakly coordinating anions or solvents and secure the
reductive stability as well as suppressing the detrimental
formation of passivation layers. However, it is noted that such
solvation-shell adjusters in the bulk electrolytes are not typically
ChemElectroChem 2021, 8, 1 – 18
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designed for high anodic stability, which requires further
solvation engineering for the practical realization of divalent
battery systems.
More recently, Mg triflate was utilized with either MgCl2/
AlCl3 or MgCl2 in DME. The former involves the similar active
cation species of [Mg2(μ-Cl)2(DME)4]2 and [(OTf)AlCl3] formed
through dehalodimerization and Lewis acid-base reactions,
which are further decomposed during the electrolyte
conditioning.[56] However, such Cl-based active species are
unlikely to form in the latter, and Mg(DME)2(OTf)2 and Mg-OTf
ion pair exist instead due to the high [Mg2 + ]/[Cl ] ratio and
highly delocalized character of OTf anion with a smaller size
than TFSI .[27]

2.2.2. Electroactive Species with BH4
As a halide-free anion example, BH4 has been extensively
studied for divalent electrolytes. The solvent can exert a
substantial impact on the effective concentration of Mg active
species with BH4 .[28] Especially, the 0.1 M Mg(BH4)2 in DME
possesses a higher concentration and faster mobility of Mg
active species, compared to those in 0.6 M Mg(BH4)2 in THF
(Figure 4a). Despite the lower concentration in DME, the Mg
plating/stripping kinetics was greatly enhanced, and the CE was
increased from 40 % to 67 % calculated by CV method. As
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Figure 4. Interplay between electroactive species concentration and charge-transfer kinetics. a) Cyclic voltammogram for 0.1 M Mg(BH4)2/DME compared to
0.50 M Mg(BH4)2/THF. Inset shows deposition/stripping charge balance for Mg(BH4)2/DME. All experiments used Pt working electrodes and Mg reference/
counter electrodes. Reproduced with permission from.[28] Copyright 2012 Wiley-VCH; b) The CE of Mg plating/stripping of investigated electrolytes: 0.1 M
Mg(BH4)2 + LiBH4 + solvent and the concentrations of LiBH4 x = 0–2.0 M. Reproduced with permission from.[29a] Copyright 2013 Springer Nature Limited; c)
Average CE values measured during galvanostatic Ca plating/stripping at a Au electrode as a function of current density and Ca(BH4)2 concentration in THF.
Reproduced with permission from.[59] Copyright 2020 The Royal Society of Chemistry; d) Raman spectra of Ca(BH4)2 in THF at different concentrations in
regions 2060–2450 cm 1. Reproduced with permission from.[60] Copyright 2019 American Chemical Society.

