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There is increasing evidence that the solvation structure of the active components in a liquid electrolyte solution
strongly impacts the performance in electrochemical applications. In this work, the nanoscale solvation structures and dynamics of Mg(BH4)2 and Mg(TFSI)2 dissolved in diglyme (DGM) at various concentrations and ratios
of Mg(BH4)2/Mg(TFSI)2 were investigated using a combination of natural abundance 25Mg NMR, quantum
chemistry calculations of 25Mg NMR chemical shifts, classical molecular dynamics (MD) calculations, and
electrochemical performance tests. By mixing two competing Mg salts, we were able to reduce the strong
covalent interactions between Mg2+ and BH4– anions. A small increase is observed in the coordination number
of Mg-TFSI and a signiﬁcant increase in the interaction of Mg2+ ions with glymes. Through a combination of
NMR, DFT and MD simulations, various stable species around 1 nm in size were detected in the mixed salt
solution, which play key roles in the enhanced electrochemical performance of the mixed electrolyte. It is established that for the neat Mg(TFSI)2 in DGM electrolyte at dilute concentrations the TFSI- is fully dissociated
from Mg2+. At higher concentrations, Mg2+ and TFSI- are only partially dissociated as contact ion pairs are
formed. In contrast, at 0.01 M Mg(BH4)2 (saturated concentration) in DGM, the ﬁrst solvation shell of a Mg2+ ion
contains two BH4- anions and one DGM molecule, while the second solvation shell consists of ﬁve to six DGM
molecules. An exchange mechanism between the solvation structures in the combined electrolyte containing
both Mg(BH4)2 and Mg(TFSI)2 in DGM was found to result in the observation of a single 25Mg NMR peak. This
exchange is responsible for an increase in uncoordinated anions, as well as improved stability and ionic conductivity as compared to single anion solution. Solvent molecule rearrangement and direct Mg-ion exchange
between the basic solvation structures are hypothesized as likely reasons for the exchange. We elucidate that the
solvent rearrangement is energetically much more favorable than direct Mg-ion hopping and is thus suggested as
the dominant exchange mechanism.

1. Introduction
Recently, there has been an increased interest in the solvation
structure of electrolytes as many of their important properties such as
conductivity, viscosity, and even stability can be inﬂuenced by the local
intermolecular interactions in the liquid [1–7]. The solvation structure
of electrolytes refers to the detailed molecular interaction between

molecular or ionic solutes and other species in solution, e.g. solvent
molecules, such that the solute is surrounded by concentric shells of
electrolyte molecules to form solvation complexes [8]. For energy applications, so-called ‘designer’ electrolytes, which are rationally developed to target speciﬁc solvation structures, have recently been shown to
increase the electrolyte stability [9–13], which is particularly important
for nascent energy storage technologies such as Li-S, Li-O, and
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(BH4)2 and Mg(TFSI)2 dissolved in diglyme (DGM) at various concentrations and ratios of Mg(BH4)2/Mg(TFSI)2 using a combination of
natural abundance 25Mg NMR, quantum chemistry calculations of 25Mg
NMR chemical shifts, classical molecular dynamics simulations, cyclic
voltammetry, and coulombic eﬃciency measurements. We reveal the
exchange mechanism between the basic nanometer sized solvation
structures in the mixed electrolyte containing both Mg(BH4)2 and Mg
(TFSI)2 in DGM as the primary factor contributing to the enhanced
electrochemical performance achieved with this system. The objective
of our research is thus to understand the fundamental solvation structure and exchange mechanisms in these electrolytes such that new
design rules for multivalent electrolytes exploiting competing anion
interactions lead to enhanced electrochemical performance via unique
structural and dynamical properties.

multivalent intercalation [2,14–17]. In this work, we focus on elucidating the solvation structure in an organic liquid containing two different competing anions, which enables tuning of the solvation structure as a function of the separate salt concentrations. The common salt
cation is chosen as Mg, which is motivated by the need for novel
multivalent electrolytes with increased stability for electrochemical
energy storage applications [1,3,4,18–28]. In particular, a rechargeable
Mg metal battery is an attractive future alternative to Li-ion as it could
potentially triple the volumetric energy density (3833 mA h/cc) as
compared to the Li counterpart graphite (~800 mA h/cc) [29]. On the
other hand, despite the potential advantages, several obstacles need to
be addressed, including the need for an electrolyte with a wide electrochemical window which also enables reversible plating/stripping of
Mg [30]. The latter requirement is challenging as Mg metal forms an
ionically blocking surface layer, i.e., the solid electrolyte interface
(SEI), when exposed to oxygen, which inhibits Mg deposition [31].
Hence, the discovery of novel electrolytes in which no SEI or a weakened passivation layer is formed on the Mg metal surface is crucial for
realizing highly reversible Mg metal deposition/dissolution [2,32–34].
Electrolytes based on halo, organo, and organo-halo salts in ether solvents were found capable of reversible Mg deposition/dissolution by
providing a passivation-free interface [35,36]. However, Grignard solutions are limited by their insuﬃcient anodic stability (< 2 V) and
poor conductivity. Their nucleophilic and corrosive nature also makes
them incompatible for use with high voltage electrophilic cathodes
materials (such as sulfur and oxygen) and aluminum current collectors
[35]. Non-nucleophilic electrolytes such as a HMDSMgCl/AlCl3 (THF)
solution oﬀer a wider electrochemical stability window (~ 3.3 V) and
compatibility with sulfur cathodes, but suﬀer from capacity fading after
the ﬁrst cycle possibly due to the dissolution of polysulﬁde species and
corrosion of current collectors due to the presence of chloride ions [37].
Simple and non-corrosive inorganic Mg salts such as Mg(TFSI)2 and Mg
(BH4)2 have gained much popularity over the last few years. Mohtadi
et al. successfully pioneered the use of magnesium borohydride, Mg
(BH)4, taking advantage of its high thermodynamic and reductive stability [38]. However, the major drawbacks of Mg(BH4)2 are the low
anodic stability (1.7 V vs. Mg on Pt) and low solubility. On the other
hand, magnesium(II) bis(triﬂuoromethane sulfonyl) imide (Mg[N
(SO2CF3)2]2), commonly known as Mg(TFSI)2), has also been reported
as a highly competent electrolyte candidate due to its high resistivity
towards oxidation, high conductivity, and compatibility with most
cathode materials [36]. Unfortunately, it is limited by its high overpotential and low coulombic eﬃciency for deposition and dissolution
[39,40]. Previous reports have shown that the solvent or ligand dramatically inﬂuences the electrochemical properties of the electrolytes
[10,40,41]. For example, Shao et. al. demonstrated that the coulombic
eﬃciency of Mg(BH4)2 can be signiﬁcantly enhanced by increasing the
ligand strength, i. e. O donor denticity of the ethereal solvents [42].
However, little is known about the detailed changes of the solvation
structures and dynamics in Mg electrolyte systems as a function of
concentration – particularly when more than one salt is involved. In an
eﬀort to design halogen free (non-corrosive) and simple ionic electrolytes, we considered that combining two competing salts, Mg(BH4)2 and
Mg(TFSI)2, would allow for exploration of the tunability of the solvation structure to access the diﬀerent properties of the salts; BH4 for its
excellent metal plating performance and TFSI for its exceptional redox
stability and solubility. Recent studies have shown that the high overpotential for Mg plating/stripping and poor faradaic cycling eﬃciency
of Mg(TFSI)2 electrolyte may be resolved by the addition of chloride
ions [43–45]. However, chloride-containing magnesium electrolytes
are corrosive towards non-noble metals [7]. A potential solution is to
combine Mg(TFSI)2 with Mg(BH4)2 to access a combination of stability
and solubility.
In this work, we adopted a multi-modal approach by combining
theory and experiments at multiple lengths and time scales to elucidate
the solvation structures as well as electrochemical performance of Mg

