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ABSTRACT: Mg batteries have been proposed as potential alternatives to lithium-ion
batteries because of their lower cost, higher safety, and enhanced charge density. However,
the Mg metal readily oxidizes when exposed to an oxidizer to form a thin MgO passivation
surface layer that blocks the transport of Mg2+ across the solid electrode−electrolyte
interface (SEI). In this work, the adsorption and thermal decomposition of diglyme (G2)
and electrolytes containing Mg(TFSI)2 in G2 on 10 nm-sized MgO particles are evaluated
by a combination of in situ 13C single-pulse, surface-sensitive 1H−13C cross-polarization
(CP) magic-angle spinning (MAS) nuclear magnetic resonance, and quantum chemistry
calculations. At 180 °C, neat G2 decomposes on MgO to form surface-adsorbed −OCH3
groups that are captured as a distinctive peak located at about 50 ppm in the CP/MAS
spectrum. At low Mg(TFSI)2 salt concentration, the main solvation structure in this
electrolyte is solvent-separated ion pairs without extensive Mg−TFSI contact ion pairs. G2,
likely including a small amount of G2-solvated Mg2+, adsorbs onto the MgO surface. At high
Mg(TFSI)2 salt concentrations, contact ion pairs between Mg and TFSI are formed
extensively in the solution with the first solvation shell containing one pair of Mg−TFSI and two G2 molecules and the second
solvation shell containing up to six G2 molecules, namely, MgTFSI(G2)2(G2)6

+. In the presence of MgO, MgTFSI(G2)2(G2)6
+

adsorbs onto the MgO surface. At 180 °C, the MgO surface stimulates a desolvation process converting MgTFSI(G2)2(G2)6
+

to MgTFSI(G2)2
+ and releasing G2 molecules from the second solvation shell of the MgTFSI(G2)2(G2)6

+ cluster into the
solution. MgTFSI(G2)2

+ and MgTFSI(G2)2(G2)6
+ tightly adsorb onto the MgO surface and are observed by 1H−13C CP/

MAS experiments. The results contained herein show that electrolyte composition has a directing role in the species present on
the electrode surface, which has implications on the structures and constituents of the solid−electrolyte interface on working
electrodes and can be used to better understand its formation and the failure modes of batteries.

KEYWORDS: magnesium battery, electrolytes, diglyme, Mg(TFSI)2,
13C NMR, and DFT NMR calculations

■ INTRODUCTION

Energy storage represents an important technological field for
continued global economic advancement. Batteries have long
represented a convenient method for chemically storing
energy, but rapidly increasing energy storage needs have
driven extensive efforts to improve these materials in size,
capacity, service life, and reusability. Rechargeable batteries
such as Li-ion batteries have become a prominent power
source for portable electronic devices and electric vehicles.1,2

However, the demand for improved performance has
prompted investigations into other multivalent cation systems.
Mg metal batteries constitute an attractive alternative to Li-ion
technology due to Mg’s marked potential energy density
enhancement over the Li-ion (3,833 vs 800 mA h/cc).3 As
such, extensive efforts have been made to better understand
the interactions between the electrode surfaces and the
electrolyte to drive the design of new materials with improved
capacity and stability.4 Repeated cycling introduces micro-
structure formation at the interface between the solid electrode
and electrolyte due to migration of ionic species. This process

often results in battery failure, highlighting the importance of
identifying the interactions between the electrode surface and
electrolyte to provide key understanding into the failure modes
of Mg battery systems, which may be used in the rational
design of improved systems.
The true surface of Mg battery electrodes is complex in

nature due to Mg−metal interactions with electrolytes and air,
where reported evidence has shown that MgO is a major
constitute in the SEI of the Mg−metal anode in a magnesium
battery system containing Mg(TFSI)2/glyme electrolytes.5

This is because the Mg metal readily oxidizes when exposed
to an oxidizer, such as air,6 to form a thin MgO surface layer.
The presence of an MgO surface phase inevitably impacts the
electrode surface-solvent/electrolyte interactions, thus affecting
the performance of a Mg battery. Further, the high-molecular
adsorption capacity of MgO enables molecules such as H2O or
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CO2 to readily adsorb on the MgO surface. These molecules
may, in turn, block the adsorption sites, preventing electrolytes
from accessing the surface.7,8 Indeed, it has been shown that
the method of preparation affects the adsorption of molecules,
which can modulate the reactivity for a variety of substrates.9