complete dissociation of Mg(BH4)2 into discreet ions is unlikely,
Mg(BH4)2 exists as the contact ion pair [Mg(μ-H)2BH2]2, which
partially dissociates into [Mg(μ-H)2BH2] + and BH4 ; the dissociation degree depends on the solvent and other salt additives.
The nuclear magnetic resonance (NMR)/infrared spectroscopy
(IR) analysis indicate that the interactions between Mg2 + and
BH4 is weaker in THF and the salt dissociation of the Mg(BH4)2
is thus stronger in the electrolyte using DME as solvent (albeit
DME has a slightly lower dielectric constant (7.2) than THF
(7.4)). Further, LiBH4 was proposed as a promoter to enhance
the solubility of Mg(BH4)2 in DME. The resultant CE was found
to be proportional to the molar ratios of LiBH4/Mg(BH4)2.
Diglyme as a tridentate (three oxygen atoms) solvent ligand
can drastically enhance the coordination with Mg2 + in a
favorable kinetic way (Figure 4b).[29a] The formulation of 0.1 M
Mg(BH4)2_1.50 M LiBH4 in G2 can render the CE of Mg plating/
stripping almost close to 100 % on Pt substrate calculated by CV
method. As a new alternative approach, the mixture of
Mg(TFSI)2 and Mg(BH4)2 in a molar ratio of 4 : 1 can significantly
influence the coordination environment of Mg2 + in G2,[61] i. e.,
changing the first solvation shell from [Mg(TFSI)(G2)2] + to
[Mg(TFSI)(BH4)G2], which is consistent with the solvation
structure derived from 25Mg NMR studies (Figure 3c, d).[57] Under
ChemElectroChem 2021, 8, 1 – 18
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this solvation structure, more G2 solvent can be released to
increase the solubility of Mg(BH4)2 salt.
It is well-accepted that BH4 is a stronger coordinating
ligand and forms stable ion pairs even at a very low
concentration (0.01 M). The strategy of disrupting the rigid
solvation structure between divalent metal ions (Mg2 + and
Ca2 +) and BH4 can be realized through the addition of a
competitive additive (ligand species), which can preferentially
interact with Mg2 + or BH4 to release more solvent from the
first solvation shell. A promising additive of tris(2H-hexafluoroisopropyl)borate (THFPB) has been demonstrated due to its
preferential coordination with BH4 .[62] With the aid of the
strong electron-acceptor ability of the THFPB additive, a higher
concentration (0.5 M-almost 50 times higher than that of
pristine Mg(BH4)2/G2 electrolytes) of Mg(BH4)2 has been
achieved.[62] In another study, PEGylated-ionic-liquids were
reported to preferentially coordinate with Mg2 + through the
presence of polyether chains, which can drastically enhance the
solubility of Mg(BH4)2 to 0.5 M and thus change the solvation
structure initially based on BH4 .[30a] Jiao et al. recently[63]
revealed that the addition of LiBH4 into Ca(BH4)2-THF electrolyte
can significantly reduce the coordination number of oxygen in
the first solvation shell of Ca2 +, i. e., the releasing solvent of THF
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cation species containing Mg2 + become more prominent at
higher electrolyte concentrations, which results in a more
limited cation mobility. The t + = 0.141 of Mg(TFSI)2/G2 at 0.5 M
is comparable to the halogen contained electrolytes, where
thereof t + is between 0.13 (DCC) and 0.159 (APC). This finding
suggests dissociation of anions in electrolyte dominantly
contributes to the current flow, since the most of bulky anions
at the high concentration regime retard the diffusion of Mg2 +
or active cation species.
A unique behavior of Mg(TFSI)2/DME was reported,[67] where
phase separation occurs for electrolytes with the concentration
between 0.05 M to 0.35 M. The electrolyte is homogenous
below 0.05 M and above 0.35 M up to 1.25 M, which should be
associated with diverse conformers in the DME solvent.[68]
Recently, a new approach was realized by the addition of
secondary dimethylamine (DMA) solvent (cosolvent system)
into the Mg(TFSI)2/THF-glymes system.[69] DMA can increase the
solubility of Mg(TFSI)2 in THF solvent and their experimental
results show the DMA can participate in the first solvation shell
of Mg2 + with THF and a TFSI anion, compared to two TFSI
anions in the pristine solvation shell of Mg2 + dissolved in THF,
which accordingly dissociate the coordination between TFSI
and Mg2 +. Uchimoto et al.[70] studied the solvent dependence of
Mg(TFSI)2 on the alloying reaction with bismuth (Bi). In the
0.50 M Mg(TFSI)2/AN, the alloy reaction took place, whereas the
alloying reaction did not occur in 0.5 M Mg(TFSI)2/2-methyltetrahydrofuran (2-MeTHF) due to the different coordination
structure of [TFSI] in both electrolytes. Raman study shows less
than 15 % of TFSI coordinate with Mg2 + in 0.50 M Mg(TFSI)2/
AN but more than 90 % of TFSI coordinates with Mg2 + in
0.50 M Mg(TFSI)2/2-MeTHF. The coordinated TFSI undergoes
reduction decomposition more easily than free TFSI .[31,70] Thus,
the excessive decomposition products of [TFSI] on the surface
of the electrode are supposed to inhibit the insertion of Mg2 +
to the Bi electrode. Selection of solvent or mixed solvents is
thus demonstrated to render a great impact on the reversibility
of Mg plating/stripping for Mg(TFSI)2-based Mg electrolytes,[71]
while intrinsic chemical instability of Mg anodes with Mg(TFSI)2
and glymes has been raised from experimental and theoretical
basis.[72]
Recently, from the comprehensive study on the correlation
of anion association strength and electrochemical response, it is
established that cooperative effects of anions critically dictate
the deposition/dissolution overpotentials in a variety of divalent
metal batteries.[73] Besides, strongly coordinated ethereal solvents (e. g. DME, G3, etc.) to Ca2 + rather inhibit the reversible
calcium deposition due to the destabilized solvents or frustrated Ca2 + desolvation.[74]

(i. e. Li + has a higher coordination capability toward THF), and
then decrease the solvation energy of Ca2 +, which enables a
facile de-solvation process and a fast charge-transfer process
during Ca plating/stripping at room-temperature as further
supported by computations.
In the study of a simple electrolyte system of Ca(BH4)2/THF,
Zavadil et al.[59] gained important insight into the role of the
liquid solvation environment in facilitating the reversible
electrodeposition of divalent metal (Figure 4c). Their results
show increasing salt concentration (i. e. 0.43 M to 1.65 M) and
decreasing cation charge density (i. e. from Mg2 + to Ca2 +) can
tune solution speciation from uncharged neutral species toward
multimers and ionic clusters, capable of delivering Ca2 + at
appreciable rates, while sparing parasitic loss from electrolyte
decomposition. This finding in the high-concentration regime
(ca. 1.65 M) should be associated with the less participation of
solvent in the first solvation shell, which also holds true for
other alkali metal systems. In the high-concentration regime,
Gewirth et al.[60] demonstrated the areas of B H stretching
mode show a linear increase with increasing concentration of
Ca(BH4)2 in THF, but not for the band of three B H stretching
modes in Raman spectra (Figure 4d). This observation indicates
that BH4 anions are present in the solution but do not interact
strongly with the Ca2 + cations. The Ca2 + cations are found to
be primarily solvated by THF solvent but interact weakly with
the BH4 anions in other Raman spectra. Overall, the Ca2 + in the
Ca(BH4)2/THF system shows an analogous solvation environment as Li + /Na + /K + in their high-concentrated salt system. In a
comparative study using Mg(BH4)2 and Ca(BH4)2 in THF, it is
found that the latter contains more metal-BH4 + species for high
Coulombic efficiency electrodeposition while the former remains neutral monomers in a wide range of salt concentrations
from combined experiments and computational simulations.[64]