2. Methodology
2.1. Experimental details
2.1.1. Materials and sample preparations
Magnesium borohydride (Mg(BH4)2, 95%) was purchased from
Sigma–Aldrich. Diglyme (DGM) was obtained from Novolyte
Technologies, Inc. (Cleveland, US). Mg(TFSI)2 was obtained from
Solvionic SA France. All sample preparations were performed in a
MBraun Labmaster Ar-ﬁlled glove box (Stratham, NH) with water and
O2 contents less than 1 ppm. A variety of samples containing a mix of
Mg(BH4)2 and Mg(TFSI)2, were prepared by dissolving a constant
concentration of 0.01 M Mg(BH4)2 and variable concentrations of Mg
(TFSI)2, i.e., from 0 to 0.04 M, in the DGM solvent. Pure 0.01 M Mg
(BH4)2 in DGM and pure 0.005–0.4 M Mg(TFSI)2 in DGM are included
to establish cases for the two extremes. Mixtures of Mg(BH4)2 and Mg
(TFSI)2 in DGM with both high Mg(BH4)2 and high Mg(TFSI)2 concentrations of equal or greater than 0.1 M are also investigated.
Detailed sample information is summarized in Table 1, Fig. S1 and Fig.
S2 of Supporting Information.
2.1.2. NMR measurements
All 25Mg NMR experiments were performed on a Varian-Agilent
900 MHz NMR spectrometer equipped with a homemade 15 mm outer
diameter large-sample-volume probe [46–48], where the advantages of
the signiﬁcantly increased sensitivity from the use of the combined high
magnetic ﬁeld and larger-sample-volume allow for 25Mg NMR detections at natural abundance. The corresponding Larmor frequency was
55.1 MHz. A single-pulse sequence with a 31 µs long hard pulse was
used, corresponding to a 45° pulse angle. The spectra were collected in
9000—30000 scans depending on the linewidth of the peaks, with an
acquisition time of 60 ms and a recycle delay time of 0.6 s. Peak positions in the 25Mg NMR spectra were referenced to the 1 M magnesium
chloride (MgCl2, 0 ppm) solution placed externally in the NMR spectrometer. Chemical shifts and linewidths of NMR signals were obtained
by ﬁtting Lorentzian functions to the experimental spectra using the
NUTs processing environment (v.2012, Acorn NMR Inc., Las Positas,
CA, USA). All NMR measurements were carried out at room temperature (20 °C).
2.1.3. Electrochemical evaluation
All electrochemical experiments were performed inside an Ar-ﬁlled
glove box at room temperature using a CHI660C Potentiostat. The
electrolytes were aged for at least 24 h prior to testing. The Mg deposition/stripping properties were evaluated using cyclic voltammograms and a three electrode conﬁguration. The working electrode was a
Pt electrode (1.0 mm diameter, PEEK-encased) and was polished prior
to each experiment. The reference and counter electrodes were both
freshly polished Mg metal strips. The voltage window was − 0.6–2.0 V
vs. Mg and the scan rate was 20 mV/s. The voltammetry is generally
stable for these electrolytes and the CV proﬁles reported in this paper
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Table 1
The experimentally observed and the model free predicted chemical shifts of

25

Mg NMR along with the linewidth of the peak.

Label

Solute

Concentration(Mole/Mole)

[BH4]/[TFSI] ratio

Linewidth/Hza

Exp.peak center (ppm)

Half peak positions (ppm)

Predicted (ppm)

a

Mg(BH4)2

0.01

1/0

150.15

13.5

13.5

b

Mg(BH4)2/Mg(TFSI)2

0.01/0.001

10/1

194.58

12.2

c

Mg(BH4)2/Mg(TFSI)2

0.01/0.0025

4/1

216.47

11.8

d

Mg(BH4)2/Mg(TFSI)2

0.01/0.005

2/1

312.01

9.6

e

Mg(BH4)2/Mg(TFSI)2

0.01/0.01

1/1

327.28

6.3

f

Mg(BH4)2/Mg(TFSI)2

0.01/0.04

1/4

325.77

1.8

g

Mg(TFSI)2

0.4

0/1

332.74

0.3

14.86
12.14
13.97
10.43
13.76
9.84
12.43
6.77
9.27
3.33
4.76
−1.16
3.32
−3.02

12.3
10.9
9.1
6.9
2.9
0.3

a
An exponential ﬁlter equivalent to Lorentzian line broadening of 25 Hz was applied prior to Fourier transformation. The line width was measured at the half height positions of the
peak in units of Hz.