This strongly suggests that even in battery applications, the
preparation of the cell may result in contrasting surface oxide
layers, and thus, different performances.
Though the specific reactivity may differ, MgO surfaces

exhibit dehydrogenation activity, whereby alcohols have been
shown to decompose into stable surface conjugate base species
(methoxide, ethoxide, etc.) and carbonates, which may
undergo further reactions with extended phase molecules or
dehydrate in the absence of additional substrate interac-
tion.10−12 MgO is also effective at breaking C−O bonds, such
as those of methyl formate and dimethoxyethane (DME,
glyme, or G1).9,13 The interactions of G1 with the MgO
surface have been studied recently using computational
modeling13 due to its use as a solvent in Mg battery
electrolytes, such as with magnesium(II) bis(trifluoromethane
sulfonyl)imide (Mg(TFSI)2), an electrolyte that exhibits high
resistivity toward oxidation, high conductivity, and compati-
bility with most cathode materials.14 The most stable
decomposition interaction of G1 with the MgO surface was
predicted by density functional theory (DFT) to result in the
cleavage of one C−O bond and the exchange of an H atom
between two fragments to form methanol and methoxy ethane
which proceed through a methoxy intermediate and remain
adsorbed on the surface. The study found that G1
decomposition was kinetically hindered by the surface oxide
overlayer.13

The thermochemical decomposition of solvent materials is
an important consideration for battery performance. The
electrochemical cycling of batteries results in elevated cell
temperatures (potentially >60 °C during discharge and even
much greater locally at the electrode surface)15,16 which may
induce electrolyte and/or solvent reactivity over the course of
numerous charge−discharge cycles. Cycling at high external
temperatures has been shown to reduce cell lifetime as well,
providing further need to investigate such interactions under
high thermal stress conditions.17 In situ nuclear magnetic
resonance (NMR) spectroscopy is a technique well suited for
probing the interactions between the solid surface and
electrolyte materials.18,19 In this work, we employ NMR to
study the solvent−surface interactions under in situ conditions
of significantly elevated temperatures to simulate the
adsorption and potential thermal decomposition of the solvent
and electrolytes on the MgO surface. Specifically, we
investigate electrolytes containing Mg(TFSI)2 in diglyme
(G2) because G2 is a commonly used solvent in Mg-battery
applications due to its improved stripping kinetics of Mg0 over
glyme (G1 or DME).6

■ EXPERIMENTAL METHODS
Samples. Electrolytes of 0.1 M and 1.0 Mg(TFSI)2 in G2 were

prepared as follows in an argon-filled glovebox. A stoichiometric
amount of Mg(TFSI)2 (99.5%, Solvionic, France) was added to G2
(99.5%, Sigma-Aldrich) in a 5 mL volumetric flask under stirring at
room temperature. Mg(TFSI)2 was dried for two days under vacuum
at 180 °C, and the G2 was dried over activated 3 Å molecular sieves
until its moisture content was determined to be below 30 ppm by a
Karl-Fisher titrator (Metrohm). Magnesium oxide nanopowder
(MgO, 99.9%, 10 nm) was purchased from US Research Nanoma-
terials, Inc. with a size distribution of 5% <5 nm, 90% ∼10 nm, 5%

>10 nm (with up to 1% as 30−40 nm) and a specific surface area of
85−120 m2/g.

In Situ Natural Abundance MAS NMR Spectroscopy. In situ
1H and 13C single-pulse (SP) magic-angle spinning (MAS) NMR
experiments with high power proton decoupling were performed on a
Varian/Agilent Inova wide-bore 300 MHz NMR spectrometer using a
7.5 mm ceramic pencil-type MAS probe, operating at 13C and 1H
larmor frequencies of 75.430 and 299.969 MHz, respectively. A
custom-made 7.5 mm outside diameter all-zirconia MAS rotor that
was capable of 100% fluid seal under the condition of a combined
high-temperature and high-pressure operating environments20 was
employed for in situ MAS NMR investigations. 13C spectra were
referenced to tetramethylsilane (TMS at 0 ppm) using adamantane as
a secondary reference, that is, with 13C of CH2 at 38.48 (downfield
peak). All species, regardless of being adsorbed on the particle surface
or in the bulk solution phase, are quantitatively detected by the SP
experiment provided the recycle delay time (d1) is larger than five
times the relaxation time when a π/2 pulse is used. By using a smaller
tip pulse angle less than π/2, a reduced recycle delay time can be used
for quantitative measurement. To determine the recycle delay time, an
array of d1 times was collected with π/4 pulses and used to ensure d1
was sufficiently long for quantitative measurement (e.g., 5 s).