2.2.3. Electroactive Species with TFSI
Mg(TFSI)2 is an ether-soluble “simple” Mg salt. The poor
electrochemical performance of Mg electrodes in its solutions
hinders its practicality as a viable electrolyte for Mg batteries.[65]
The concentration and the solvent media can greatly impact
the local coordination environment of Mg2 + and thus the Mg
plating/stripping behavior.
Choi et al.[66] firstly investigated electrolyte formulations of
Mg(TFSI)2/glymes and found 0.3 M Mg(TFSI)2 in DME/G2 (1/1, v/
v) shows the optimum electrochemical performance with
excellent anodic stability exceeding 4.0 V with Al or stainless
steel (SS) working electrodes. The Mg(TFSI)2/G2 electrolyte was
systematically studied in the concentration range of 0.1–
1.5 M.[26a] The poor electrochemical performance was observed
in all concentrations with large onset overpotential for Mg
plating/stripping and low CE. Mg cation transference number
(t +) decreases from 0.297 to 0.036 as electrolyte concentration
increases from 0.2 M to 1.50 M. Such a difference in t + is
attributed to the difference in ion mobility. At higher concentrations, the coordination environment of Mg2 + species is
greatly changed. Shielding effects from anions to the active
ChemElectroChem 2021, 8, 1 – 18
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3. Interfacial Dynamics

interphase. Besides, the effect of chloride content on electrolyte
chemistry, the microstructure, and the surface chemistry of
electrodeposited Mg was systematically studied using different
analytical methods.[78] Three different electrolytes were chosen,
i. e., Mg aluminum chloride complex (MACC: MgCl2 + AlCl3) with
the highest chloride content, Mg triphenoxyaluminate (MTPA:
PhMgCl + Al(OPh)3 in 4 : 1 ratio), and TFSI (Mg(TFSI)2 in G2) with
no chloride. The microstructure and chemistry of the Mg films,
along with their overall cycling efficiency, showed a strong
dependence on chloride contents in the electrolytes. The films
formed with the higher chloride concentration electrolytes
(MACC and MTPA) yielded large and columnar grain structures
with a strong [0001] texture. However, TFSI electrolyte yields
�10]
�
taller and narrower crystals and promotes growth with a [21
and [0001] direction. Higher levels of impurities were observed
in electrodeposited Mg in conditioned TFSI electrolyte relative
to conditioned MACC and MTPA, indicating lower electrolyte
stability and improved protection of freshly deposited Mg metal
by chloride species.
The degradation mechanisms of an Mg metal anode in a
0.3 M Mg(TFSI)2_0.15 M MgCl2 G2 electrolyte was reported at a
current density (1 mA cm 2) and an areal capacity
(0.4 mAh cm 2).[65] The passivation layer on the Mg metal surface
is possibly composed of various decomposition products of
TFSI anions, chlorides, and a trace amount of H2O. In a similar
system, it was speculated that the bare metallic Mg electrode
can spontaneously react with TFSI anions to generate unstable
layers.[29b] The excess of Cl containing complexes resides near
or at the anode, possibly acting as an adsorbate layer, which
can keep the TFSI anion from reaching the reduced Mg surface
and facilitate the removal of passivating oxides in case they
form. It is plausible that reactions similar to corrosion, mediated
by Cl anions, assist in dissolving away passivating surface films
on Mg metal, such as MgO/Mg(OH)2 layers.
Similar to MgCl2, CaCl2 has been proposed as a surface film
in the early Ca primary batteries.[79] CaCl2 is mostly an anion
(Cl )-conductor (t + = 0.1). Presumably, the electrolyte-facing
redox step upon Ca stripping involves precipitation of CaCl2,
while the Ca-facing redox process involves the reduction of
non-mobile Ca2 + within CaCl2 lattice (Note that plating has not
been demonstrated practically with CaCl2; the reverse stripping/
corrosion process predominates in Ca primary batteries). Thus, a
dynamic chemical precipitation/dissolution occurs upon Ca
stripping in the early reported Ca primary batteries, however,
which cannot make Ca batteries rechargeable.
More strongly coordinating Cl anion lowers the dissolution
overpotential due to the higher driving force for re-solvating
divalent cations into the Cl-rich coordination environment.[73]
However, the strong adsorbate layer might increase the plating
overpotential instead by disturbing the diffusion of active
cation species through this layer as well as the reduction of
TFSI anion. Therefore, the use of cooperative anions such that
both plating/stripping overpotentials can be reduced is highly
desirable while improving the compatibility with potential
oxide cathodes by lowering or eliminating the corrosive Cl
anions in the electrolytes.

3.1. Molecularly Defined Electrode Surface Layer
3.1.1. Impact of Impurities
Compared to extensive studies on the surface chemistry of
alkali metals, understanding of the complex surface chemistry
on the Mg or Ca metal surface is still in scientific immaturity. On
the alkali metal surface (in contact with proper electrolyte), a
stable SEI film is formed, which allows alkali metal ions to
transport but blocks electron transfer. However, divalent metal
cation electrolytes need a totally different mechanism for Mg
and Ca plating/stripping such that impurities in the salt or
solvent, can greatly change the surface chemistry of fresh
divalent metal electrodeposits. It was revealed that the
profound impact of trace levels of H2O (� 3 ppm) on the
kinetics of Mg plating and determined that passive film of MgO
and Mg(OH)2 are formed only after Mg plating ceases,[75] rather
than continuously during Mg plating. The inhibition of this
passivation by Cl derives from the formation of adsorbed Cl
and/or MgCl2 on the surface, as well as a dynamic competition
with H2O in the double layer. Meanwhile, using a high purity
LiTFSI, instead of Mg(TFSI)2, the LiTFSI/MgCl2/DME (analogous
system to Mg(TFSI)2/LiCl/DME) solutions can enable Mg plating/
stripping cycling efficiency to reach 100 % which is calculated by
more rigorous macro-reversibility measurements along with
electrochemical quartz crystal microbalance (EQCM) and CV
method.[26b] The limited amount of research results in the
literature indicate a trace amount of impurities in the electrolytes have a drastic influence on divalent metal electrochemistry. In the meantime, surface impurities of naturally occurring
passivation layers (i. e. MgO) on Mg anodes significantly affected
the diffusion of magnesium ions or the adsorption behavior of
cationic species, while recent pretreatment by a titanium
complex (Ti(TFSI)2Cl2)) resulted in a fresh Mg surface for
reversible and stable Mg plating/stripping.[76]