(GAFF) [56,57]. Lennard-Jones interactions were truncated at a cutoﬀ
distance of 1.2 nm. The particle-mesh Ewald (PME) method was used to
handle long-range electrostatic interactions using a cutoﬀ of 1.2 nm.
The initial structures were then subjected to a two-step energy minimization, ﬁrst using the steepest descent algorithm employing convergence criteria of 1000 kcal/mol Å and then using a conjugatedgradient minimization scheme with an energy convergence criteria of
10 kcal/mol Å. The two-step minimization allows for the release of
strained contacts in the initial conﬁgurations. Isothermal-isobaric
(NPT) simulations were performed to obtain the correct density on the
minimized system using a Berendsen barostat to maintain the pressure
of 1 atm for 2 ns [59]. All systems were then melted to 400 K for 2 ns
and then subsequently annealed to 298 K in three steps for 3 ns.
Afterward, canonical ensemble (NVT) simulations were performed for
10 ns at 298 K using an improved velocity-rescaling algorithm with a
coupling constant of 0.1 ps to equilibrate and sample the properties of
interests. We took the ﬁnal conﬁguration from the NVT ensemble and
repeated the above steps (melting, annealing, and equilibration) at least
one more time. All of our reported results were averaged over two independent NVT production runs of the same system.

are of the third deposition-stripping cycle. Note that if a voltage higher
than 2 V is scanned, the electrolytes will be subject to oxiation owing to
the low anodic stability of pure Mg(BH4)2 in DGM (1.7 V vs. Mg on Pt).
2.2. Computational details
2.2.1. Quantum chemistry calculations
Computational modeling of the NMR chemical shifts was carried out
using the Amsterdam Density Functional (ADF-2013) package [49]. The
generalized gradient approximation (GGA) based Becke-Lee-YangParr [50,51] function with dispersion correction (BLYP-D)[52] was
employed for geometry optimization. All calculations were carried out
by using the TZ2P basis set (Triple ζ, 2 polarization function) with the
Slater type functional [53] implemented in the ADF program. NMR
calculations were performed based on the geometry optimized structures at the same level of the theory and with the same basis set to
evaluate the chemical shielding for each atom. An ocatahedrally coordinated Mg2+ ion solvated by 6 water molecules was used as the
computational reference as the known majority Mg2+ species of MgCl2
in aqueous solution[46]. The chemical shielding predicted for
Mg2+·6H2O is 565.2 ppm. The calculated 25Mg chemical shielding can
be converted to the experimentally observed scale by δobs = 565.2 δcalc ppm. The utilization of BLYP-D was validated by the similar results
(within numerical accuracy) obtained for representative molecules
optimized with the more expensive hybrid B3LYPD (Table S1).

3. Results and discussion
The fundamental understanding of the correlation between the
solvation structure and the dynamical properties of ionic species in a
multicomponent mixture and its eﬀect on the electrochemical properties provides an important basis for designing optimized electrolytes.
Here, we used MD simulations and NMR to understand the solvation
structure and transport properties of neat Mg(BH4)2/DGM and neat Mg
(TFSI)2/DGM solutions as well a more complex Mg(BH4)2 + Mg(TFSI)2
in DGM solution as a function of concentration of Mg(TFSI)2. Fig. 1a
shows the 25Mg NMR spectra of 0.01 M Mg(BH4)2 and a variable concentration of Mg(TFSI)2 ranging from 0 to 0.04 M dissolved in DGM.
The 25Mg chemical shift of pure 0.01 M Mg(BH4)2 (corresponding to the
saturated concentration in DGM) is at 13.5 ppm (Fig. 1a(a)) while that
of pure 0.4 M Mg(TFSI)2 is located at 0.3 ppm (Fig. 1a(g)). Note that the
25
Mg NMR chemical shifts for pure Mg(TFSI)2 dissolved in DGM with
concentrations varying from 0.005 M to 0.4 M are essentially the same,
i.e., at about 0.3 ppm (see Fig. S1 in the Supporting Information). For
the mixture with both Mg(BH4)2 and Mg(TFSI)2, a single broad peak is
observed in all cases studied (Fig. 1a(b-f)), strongly indicating the
presence of either i) a single solution structure or ii) a convolution of
multiple solution structures with rapid exchange. Examining the solution as a function of diﬀerent salt concentrations, we ﬁnd that peak
positions as well as their widths evolve. The chemical shift value of the
peak center decreases monotonically with the increasing concentrations

2.2.2. Molecular dynamics simulations
Classical molecular dynamics (MD) simulations were performed
using the GROMACS MD simulation package version 4.5.3 to study
solvation structures and dynamical properties [54]. Simulation details
closely follow those described in our previous publication [55]. We ﬁrst
build a cubic simulation box of size 8 * 8 * 8 nm3 with periodicity in
XYZ direction. We considered 0.01 M concentration for Mg(BH4)2
mixed in 0, 0.001, 0.0025, 0.005, 0.01, 0.04 M Mg(TFSI)2 in DGM to
understand the eﬀect of the additive Mg(TFSI)2 in the solution. It
should be pointed out that without Mg(TFSI)2 the saturated concentration of Mg(BH4)2 in DGM is 0.01 M. Due to the prohibitively large
simulation box and long computational time needed for very low concentration of salts, the ratio of the Mg(BH4)2/Mg(TFSI)2 in DGM was
kept similar to those in the NMR experiments but at higher salt concentration with 0.1 M Mg(BH4)2 mixed in 0, 0.1, 0.2, 0.3, 0.4 M Mg
(TFSI)2 in DGM for the residence time calculations. The force ﬁeld
parameters were obtained by computing partial charges with the RESP
procedure by ﬁtting the electrostatic potential surface of the optimized
structure using Antechamber [56–58]. The bonded and non-bonded
parameters were obtained using the generalized AMBER force ﬁeld
438
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Fig. 1. a) 25Mg NMR spectra of Mg(BH4)2 and Mg
(TFSI)2 dissolved in DGM with diﬀerent concentrations of (Mg(BH4)2: Mg(TFSI)2). (a) 0.01 M : 0 M; (b)
0.01 M : 0.001 M; (c) 0.01 M : 0.0025 M; (d) 0.01 M:
0.005 M; (e) 0.01 M : 0.01 M; (f) 0.01 M: 0.04 M; (g)
0 M : 0.4 M. b) correlation between the predicted
chemical shifts and experimental results. The labels
on the points are the molar ratios of Mg(BH4)2 : Mg
(TFSI)2.