1H−13C cross-polarization (CP) MAS NMR was used to identify
only those species that are adsorbed onto a solid surface because CP/
MAS depend on static dipolar interaction between 1H and 13C spins.
In bulk solutions, fast and random molecular motions reduce the
time-averaged 1H and 13C dipolar interaction to zero, so the species in
bulk solution are not detected in the CP experiment. In contrast, the
interaction of molecules with a solid surface limits the motion of the
adsorbed molecules to yield a nonzero time-averaged 1H−13C dipolar
interaction that may be sufficiently strong for establishing an effective
CP, making CP/MAS a surface-sensitive method. Because the
efficiency of a CP experiment depends on many factors such as the
strength of 1H−13C dipolar interaction and the 1H spin-lattice
relaxation in the rotation frame, T1ρ, a CP experiment at a fixed
contact time is generally not quantitative but is an excellent method
for detecting surface species. A 0.5 s recycle delay time (d1), contact
time (ct) time of 2.6 ms, and a 1H decoupling field strength of 62.5
kHz were employed to collect these spectra.

Methods for Loading Samples into a Sealed MAS NMR
Rotor. Prior to 13C SP or 1H−13C CP/MAS NMR experiments, the
10 nm MgO powder samples were pretreated in a quartz tube
connected to a vacuum (10−3 Torr with 20% O2) manifold controlled
to low O2 partial pressure and heated to either 200 or 550 °C for 10 h.
The valve on the quartz tube was closed, and the samples were then
allowed to cool prior to relocation to a dry nitrogen glovebox for
packing. The valve was opened and a controlled quantity of MgO
powder was packed into a sealed NMR rotor. Subsequently, a
controlled amount of either G2 or G2 + Mg(TFSI)2 was added to the
rotor in the glovebox and quickly sealed. The seal of the rotor was
confirmed by comparing the mass prior to and after the NMR
measurements. In each case, identical masses were recorded,
indicating a perfect seal of the MAS rotor during the measurements.

Quantum Chemistry Calculations. Computational modeling of
the NMR chemical shifts was carried out using the Amsterdam
Density Functional (ADF-2014) package.21 Geometries were
optimized using the generalized gradient approximation with
Grimme’s third generation dispersion correction22 applied to the
Becke−Lee−Yang−Parr23,24 functional employed for geometry
optimization. All calculations were carried out by using the all-
electron TZ2P basis set (triple-ζ, 2-polarization function) with the
Slater-type orbitals25 implemented in the ADF program. 13C 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. The calculated
13C chemical shielding for adamantane is 136.08 ppm. To convert the
calculated shielding to the experimentally observed scale with
reference to adamantane (38.48 ppm), the following equation is
used, that is, δobs = 136.08 − δcalc + 38.48.
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■ RESULTS AND DISCUSSION
Reactivity of Solvent G2 on MgO Coated with

Carbonates. A single and relatively broad peak centered at
about 167.6 ppm with a half line width of 484 Hz (or 6.42
ppm) is observed in the 1H−13C CP/MAS NMR spectrum of
the 10 nm MgO powder pretreated at a temperature of 200 °C
(Figure 1a). This peak is attributed to surface carbonate

(CO3
2−),26 including bicarbonate (HCO3

−) and carbonate
interacting with Mg, that is, MgCO3.