3.1.2. Participation of Cl
Matsui et al. proposed an operando Fourier-Transform Infrared
Spectroscopy (FTIR) method to study the evolution of surface
layer during cyclic voltammetry (CV) sweeping in the two
representative electrolytes;[77] one is organohaloaluminatebased EAC electrolyte (0.25 M EtMgCl 2Et2AlCl in THF); the
other is a typical ionic BuMeG3 electrolyte (0.50 M Mg(TFSI2) in
butyl methyl triglyme). A diamond attenuated total reflection
(ATR)-based in situ FTIR cell was employed to collect FTIR
spectrum in the single beam mode. The evolution of species on
the working electrode (Pt) can be easily identified by the
corresponding negative or positive peaks in the spectra. The
surface layer using EAC electrolyte is revealed to base upon
adsorption or a structural reformation of the THF molecules at
the vicinity of the electrode. Since this surface layer is not
formed by the irreversible decomposition of the electrolyte
formulation, the EAC electrolyte maintains dynamic reversible
ChemElectroChem 2021, 8, 1 – 18
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3.1.3. Participation of BH4

for the initial H surface adsorption (Figure 5b). Besides, in other
systems like Ca(B(hfip)4)2/DME,[38–39] the formation of CaF2 is the
result of chemical reduction of the hexafluoroisopropoxy ligand
at the highly reducing potential of Ca metal. Less CaF2 is
observed than that in Ca(BF4)2 in EC/PC.[80] The solid evidence
on the presence of CaH2 and CaF2 on new electrodeposited Ca
may render a different interface charge-transfer route for Ca
plating/stripping, which mainly rely on the migration ability of
X anions (H and F , Figure 5c), compared to the SEI film
relying on Li + migration for Li plating/stripping (Figure 5d).

Another anion-conductors, like CaF2 and CaH2, have been
observed in recently reported Ca systems.[2a] The first reversible
Ca deposition on Cu at elevated temperature (75-100 °C) was
demonstrated in 2016.[80] The optimized electrolyte formulation
was 0.3 M Ca(BF4)2 in EC(ethylene carbonate):PC(propylene
carbonate) (1 : 1 v/v), which could render the maximum Ca2 +
mobility by minimizing BF4 in the Ca2 + first solvation shell. The
surface layer formed on deposited Ca was determined by X-ray
powder diffraction (XRD) to be CaF2, along with solvent-derived
organic phases identified by FTIR. However, the origin of CaF2 is
still unknown. The investigation of Ca2 + electrolyte in etherbased solvents showcased in 2018 reported highly reversible Ca
plating in 1.5 M Ca(BH4)2 in THF using a gold (Au) working
electrode at room temperature.[81] The electrolyte was reported
to react quickly with deposited Ca to generate exclusively CaH2
as the SEI (Figure 5a). It was deduced that the origin of
electrolyte component forming CaH2 was likely THF rather than
BH4 based on their gas chromatography-mass spectrometry
measurements. However, attempts on using Ca(TFSI)2/THF were
unsuccessful, indicating THF alone is insufficient to enable
cycling but BH4 has a peculiar role.
Recently, the role of BH4 in this system was proposed that
Ca deposition takes place through a chemical-electrochemical
mechanism,[60] in which chemical H abstraction from BH4 in the
bulk electrolyte and surface H adsorption precedes subsequent
reduction of Ca2 +. Strong evidence of the proposed abstraction
comes from liquid injection field desorption ionization (LIFDI)MS measurement, which indicates a significant presence of
BH3·THF remains in the solution. It should also be noted that, so
far, Ca deposition from Ca(BH4)2 in THF has only been reported
on precious metal surfaces (Au or Pt), which may be necessary

3.1.4. Artificial Films
For the Li-ion chemistry, the electrolytes are irreversibly reduced
on the electrode surface (i. e. SEI layer) which enable the Li-ion
conduction through this passivating film. However, it is widely
accepted that such passivating films are incapable of enabling
the reversible electrochemistry of divalent metal anodes due to
the sluggish diffusivity of divalent metal cations. Recently, the
feasibility of constructing Mg2 + -conducting artificial films on an
Mg anode has attracted attention. An Mg2 + -conducting (1.19 ×
10 6 S cm 1) and electronic-insulating (1.04 × 10 7 S cm 1) artificial polymeric interphase (100 nm) was engineered on the Mg
anode surface,[82] which enabled high reversible Mg electrochemistry in carbonate-based electrolytes. Inorganic compounds such as MgI2 (ca. 120 Ω)[83] or MgF2 (1022 Ω;
< 200 nm)[84] were introduced on the surface of the Mg anode
to provide Mg2 + conducting layers. Similarly, a Sn-based
artificial film was formed via ion-exchange and alloying
reactions (0.15 M SnCl2 in DME) onto Mg metal anode,[85] which
can drastically reduce the interfacial resistance of Mg (from
450 KΩ to 10 KΩ) in the simple ionic electrolyte of Mg(TFSI)2/