3.1. Solvation structure and the mechanisms of molecular exchange

of Mg(TFSI)2. For the mixture with 0.01 M Mg(BH4)2 and 0.001 M Mg
(TFSI)2, the peak center is located at 12.2 ppm, already shifted away
from that the value of 13.5 ppm measured for pure 0.01 Mg(BH4)2. For
the mixture with 0.01 M Mg(BH4)2 and 0.04 M Mg(TFSI)2, the peak
center shifts to 1.8 ppm, approaching the value of 0.3 ppm found for
pure 0.4 M Mg(TFSI)2. In contrast, the line width – deﬁned as the width
at the half peak height positions – is the narrowest (150 Hz) for pure
0.01 M Mg(BH4)2, then gradually increases with the concentration of
Mg(TFSI)2 and ﬁnally reaches 333 Hz for the case of pure 0.4 M Mg
(TFSI)2. In view of this evidence, a single solvation structure is unlikely.
We deduce that the decreased chemical shift values and the increased
peak widths as a function of the increasing concentration of Mg(TFSI)2
consistently support a fast molecular exchange between at least two
solvation structures. Following the simplest version of this hypothesis,
we assume two distinct solvation structures, i.e., Structure-A, for pure
0.01 M Mg(BH4)2 in DGM and Structure-B for 0.04 M pure Mg(TFSI)2
in DGM (structures deﬁned below). We further hypothesize that if the
exchange rate between Structure-A and Structure-B is much faster
than the diﬀerence of the peak centers in units of Hz, i.e., greater than
(13.5 − 0.3) × 55.1 = 727.32 Hz, a single 25Mg NMR peak will be
observed experimentally. To verify this hypothesis, a linear correlation
between the predicted chemical shifts using the known concentrations
of Mg(BH4)2 and Mg(TFSI)2 and the experimentally observed chemical
shifts must be proven. Under the condition of fast exchange, the chemical shift (δm ) in a mixed electrolyte is predicted with the experimental results of 0.01 M Mg(BH4)2 and that of Mg(TFSI)2 according to
the equation

δm = c1/(c1 + c2) × δ1 + c2/(c1 + c2) × δ2

We used classical MD simulations to further elucidate the mechanism behind the evolving solvation structures of neat Mg(BH4)2DGM, Mg(TFSI)2-DGM and the more complex Mg(BH4)2 + Mg(TFSI)2
in DGM solutions. Fig. 2a and b show the radial distribution function
(RDF) of the 0.01 M Mg(BH4)2 in DGM and 0.04 M Mg(TFSI)2, respectively. It is observed that there is a very strong interaction between
Mg2+ and BH4- as indicated by the ﬁrst sharp peak of Mg-B(BH4) observed at 2.2 Å. This strong interaction precludes solvent (DGM)
mediated dissociation of Mg2+ and BH4- in the solution and results in
the formation of contact ion pairs even at low concentration of 0.01 M.
We observed a coordination number (CN) of 2.1 for Mg-BH4 and 1.8 for
Mg-DGM (Fig. 2c) indicating that each Mg2+ ion is surrounded by two
BH4- and one to two DGM molecules in the ﬁrst solvation shell for
tridentate (Fig. 3a or Fig. S3) and mono or bi-dentate coordination of
DGM respectively. Such strong interaction between Mg2+ and BH4results in extremely low solubility of Mg(BH4)2 salt in DGM.
The presence of contact ion pairs in Mg(BH4)2 was also observed in
previous experimental and simulation studies [60,61]. Fig. 3a shows
the optimized geometry of Mg(BH4)2/DGM from ﬁrst-principles DFT
calculations using the methods detailed in the Quantum Chemistry
Calculation of the Computational Details of the Methodology Section,
where two hydrogen atoms from each of the two BH4- groups are
bonded to the Mg atom, and a DGM molecule coordinates a Mg2+ ion
with three oxygen atoms [38]. By considering only the ﬁrst solvation
shell in quantum calculations, we obtained a calculated 25Mg chemical
shift of 21.2 ppm, which is quite diﬀerent from the experimental result
of 13.5 ppm (Fig. 1a). Based on the coordination number of Mg-DGM in
the second solvation sphere obtained from MD simulations, up to 6
DGM molecules were added as the second solvation shell in quantum
calculations of 25Mg chemical shift. To examine the eﬀect of varying
number of DGM molecules, Fig. 3b and c show models containing three
and ﬁve DGM molecules in the second solvation shell. The corresponding calculated 25Mg chemical shifts are 18.1 ppm and 13.3 ppm
respectively (Table 2), which indicates that DGM molecules in the
second shell have a signiﬁcant eﬀect on the calculated Mg2+ chemical
shift. A good agreement with the experimental NMR result of 13.5 ppm
is reached, consistent with the MD results, for ﬁve DGM molecules. The
calculated 25Mg chemical shift of 15.7 (Table 2) for six DGM in the
second solvation shell is also close to the experimental value of
13.5 ppm. Therefore, from combined NMR, MD and ﬁrst-principles
calculations, we propose that the solvation structure of 0.01 M Mg
(BH4)2 dissolved in DGM is comprised of two BH4- anions and one DGM
molecule in the ﬁrst solvation shell of Mg2+, while there are ﬁve to six
DGM molecules in the second solvation shell, Structure-A. For the 0.04
Mg(TFSI)2/DGM solution, the ﬁrst radial distribution function peak in