Figure 5. Proposed charge-transfer routes for Ca metal plating/stripping. a) Characterization of the product formed on Ca plating using the Ca(BH4)2/THF.
Powder XRD patterns showing the dominant product on plating is Ca with a small amount of CaH2. Reproduced with permission from.[81] Copyright 2017
Macmillan Publishers Limited; b) substrate dependence of Ca plating in the Ca(BH4)2/THF. Reproduced with permission from.[60] Copyright 2019 American
Chemical Society; Schematic representations of the interphase charge-transfer route for active Li species based on SEI model (c) and Ca species (d) based on
CaX2.
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DME. Cui et al.[86] reported a novel method of generating a
stable artificial film by the partial decomposition of a pristine Li
electrolyte (Li[B(hfip)4]/DME) on the Mg metal, after which Mg2 +
is directly introduced into this electrolyte to form a hybrid Mg2 +
/Li + conducting film (ca. 500 Ω vs. 20 KΩ prior to Mg2 +
incorporation). By introducing GeCl4 into the ether-based
electrolytes, Ge-based multicomponent layers in-vivo protect
the Mg anode over the prolonged cycles.[87] As long as the
artificial interphase on the Mg anodes is robust and Mg2 +
-conducting,[88] it can be a universal strategy to modify the
interface chemistry of Mg anodes while preventing the
detrimental surface passivation from decomposition reactions
of various electrolytes components.
The charge-transfer route and kinetics of divalent metal
plating/stripping are strongly dependent on the different types
of electrolytes. Generally, Cl or BH4 -containing electrolytes
have been reported by adsorption-dissolution-deposition
route;[3b,60–61, 89] agent-free electrolytes have been reported to
influence the kinetics by the mole concentration of electroactive divalent metal ion species and the participation of anions
in the first solvation shell.[26a,59, 69]

of the electrolyte. However, as the depletion of Al associated
with the dissolution of Mg has also been evidenced by stirring
Mg powder in solutions of AlCl3/CrCl3,[93] or MgCl2/AlCl3 in
ethers,[94] the process might proceed already in the absence of
applied external voltage or current. In any case, it is discussed
controversially if Al deposition originates from cationic Al
moieties,[90] from anionic AlCl4 ,[92] or neutral AlCl3 species.[94]
Recently, as studied on the “conditioning” mechanism of
MgCl2/AlCl3
and
Mg(HMDS)2/AlCl3
in
TEGDME-based
electrolytes,[95] it is experimentally revealed that cationic AlCl2 +
species in TEGDME-based electrolyte with an AlCl3/MgCl2 or
AlCl3/MgHMDS2 ratio higher than 1 : 1 can corrode Mg metal by
the cementation reaction mechanism. The suppression of the
cationic AlCl2 + species can be achieved by the desired
stoichiometries or the adjuster of MgCl2[95] or Mg powder[94] to
make solvent-dependent active Mg speciation.

3.3. Surface Adsorption and Interfacial Charge Transfer
Mg plating/stripping is not a simple exchange of Mg2 + /Mg
couple, rather it is controlled by adsorption of complexes in the
halide-containing electrolytes of (i) Grignard-based electrolytes
or inorganic electrolytes (e. g. ACC, MACC, MgCl2-based electrolytes) or (ii) BH4 -containing electrolytes (e. g. Mg(BH4)2-based
electrolytes). (i) First, quantitative analysis using EQCM in
Grignard-based electrolytes demonstrates such a complex
adsorption process. Aurbach et. al. carried out the potentiodynamics of Mg plating/stripping in the ACC electrolytes on
microelectrodes using EQCM.[96] Electroactive Mg cationic species, such as Mg2Cl3 + · 6THF or MgCl + · 5THF, approach the
anode upon cathodic polarization, while Al anionic species are
expelled out from the anode. Neutral Al species may play an
important role during the Mg electrodeposition as the Cl
ligand acceptor, while additional MgCl + has a similar role.
EQCM studies of Mg plating revealed that at the onset of the
cathodic reduction (less than 0.5 C mol 1), the mass change per
electron equivalent (mpe) is 27 g mol 1, much higher than that
for simple Mg2 + /Mg reaction (12 g mol 1) which signifies the
adsorption of complexes rather than Mg2 +. The mpe value of
27 g mol 1 can be rationalized by adsorption processes of
neutral Al-based moieties and complex Mg Cl-THF cations
which accompany the electron transfer to the Mg ions. A
second electron transfer, probably to adsorbed intermediate
species produced in the first electron transfer, results in reduced
Mg atoms and chloride anions in the solution phase (these
interact with fresh Mg or Al species as suggested before)
(Figure 6a).[3b] The reduced Mg atoms diffuse on the surface to
form Mg nuclei, which might be connected to kink sites. The
strong evidence for facile lateral diffusion of Mg adatoms is the
near-perfect Mg microcrystals.[3b]
Qualitative analysis of the adsorption of complexes has
been conducted using in situ FTIR to confirm the adsorption of
RMg + or RMg· species on the Mg electrode’s surface in three
typical Grignard systems, namely, RMgX, Mg(Al3-nR’nR’n’’)2, and
Mg(BPh2Bu2)2 solutions in the THF.[97] In the case of the
Mg(AlCl4-nRn)2 complex solutions, species such as MgxCly + may

3.2. Origins of Electro-conditioning
It is often reported that high CE and low overpotentials of Mg
plating/stripping are achieved from Mg electrolytes only after
the so-called “conditioning” cycles. In Al-free electrolytes, such
as MgTFSI2/MgCl2 (1 : 2) in DME, for instance, the “conditioning”
of the electrolyte primarily refers to an electrochemical removal
of reductive impurities, for example, the trace amount of
moisture, oxygen, and HTFSI. It was suggested that the
conditioning process requires the passage of reductive faradaic
currents associated with substantial charge passage, and therefore the negative scan should be span beyond the overpotential
for Mg deposition.[26b] This “conditioning” procedure affects only
the electrolyte solution, and it is not associated with any
pretreatment of the electrodes.[36,71] Especially, the irreversible
cathodic processes, associated with the contaminant, cannot
form an insoluble surface film that fully blocks the surfaces of
the electrode for any Mg deposition. In these electrolytes, the
“conditioning” can thus be mitigated by adding small amounts
of chemically reducing species, such as Bu2Mg.
In Al-containing electrolytes, such as MgCl2/AlCl3-based
solutions, it has been reported that the “conditioning” of the
electrolyte is associated with Al deposition.[90] Thereby, a
decrease of the Al/Mg ratio in the electrolyte, due to Al
depletion and additional Mg stripping, and the formation of free
Cl anions are theoretically predicted.[91] A multi-technique
characterization approach was employed to reveal that the
conditioning process involves increasing the concentration of
the dimmer of [Mg2(μ-Cl)3 · 6THF] + in conjunction with the
formation of free Cl in solution.[92] As both the increased
concentration of Mg species in the electrolyte and the presence
of Cl at the Mg anode are considered beneficial for lowering
the overpotentials for Mg plating/stripping, such speciation is
considered as an additional process during the “conditioning”
ChemElectroChem 2021, 8, 1 – 18
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Figure 6. Proposed charge-transfer routes for Mg metal plating/stripping. a) Possible Mg-electrodeposition mechanism from complex ethereal electrolyte
solutions. Reproduced with permission from.[3b] Copyright 2013 The Royal Society of Chemistry; b) Mg deposition is proposed to go through a chemicalelectrochemical mechanism that involves (1) dimer [Mg2(μ-Cl)3 · 6THF] + cation disproportionation. The cationic Mg species is adsorbed on the substrate surface
and loses its ligands at more negative potentials (2). Adsorbed Mg2 + cations are further reduced (3) to form a crystallized Mg layer (4). Reproduced with
permission from.[89] Copyright 2018 American Chemical Society; c–d) schematic representations of the interphase charge-transfer route for active Mg species
from representative successful electrolyte formulations.

XANES upon applying lower potentials.[99] The presence of a
XANES signal, prior to the onset of Mg deposition, indicates the
presence of a new Mg species near the Mg-dimer. Later, they
performed the in situ analysis of the extended X-ray absorption
fine structure (EXAFS) region.[102] The Fourier-transformed EXAFS
spectra show a shift of the first-shell peak, which can be
interpreted as a significant decrease in the first-shell scattering
distances around Mg at the interface, i. e., the formation of an
intermediate species from the dimer in the bulk electrolyte
(Figure 7a). Recently developed in-situ/operando XAS analysis
showed great promise to identify the interfacial species at
different potentials.[103]
It was predicted that the strongest adsorbing species at the
Mg interface are MgCl + complexes, which are also the active
species involved in the charge transfer.[104] Especially, the energy
to (de)solvate (MgCl) + is minimal. Levi. et al. systematically
studied the kinetics of all-inorganic, Cl-containing complex
MgCl2:AlCl3 (1 : 1) complex compound, all-organic Bu2Mg with
different ratios of Bu2Mg, and various combinations of AlEtCl2
and AlEt3.[105] The exchange current density of Mg deposition
increases considerably as the organic ligand/Cl-ligand ratio
increases, which can be attributed to the changing proportions
of the electroactive BuMg + and MgCl + in the solutions.[106]
Despite the difference in the exchange current density, the
shapes of the Tafel and the Allen-Hickling plots were surprisingly similar for all solution compositions studied: the latter
plots showed a linear dependence in a very narrow range of
overpotential close to η = 0. From the slope of this curve, the
transfer coefficients for the cathodic and the anodic reactions