(1)

where δ1= 13.5 ppm, δ2 = 0.3 ppm, and c1 and c2 are either the concentrations or the molar ratios of Mg(BH4)2 and Mg(TFSI)2 respectively
(See Table 1). For example, in the case that the ratio of [BH4]/[TFSI] is
10/1, the concentrations of Mg(BH4)2 and Mg(TFSI)2 are 0.01 M and
0.001 M respectively. Based on Eq. (1), the predicted chemical shift
under fast molecular exchange between Structure-A and Structure-B is
12.3 ppm. The predicted results for all other concentrations are summarized in Table 1. Comparing with the experimental results, the differences are less than 1.1 ppm, so the predicted values are highly consistent with the experimental results. As further veriﬁcation, the
experimental and predicted results are summarized in a correlation
diagram as shown in Fig. 1b. We obtain a correlation coeﬃcient, r of
0.994, between the predicted and the experimental shifts, indicating a
highly linear correlation that supports the existence of fast molecular
exchange between the two solvation structures (Structure-A and
Structure-B.)
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Fig. 2. Radial distribution function of a) Mg-B(BH4), Mg-H(BH4), and Mg-O(DGM) in 0.01 M Mg(BH4)2/DGM b)Mg-N(TFSI), Mg-O(TFSI), Mg-O(DGM) in 0.04 M Mg(TFSI)2/DGM c)
coordination number computed for Mg-BH4, Mg-TFSI, Mg-DGM in the ﬁrst solvation shell around Mg2+.

Table 2
Calculated

25

Mg chemical shifts.

Label

Structures

25

Fig. 3a
Fig. 3b
Fig. 3c

Mg(BH4)2 DGM
Mg(BH4)2 DGM −3DGM
Mg(BH4)2 DGM −5DGM
Mg(BH4)2DGM−6DGM
[MgTFSI]+−2DGM
[MgTFSI]+−2DGM
[MgTFSI]+−2DGM
[MgTFSI]+(2DGM)2−2DGM
[MgTFSI]+(2DGM)2−4DGM
[MgTFSI]+−2DGM
[MgTFSI]+(DGM)2−2DGM
[MgTFSI]+(DGM)2−4DGM
[MgTFSI]+(DGM)2−6DGM

21.2
18.1
13.3
15.7
0.2
−5.3
−0.3
−1.7
−3.8
−6.4
1.2
1.2
1.6

Fig. 4a
Fig. 4b
Fig. 4c

Fig.
Fig.
Fig.
Fig.

4d
5a
5b
5c

Mg Chemical Shifts/ppm

at 0.4 M concentration of Mg(TFSI)2. The high oxygen donor denticity
and ﬂexibility of DGM allows complete dissociation of Mg-TFSI at lower
concentration and the formation of contact ion pairs at 0.4 M concentration (Fig. 4) with one TFSI- anion in the ﬁrst solvation shell
around Mg2+, forming solvation structures between 0.8 and 1.2 nm in
diameter. Such increases in ion association which result in contact ion
pair formation with an increase in the concentration of Mg(TFSI)2 in
DGM solvent has also been observed in previous studies [62]. For NMR
peak calculations from ﬁrst-principles, we ﬁrst considered only the ﬁrst
solvation shell where Mg2+ is coordinated with one TFSI- anion and
two DGM molecules. Four representative conformations after geometry
optimization are depicted in Fig. 4. The calculated chemical shifts are
0.2 ppm, − 5.3 ppm, − 0.3 ppm and − 6.4 ppm for the structures in
Fig. 4a, b, c, and d, respectively (Table 2). The calculated chemical
shifts follow an upﬁeld trend with an increase of the number of coordinated oxygen atoms. Among them, the value of 0.2 ppm (Fig. 4a) is
in excellent agreement with the experiment of 0.3 ppm (Table 1), and
the value of − 0.3 ppm (Fig. 4c) is also close to the experimental value.
To consider the contributions from the second solvation shell, varying
numbers of DGM were added to the two most likely conformations (Fig.
a and c). Hence, two, four, and six DGM molecules are added into the
structure in Fig. 4a to construct the second solvation shells (Fig. 5a-c).
The corresponding calculated chemical shifts are 1.2 ppm, 1.2 ppm, and

Fig. 3. DFT-optimized predictions of the solvation structures of Mg(BH4)2 dissolved in
DGM. (a) Mg(BH4)2DGM; (b) Mg(BH4)2(DGM)4; (c) Mg(BH4)2(DGM)6. Mg(BH4)2(DGM)6
provides DFT-predicted chemical shifts in good agreement with experimental results and
is designated as Structure-A.

the solvation structure around Mg2+ is observed from the oxygen atoms
of TFSI- and DGM at ~ 2.1 Å and the peak from nitrogen of TFSI- is
observed further at a distance of ∼ 4.3 Å (Fig. 2b). The coordination
number of Mg-TFSI is 0.27 at 0.04 M and 1.1 at 0.4 M indicating the
presence of solvent separated ion pairs at 0.04 M and contact ion pairs
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Fig. 5. [MgTFSI]+−2DGM with both ﬁrst and second solvation shells. The second solvation shell has a limited impact on the shielding of the Mg atom, and thus a, b, and c are
all candidates for Structure-B.

shift value of Mg for this structure while expanding the overall solvation structure from about 1.2–1.6 nm.
At very dilute Mg(TFSI)2 concentrations in DGM, there is also a
possibility that TFSI- is completely dissociated from Mg2+ based on the
MD results above. This possibility is explored for a variety of models
where a Mg2+ is coordinated by a diﬀerent number of DGM molecules.
The results of the cluster models that generate predicted chemical shifts
close to the experimental values are summarized in Fig. S4 of the
Supplementary Information. Two ﬁrst-solvation structures, involving 2
and 3 DGM molecules respectively, generate 25Mg chemical shifts of
− 1.7 ppm for Mg(DGM)3 and − 3.6 ppm for Mg(DGM)2 (Table S2)
close to the experimental values of 0.3 ppm. In both cases, a
Mg2+interacts with six oxygen atoms from either two (i.e., each donating three oxygens in the case of Mg(DGM)2) or three (each donating
two oxygens in the case of Mg(DGM)3) DGM molecules. Adding second
solvation shells containing two to six DGMs on these two basic ﬁrst
solvation shell structures can further improve the agreement between
the calculated chemical shifts and the experimentally observed shift.
For example, for Mg(DGM)2 with 4 DGMs (Mg(DGM)2(DGM)4 in Table
S2) in its second shell a 25Mg chemical shift of 1.1 ppm is calculated
that is even closer to the experimental value of 0.3 ppm. Likewise, for
Mg(DGM)3 with either two DGMs (Mg(DGM)3(DGM)2), four DGMs (Mg
(DGM)3(DGM)4), or six DGMs (Mg(DGM)3(DGM)6) in the second shell,
− 0.8 ppm, 1.7 and 1.8 ppm peaks are predicted, respectively (Table
S2). These predicted values are also close to the experimental value of
0.3 ppm given the broad line width of the 25Mg2+ peak (Table 1 and
Fig. S1). Therefore, at dilute concentration in DGM there exists the
possibility of Mg2+ that is completely disassociated from TFSI-, with the
ﬂexibility of multiple conformations, which provides another candidate
for Structure-B at very dilute Mg(TFSI)2 concentrations in DGM.
In order to understand the eﬀect of two competing anions on the
solvation structure, we studied the solvation structure of mixtures
containing both Mg(BH4)2 and Mg(TFSI)2 dissolved in DGM. Fig. 6a
shows the radial distribution function of Mg-BH4 as a function of the
concentration of Mg(TFSI)2. We observed a single peak at ~ 2.2 Å in

Fig. 4. Several proposed ﬁrst solvation structures of [MgTFSI]+−2DGM. The ﬁrst conformation, a, agrees best with experimental results and is likely the solvation structure for
the ﬁrst shell in Structure-B.

1.6 ppm, respectively (Table 2) which are all in reasonable agreement
with the experimental value of 0.3 ppm considering the broad shape of
the 25Mg NMR peak, i.e., the half peak heights at 3.3 ppm and
− 2.7 ppm. Similarly, two, and four DGM molecules are added into the
structure in Fig. 4c to construct the second solvation shells, and the
corresponding calculated chemical shifts are − 1.7 ppm, and
− 3.8 ppm, respectively. Considering both the NMR and MD results, we
ﬁnd that the of the multiple conformers of the ﬁrst solvation structure
for the system Mg(TFSI)2-DGM is [MgTFSI]+−2DGM, Fig. 4a is the
most probable structure for Structure-B. We also ﬁnd that adding the
second solvation shell containing two or four DGM molecules causes
only minor changes (less than about 0.9 ppm) to the predicted chemical
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Fig. 6. Radial distribution function of a) Mg-BH4 b) Mg-TFSI c) Mg-DGM and d) coordination number Mg-BH4, Mg-TFSI, Mg-DGM in a mixed solution of 0.01 M Mg(BH4)2/DGM and
varying concentration of Mg(TFSI)2. The y-axis shows the concentration of Mg(TFSI)2 in the solution.

Mg2+ plus one BH4- and one TFSI-. TFSI- is known to exist in multiple
conformers in solution so here we considered three possible coordinations of the TFSI- anion. They are labeled in Table S3 as Mg(BH4)(TFSI)
(DGM-1) for the trans-conformer of TFSI- where it donates one oxygen
atom to Mg2+, Mg(BH4)(TFSI)(DGM)− 2 for the trans-conformer of
TFSI where the Mg2+ is bonded to one oxygen atoms from the SO2
group and the nitrogen, and Mg(BH4)(TFSI)(DGM-3) for the cis-conformer of TFSI where the Mg2+ is bonded to two oxygen atoms from
each SO2 group. The predicted 25Mg chemical shifts are 17.0 ppm for
Mg(BH4)(TFSI)DGM-1, 5.5 ppm for Mg(BH4)(TFSI)DGM-2, − 4.6 ppm
for Mg(BH4)(TFSI)DGM-3 and − 5.2 ppm for Mg(BH4)(TFSI)2DGM-,
respectively (Table S3). Only the value of 5.5 ppm falls within the observed experimental values between 0.3 ppm and 13.5 ppm (see
Table 1) for the mixtures with varied ratios of Mg(BH4)2 and Mg(TFSI)2
in DGM. Adding second solvation shells containing 1–5 DGM molecules
onto the above three types of ﬁrst shell solvation structures can impact
the predicted 25Mg NMR chemical shifts. These results are also summarized in Table S3 of Supporting Information. However, only the Mg
(BH4)(TFSI)DGM-2 structure results in shifts within the observed experimental range; 7.4 ppm for one DGM, 4.8 ppm for three DGMs, and
3.3 ppm for ﬁve DGMs in the second solvation shell. These results indicate that the solvation shell structure of Mg(BH4)(TFSI)DGM-2
(Structure-C) along with its various second solvation structures reported here are the structures that facilitate the exchange between
Structure-A and Structure-B. Structure-C, i.e., Mg(BH4)(TFSI)DGM-2
with ﬁve DGMs in its second solvation shell, is most likely the dominant
solvation structure for the mixture at high salt concentrations. These
conﬁgurations are presented in Fig. 7a-d. This assignment is justiﬁed by
using the experimental 25Mg NMR spectra obtained on systems of 0.1 M
Mg(BH4)2 + 0.1 M Mg(TFSI)2, 0.1 M Mg(BH4)2 + 0.2 M Mg(TFSI)2, and
0.1 M Mg(BH4)2 + 0.3 M Mg(TFSI)2 in Fig. S2. Fig. S4 displays the 25Mg
NMR peak centers at approximately 2.2, 1.7 and 1.0 ppm for the systems of 0.1 M Mg(BH4)2 + 0.1 M Mg(TFSI)2, 0.1 M Mg(BH4)2 + 0.2 M