be adsorbed, in addition to species with Al Cl and Mg C
bonds. In the case of the Mg(BPh2Bu2) solutions, adsorbed
species are likely PhMg + and B(Ph2Bu2)Mg +. All the above
species are probably stabilized by THF molecules that are
coordinated by Mg ions. Recently, Gewirth et al.[89] employed
the CV and LSV (linear sweep voltammetry) with an ultramicroelectrode to study the mechanistic pathways of Mg
plating in the same electrolyte and proposed a chemicalelectrochemical mechanism, where a chemical step is involved
by the dimer [Mg2(μ-Cl)3 · 6THF] + cation disproportionation
reaction (Figure 6b).
In another study, in situ XRD, XPS, SEM (scanning electron
microscope), and electrochemical methods were used to interrogate the mechanism of Mg electrodeposition from PhMgCl/
AlCl3 and EtMgCl electrolytes.[98] An open circuit potential (OCP)
pause, following Mg deposition, enhanced Mg plating/stripping
kinetics along with lowered overpotentials for both plating and
stripping. The improvement is attributed to an “enhancement
layer” that is formed on the electrode during the OCP hold,
which consists of Mg and Cl on the electrode surface, possibly
following electrode de-passivation. The electrochemical deposition of Mg from [Mg2(μ-Cl)3 · 6THF] + was monitored through
in situ potentiostatic X-ray absorption spectroscopy (PXAS) of
the Mg K-edge.[99] X-ray absorption near-edge structure, XANES,
is an element-specific process that empirically determines the
oxidation state of the absorbing species.[100] Further, developed
in situ electrochemical XAS cells enabled to make this fundamental study feasible.[101] Initially, it was observed that the size
of the wave increases and the edge energy decreases in the
ChemElectroChem 2021, 8, 1 – 18
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Figure 7. Exploitation of adsorption impacts on the electrified interface. a) Cathodic half-wave for deposition of Mg and highlighted potentials for the
potentiostatic X-ray absorption experiments using 0.4 M EtMgCl-Et2AlCl/THF. Fourier-transformed EXAFS spectra of the Mg K-edge at the Mg metal and
electrolyte interface. Reproduced with permission from.[102] Copyright 2013 American Chemical Society; b, c) in situ FTIR spectra of a CV measurement using a
Pt thin film electrode formed on the diamond window in 0.25 M EtMgCl 2Et2AlCl in THF solution, between the OCV (1.32 V vs. Mg quasi-reference electrode)
and 0.4 V vs. Mg quasi-reference electrode during the 1st CV cycle, and the 2nd cycle. Reproduced with permission from.[77] Copyright 2016 The
Electrochemical Society; d) Operando EIS evolution and the corresponding analysis of DRT upon galvanostatic electrodeposition of Mg onto Cu at 0.5 mA cm 2
in 0.4 M Mg(TFSI)2-0.1 M Mg(BH4)2/G2, Reproduced with permission from.[61] Copyright 2020 American Chemical Society.

were found to be around αc = 0.5 and αa = 1.5, which is strong
evidence of two sequential one-electron transfers with the first
electron transfer being the rate-determining step. The interplay
relates to the same potential-dependent rate of the firstelectron transfer (i. e. second in the dissolution process), and the
potential-independent, preceding chemical reaction, i. e. diffusion of the Mg adatoms from the growth sites to the metallic
sites.[3b]
The Mg2 + -blocking layers have been revealed in typical
TFSI-based electrolytes (0.50 M Mg(TFSI2) in butyl methyl
triglyme-BuMeG3 and 0.25 M EtMgCl-2Et2AlCl in THF) upon Mg
plating.[77] Most peaks observed in the FTIR spectra for the 1st
cathodic scan in the BuMeG3 electrolyte correspond to the
TFSI anion. The decomposed species remain as a passivation
film to blocks both ion and electron transfer. This passivation
layer was indirectly confirmed as MgF2 by ex-situ X-ray photoelectron spectroscopy (XPS) measurement. MgF2 has been
considered electron-insulating and has high migration energy
barrier for cation transport.[107] Although the migration energy
of cations in both MgF2 and CaF2 is high, the inclusion of CaH2
with much lower migration energy in the interphase of Ca
metal anodes might be a key enabler for the reversible plating/
stripping. However, in the electrolyte of 0.25 M EtMgCl 2Et2AlCl
in THF, the Pt working electrode was not passivated during the
two times anodic and cathodic scans (Figure 7b, c) due to the
suppressed decomposition of TFSI .
Apart from the complex adsorbates in Grignard-based or
inorganic electrolytes, a relatively simple electrolyte of 0.4 M
MgTFSI2_0.1 M Mg(BH4)2_G2 has been studied to demonstrate a
ChemElectroChem 2021, 8, 1 – 18
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critical adsorption step of Mg cation clusters onto the electrified
interface for the reversible Mg plating/stripping.[61] A new
impedance analysis method, i. e. distribution of relaxation time
(DRT), was employed to deconvolute the evolution of impedance spectra on Cu electrode during Mg deposition. From the
DRT analysis, they unveiled a new sluggish electrochemical
process (10–0.01 Hz), which precede the charge-transfer process
(104–102 Hz), in the impedance spectra during Mg electrodeposits (Figure 7d). This new electrochemical process is
associated with the adsorption of active Mg species with BH4
onto new Mg electrodeposits. It is noted that understanding
the dynamic interface characteristics of divalent metal anodes is
essential to control its overall electrochemistry, which can be
partially gained utilizing the impedance or XAS analysis. The
adsorption step prior to the Mg was further confirmed by
operando potentiostatic XAS measurement, which showed a
clear sign of the pre-edge shift of the Mg K-edge in the BH4 containing electrolytes, while baseline electrolyte without BH4
anion kept unchanged upon the potential applied. This
chemical difference corresponds to the adsorption of active
cation species before the charge transfer reaction occurs.
For the reversible Mg plating/stripping, the adsorption
process with Cl or BH4 species is found to be a key step for
accelerating the charge-transfer kinetics.[108] The fully coordinated solvation structure of Mg2 + in the bulk electrolytes or the
outer Helmholtz plane diffuses to the inner Helmholtz layer
while retaining the strong coordinating species and expelling
the weakly coordinating species. Afterward, the adsorbed active
cation clusters undergo the following charge-transfer reactions
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(Figure 6c). Depending on the electrochemical stability of
anions involved in the active cation clusters adsorbed onto the
electrified interface, the composition of interface layers and
interface characteristics will significantly be regulated. Thus, it
could be a feasible way of regulating the electrochemical
double layer and charge-transfer kinetics for divalent metal
plating/stripping.