agreement with the neat solution but the peak intensity decreases signiﬁcantly with increasing concentration of Mg(TFSI)2 in the solution
(Fig. 2b). The competing interaction from the TFSI- anion to coordinate
with Mg2+ results in a stronger intensity of the Mg-TFSI RDF peak with
an increased concentration of Mg(TFSI)2. This competing interaction
between the two anions disrupts the rigid solvation structure of Mg-BH4
and allows more solvent molecules to interact with Mg2+, which in turn
increases the solubility of the Mg(BH4)2 salt. The eﬀect of this change in
the solvation structure as a function of Mg(TFSI)2 concentration in
0.01 M Mg(BH4)2/DGM solution can also be observed in the coordination number of Mg-BH4 as it decreases from 1.8 to 0.5 with an increase
in Mg(TFSI)2 concentration from 0.001 to 0.04 M. Hence the formation
of contact ion pairs of Mg-BH4 in neat Mg(BH4)2/DGM solution and in
mixtures with very small concentration of Mg(TFSI)2 become favorable,
while partially solvent separated ion pairs of Mg-BH4-TFSI, where TFSI
is entering into the ﬁrst solvation shell, are formed at higher concentrations of Mg(TFSI)2. As TFSI- is a weakly coordinating anion, the
increase in Mg-TFSI coordination number is not signiﬁcant and solvent
separated ion pairs of Mg-TFSI from even at the highest examined
concentration of Mg(TFSI)2 (0.04 M). On the other hand, a signiﬁcant
increase was observed in the coordination number of Mg-DGM with
increased Mg(TFSI)2 concentration, which would enhance the solubility
of Mg(BH4)2 solution as discussed previously. Stable Mg species are
observed in mixed Mg electrolyte [Mg-BH4-TFSI]/DGM solution, where
both the BH4- and TFSI- enter into the ﬁrst solvation shell of Mg2+ in
the mixed electrolyte systems (Fig. 7). Such a solvation structure can
potentially reduce the risk of charge-transfer mediated TFSI- decomposition which was previously proposed for Mg(TFSI)2 [10,61]. Furthermore, a weaker interaction between Mg2+ and BH4- may also enhance the ionic conductivity and the electrochemical performance as
suggested previously by Mohtadi et al.[60] Based on coordination
numbers obtained from MD simulation, we computed the 25Mg NMR
shift for the structure containing one DGM molecule chelating one
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Fig. 8. Residence time of Mg-BH4-, Mg-DGM and Mg-TFSI in ﬁrst (left) and second (right)
solvation shell around Mg2+ at a constant concentration of 0.1 M Mg(BH4)2 and varied
concentration of Mg(TFSI)2 in DGM. The residence time of BH4- in the ﬁrst solvation shell
is not shown, as it did not converge during the length of trajectory (i.e., 20 ns) considered
in this work.

Fig. 7. DFT-optimized structures representing Structure-C with a) 0, b) 1, c) 3, and d) 5
DGM molecules in the second solvation shell.

P (t ) =

Mg(TFSI)2, and 0.1 M Mg(BH4)2 + 0.3 M Mg(TFSI)2, respectively. Calculations using ADF predicted a 25Mg NMR chemical shift for Structure-C of 3.3 ppm. By assuming a fast molecular exchange between
Structure-C (3.3 ppm) and Structure-B (0.3 ppm), we can calculate/
predict the 25Mg chemical shifts by using Eq. (1). We obtain 25Mg
chemical shifts of 1.8, 1.3 and 1.1 ppm for the systems of 0.1 M Mg
(BH4)2 + 0.1 M Mg(TFSI)2, 0.1 M Mg(BH4)2 + 0.2 M Mg(TFSI)2, and
0.1 M Mg(BH4)2 + 0.3 M Mg(TFSI)2, respectively. These calculated
values are in good agreement with the experimental results of 2.2, 1.7
and 1.0 ppm for the corresponding systems, suggesting that (i) Structure-C is an excellent candidate for the dominant solvation structure for
the mixture in DGM with both high Mg(BH4)2 and high Mg(TFSI)2
concentrations of equal or greater than 0.1 M; and (ii) fast molecular
exchange occurs between Structure-C and Structure-B.
Hence, two possible mechanisms can be proposed to explain the fast
exchange between Structure-A and Structure-B observed in NMR at
dilute mixed salt concentrations (Table 1) of Mg(BH4)2 and Mg(TFSI)2
in DGM. The ﬁrst one is a gradual exchange of the BH4- for TFSI- in the
ﬁrst solvation shells, plus the rearrangement of DGM orientation in the
second solvation shells such that Structure-A becomes Structure-B.
This process can be facilitated via Structure-C. The second mechanism
is a direct exchange of Mg-ions between Structure-A and Structure-B
with a residence time less than about 1/727.32 Hz = 1.4 ms. In this
case, the Mg-ions in both structures need to break the bonding of the
tridentate ligand of DGM.
To estimate the lifetime of anions and solvent molecules in the ﬁrst
solvation shell of Mg2+ we computed the residence time between the
anion and solvent molecules associated with the cation using a residence correlation function [63]

Sij (t ) Sij (0)
Sij (0) Sij (0)

,

(2)

where Sij(t) is equal to 1 when the neighbor j (TFSI, BH4, DGM) is
within the solvation shell of i (Mg+2), otherwise Sij is 0, where 〈 〉
denotes the average over all pairs and reference times. When P(t)
reaches zero the neighbors deﬁned at the reference time have been
decorrelated. The time required for this occurrence is quantiﬁed [63]
through assuming that
t

P (t ) = e− τ .

(3)

Fitting Eq. (2) with Eq. (3), the residence time (τ) can be calculated
between Mg+2 and its neighbors (BH4-, TFSI- and DGM). Therefore, the
residence times for pairs within the ﬁrst and second solvation shells, as
deﬁned by the RDFs in Fig. 2a-b, were computed using Eq. (2) over a
20 ns long trajectory with snapshots every 50 ps (Fig. 8). It is observed
that the residence times of TFSI- and DGM in the ﬁrst solvation shell are
comparable, which suggest that both TFSI- and DGM spend similar time
in the ﬁrst solvation shell of Mg2+, indicating approximately equivalent
interactions with Mg2+. The residence time of BH4- in the ﬁrst solvation
shell is not shown in Fig. 8 as it remained correlated during the 20 ns
simulation time. This is not surprising as we observed very strong interaction through H-bonding between BH4- and Mg2+ in the solvation
structure of neat Mg(BH4)2 in DGM. Hence, the residence time of BH4in the ﬁrst solvation shell around Mg2+ is estimated to be much longer
than those of TFSI- and DGM, and we deduce that the hopping of Mg2+
ions between solvation Structure A and B is unlikely to happen on a
100 ns time scale. Note that it is not currently feasible to simulate a
time scale close to or beyond 100 ns for the large simulation box considered in this work. In the second solvation shell, the anions exhibit
residence times corresponding to approximately 4–5 ns for BH4- and
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Fig. 9. Cyclic voltammetry of electrolyte solutions prepared in diglyme with diﬀerent concentrations of Mg(BH4)2 and Mg(TFSI)2 as labeled. The scan rate was 20 mV/s.