The films formed using chloride-free TFSI that only has an 80 %
cycling efficiency showed much smaller grains and a more
random texture. Electrochemically conditioned MACC and
MTPA also led to smaller amounts of impurity being incorporated in the films than the case for TFSI electrolytes. The
impurities tend to form discontinuous films orthogonal to the
[0001] direction. This selective impurity accumulation directs
Mg growth along non-[0001] directions in the TFSI electrolyte.
In addition to impacts from electrolyte species, the applied
current density has been revealed to exert a great impact on
the morphology of Mg electrodeposits using Grignard-based
electrolytes. Matsui[106] found the Mg deposit obtained at low
current density showed (0001) preferred orientation, where the
surface energy can be minimized during the slow deposition
process. However, the Mg deposit obtained at high current
� preferred orientation formed by maxdensity showed (1010)
imizing the crystal growth speed for a high deposition rate.
Both deposits did not show any dendritic morphology. It should
be noted that the Mg-ion transference number is typically low
(t + = 0.018 for [Mg2(μ-Cl)3 · 6THF] +, t + = 0.130 for DCC, t + =
0.159 for APC, t + = 0.141 for Mg(TFSI)2/G2).[26a] At high current
densities, the local supply or stability of Mg cation active
species, with the aid of the adsorption agent of Cl or BH4 ,
could become insufficient or even depleted at the Sand time,
which in turn drastically change the morphology of Mg
electrodeposits.[112] In other words, one critical advantage of Mg
anode (i. e. non-dendritic growth) has been rebutted by
experimental observation of 3D growth character of Mg electrodeposits and consequent internal short-circuit of the cells in
MgTFSI2-based electrolytes.[112b,113] As such abnormal growth
character of Mg may not be limited to the MgTFSI2-based
electrolytes, the rational design of separators or the use of
solid-state electrolytes should be considered to realize the
practical realization of rechargeable Mg batteries.

3.4. Electrodeposition Morphology
Mg has been considered as a “non-dendrite” metal anode. It
has been known that Mg anodes have attributed the low
propensity for dendrite formation to small self-diffusion barriers
and small Ehrlich-Schwoebel barriers for three-dimensional (3D)
diffusion.[109] The faster surface diffusion of Mg adatoms along
the Mg(0001) plane predicted through first-principles calculations is proposed to reduce dendritic growth, together with low
diffusion barriers across steps and terraces. Self-diffusion
coefficients, Ehrlich-Schwoebel barriers, and anisotropy resulting from the intrinsic crystal structure have emerged as some
putative descriptors for comparing the dendrite-forming nature
of different metal anode materials.[110] Based on the firstprinciples study, it was revealed that the free energy difference
between crystals with different shapes is more significant for
Mg than Li due to the stronger bonding between Mg atoms.[111]
The electrochemical deposition of Mg is preferable to form high
dimensional morphologies instead of 1D dendrite as in the case
of Li.
It was found that the microstructure and chemistry of the
Mg films, along with their overall cycling efficiency, showed a
strong dependence on electrolyte chloride content (Figure 8).[78]

4. Summary and Future Considerations
The solution chemistry and interfacial electrochemistry of
divalent electrolytes and metal anodes are substantially more
complex than those of the monovalent counterpart, which
presents a greater challenge in identifying and implementing
practical battery chemistry based on divalent metals. Significant
progress has been made in divalent electrolyte systems in the
past years. The local interface environments, in which reversible
divalent metal plating/stripping takes place are much more
complex, including the dynamic equilibrium between electroactive divalent metal species and other supporting electrolyte
species, which is well under-explored and presents great
opportunities for scientific discovery.
There is still much yet to learn about the interplay between
electrolyte agent adsorptions and the inner Helmholtz plane
(the charge-transfer process), which could pave the way for
artificial surface layers to enable reversible and stable divalent
metal/electrolyte interface. The fundamental studies on the
solvation structure/dynamic of electroactive species in relevant
electrolyte solutions, the adsorption-deposition-dissolution

Figure 8. Dependence of morphology on electrolytes. (002) and (100) pole
figures and SEM images of Mg layers deposited on Au (111) using (a, b, g)
MACC, (c, d, h) MTPA, and (e, f, i) TFSI electrolytes respectively. Reproduced
with permission from.[78] Copyright 2016 The Electrochemical Society.
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mechanism on divalent metal anodes, and the insertion
mechanism of electroactive cation species into high voltage
cathodes will advance the fundamental understanding that will
establish the scientific basis for the development of practical
rechargeable divalent batteries.
Formulating the electrolyte solutions must be a key enabler
to implement the multivalent metal batteries in practical
applications. The non-passivating surface chemistry of divalent
metal anodes will be a good subject for the non-destructive/
time-resolved characterization to allow the active species on
the electrified interface to be tracked. High-throughput theoretical investigation, e. g. machine learning, on the structural
stability of the simulated host materials and diffusivity of
divalent metal cations could advance the materials discovery on
the premise that the electrolyte solutions with wide-potential
stability are formulated in near future.
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Elucidation of the interplay between electrolyte structure and interface
electrochemistry of divalent metal
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electrolytes, from classical to
advanced, that involves different
solvation structures related to anion
species and their interplays with interfacial dynamics and electrochemistry
of divalent metal anodes.
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