5. Conclusion

~1 ns for TFSI. In contrast, DGM exhibits short residence times between
131 and 200 ps, which indicates fast movements and weak interaction
with Mg2+. Hence, we ﬁnd that the DGM molecules in the second
solvation shell rearrange themselves eﬃciently by switching between
Structure-A and Structure-B. This process combined with identiﬁcation of intermediate Structure-C makes possible a gradual change from
Structure-A to Structure-B and vice versa. In this context we note that
previous studies have also shown that the diﬀusion of cations are faster
through structural diﬀusion with ions or via a solvent exchange mechanism [63]. Such fast exchange improves the dynamics of the electrolyte and hence the conductivity.

Our results indicate that even a small addition of Mg(TFSI)2 to Mg
(BH4)2 dissolved in diglyme (DGM) can signiﬁcantly disrupt the welldeﬁned solvation structure and strong interaction between Mg and BH4,
thus increasing the fraction of freely coordinated anions and resulting
in signiﬁcantly increased solubility of Mg(BH4)2 in DGM. This not only
greatly enhances the dynamics but also improves the stability of the
otherwise unstable TFSI anion. By taking advantage of the increased
sensitivity using a combination of high magnetic ﬁeld and a large
sample volume probe, natural abundance 25Mg NMR spectra of Mg
(BH4)2 and Mg(TFSI)2 dissolved in DGM at magnesium concentration as
low as 10 mM were successfully acquired. Coupled with classical dynamics modeling, quantum chemistry calculations of 25Mg NMR chemical shifts, the solvation mechanisms of Mg(BH4)2 and Mg(TFSI)2
dissolved in DGM at various concentrations and ratios of Mg(BH4)2/Mg
(TFSI)2 were investigated. It was found that for the system of 0.01 M
(saturated concentration) pure Mg(BH4)2 dissolved in DGM, there are
two BH4- anions and one DGM molecules in the ﬁrst solvation shell of a
Mg2+ ion, while there are ﬁve to six DGM molecules in the second
solvation shell (termed as Structure-A). For the system of pure Mg
(TFSI)2 in DGM, the ﬁrst solvation shell of one preferred structure
contains two DGM molecules and one TFSI anion while the second
solvation shell contains approximately four DGM molecules (termed as
Structure-B). At very dilute Mg(TFSI)2 concentration in DGM there also
exists the possibility of completely dissociated Mg2+ from TFSI-, with
the ﬂexibility of multiple conformations, which provides another candidate for Structure-B. To explain the NMR results, an exchange mechanism between these two types of basic solvation structures in the
mixture electrolytes containing both Mg(BH4)2 and Mg(TFSI)2 in DGM
is suggested. For 0.01 M Mg(BH4)2 and varied concentration
(0.001–0.004 M) of Mg(TFSI)2 in DGM, possible mechanisms include
solvent molecular rearrangement and direct Mg-ion exchange between
these two structures. It was found that solvent exchange was much
faster than the direct Mg-ion exchange due to the lower energy required. For the solvent exchange mechanism, an intermediate
Structure-C with its ﬁrst solvation shell similar to Structure-A, but
with one BH4 replaced by a TFSI anion is likely responsible for facilitating the process. Structure-C is also the dominant solvation structure
in the mixture containing both Mg(BH4)2 and Mg(TFSI)2 at high salt
concentrations (0.1 M or higher for each salt) in DGM. The exchange
between Structure-C and Structure-B explains the observed 25Mg
chemical shifts at high salt concentrations. Finally, cyclic voltammetry
and coulombic eﬃciency measurements of the diﬀerent electrolyte
compositions indicate that the eﬃciency of reversible plating/stripping
of Mg strongly depends on the concentration and the ratios of Mg(BH4)2
and Mg(TFSI)2 in DGM, and the eﬃciency is optimized at a Mg(BH4)2 to
Mg(TFSI)2 ratio of approximately 1:4 due to both enhanced dynamics in
solution and improved stability the TFSI anion.

4. Electrochemical evaluation of the composite electrolytes
We ﬁnd that the salt ratios of the electrolytes have pronounced effects on the Mg deposition and stripping properties. Fig. 9 compares the
cyclic voltammetry (CV) curves acquired with each electrolyte at a scan
rate of 20 mV/s. The results were analyzed and the activities are listed
in Table 3, which shows that the pure Mg(BH4)2 electrolyte (saturated,
~ 0.01 M) exhibits very weak activities for Mg deposition, and both the
Mg deposition current density and the Coulombic eﬃciency (15%) were
quite low. The activities showed gradual improvements with the addition and increase of the concentration of Mg(TFSI)2. The Coulombic
eﬃciency, for example, increased from the 15% without Mg(TFSI)2 to
55%, 75% and 89% at Mg(TFSI)2 concentrations of 0.0025 M, 0.01 M
and 0.04 M, respectively. Overall, we identiﬁed that the combination of
0.01 M Mg(BH4)2 and 0.04 M Mg(TFSI)2 exhibited the best activity for
Mg deposition and the current density was the highest. At this particular ratio, the presence of both Mg(BH4)2 and Mg(TFSI)2 results in
formation of solvent separated ion pairs as well as stable a structure
with both BH4 and TFSI anions in the ﬁrst solvation shell. Improved
Coulombic eﬃciency at increased Mg(TFSI)2 concentrations has also
been found for electrolyte solutions prepared with two high salt Mg
(BH)4 (0.1 M) and Mg(TFSI)2 (0.1 or 0.2 M) combinations in DGM
(Table S3). In summary, these electrochemistry data, together with the
25
Mg NMR and the simulation results, clearly shows that the Mg coordination environment exerts a strong inﬂuence on the performance of
the electrolyte.

Table 3
Summary of electrochemical results of electrolyte solutions prepared with diﬀerent salt
combinations.
Mg(BH)4

Mg(TFSI)2

Overpotential (V)

Coulombic Eﬃciency

.01
0.01
0.01
0.01

0
0.0025
0.01
0.04

0.25
0.25
0.24
0.16

15%
55%
75%
89%
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