27,28 These carbonate
species likely originate from CO2’s interaction with the MgO
surface during the commercial MgO manufacturing process
(either from decomposition of surface formate species or from
ambient air)29 that cannot be removed at a pretreatment
temperature of 200 °C. The reactivity of this MgO sample with
G2 at a reaction temperature of 180 °C is shown in Figure 1b
by the 1H−13C CP/MAS spectrum. In addition to the
carbonate peak, there are at least five upfield peaks observed;
c.a. 57.5, 67, 70.65, 72.12, and 78.63 ppm. All three 13C peaks
show a minor upfield shift of about 0.15 ppm when interacting
with the material surface. Based on the pure G2 results, the
peaks in Figure 1b can be assigned as the MgO surface
adsorbed G2: CH3 (57.5 ppm)−O−CH2 (72.12 ppm)−CH2
(70.65 ppm)−O−CH2 (70.65 ppm)−CH2 (72.12 ppm)−O−
CH3 (57.5 ppm), and the MgO surface-mediated decomposed
products, or G2 interacting with surface carbonates, with peaks
located at 78.63 and 67 ppm. Pure G2 inside the zirconia rotor
shows no reactivity at 180 °C (Figure 1c,d), indicating that the
stabilized bulk ZrO2 crystal (rotor material) is inert to G2
under our reaction conditions. This is evident by comparing
the 13C SP spectra prior to and after treating at 180 °C for 1 h
(Figure 1c,d). G2 does adsorb onto the inner surface of the
rotor wall and the adsorbed G2 can be captured by 13C CP/

MAS (Figure 1e) despite the rather low surface area of the
rotor, that is, π × 4.5 mm × 15 mm = 212 mm2.

Reactivity of Solvent G2 on MgO with Clean Surface.
Pretreatment of the 10 nm MgO powder at a temperature of
550 °C and above effectively removes surface carbonates,
generating a clean MgO surface, evidenced by the absence of
the 167.7 ppm peak in Figure 2. To investigate the reactivity of

G2 with a clean MgO surface (MgO550), MgO550 was mixed
with G2 in a sealed all-zirconia MAS rotor for NMR
measurements. After in situ heating at 180 °C for 1 h, 13C
SP and 1H−13C CP/MAS spectra were acquired. These results
are presented in Figure 2. Surface methoxy species (later
validated by DFT) in the form of Mg−OCH3 are clearly
observed in the 1H−13C CP/MAS spectrum (Figure 2a) with
its unique peak centered at ∼50 ppm. This forms from the
cleavage of −OCH3 in G2 (CH3O−CH2CH2−O−CH2CH2−
OCH3) by MgO at 180 °C. The remaining G2 fragment
interacts with the lattice oxygen of the MgO surface to form a
CH3O−CH2CH2−O−CH2CH2−O−Mg structure. The de-
composition process is depicted in Figure 3. Indeed, the 13C
CP/MAS spectrum between 55 and 75 ppm (Figure 2a1)
cannot be fit by using only three peaks (58.53, 70.84, and

Figure 1. 13C CP/MAS or SP/MAS spectra acquired at a sample
spinning rate of about 3.5 kHz and at room temperature. (a) CP/
MAS of pure 10 nm MgO immediately after pretreatment at 200 °C
(MgO200); this spectrum was acquired after the mixture was heated to
180 °C for 1 h; (a) was acquired with 97 872 scans; (b) CP/MAS of 2
μL G2 + 66.1 mg MgO200. This spectrum was acquired with 100k
scans; (c−e) samples comprised of 25 μL G2: (c) SP spectrum
immediately taken after loading into the rotor; 128 scans were
collected; (d) SP after heating to 180 °C for 1 h with 1748 scans; (e)
CP spectrum with 99 052 scans.

Figure 2. (a) 13C CP/MAS and SP/MAS (b) spectra obtained on
115.7 mg MgO550 + 25 μL G2 after reacting at 180 °C for 1 h. (a1,b1)
are horizontally expanded regions of (a,b) between 55 and 75 ppm.
(a) was acquired with 77 400 scans; (b) was acquired with 2196
scans.

F i g u r e 3 . S c h em a t i c d e p i c t i o n o f s o l v e n t G 2
(CH3OCH2CH2OCH2CH2OCH3) decomposition on MgO to form
CH3OMg and MgOCH2CH2OCH2CH2OCH3 via C−O cleavage of
diglyme.
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72.426 ppm) as those of the SP spectrum (Figure 2b1). Three
additional peaks assigned to CH3O−CH2CH2−O−CH2CH2−
O−Mg and located at approximately 56.96, 69, and 72.242
ppm are utilized to generate a good fit. The upfield shift
relative to its corresponding SP −OCH3 carbon spectral peak
is justified by NMR computational modeling below. Note that
the cleavage of −OCH3 in DME (G1) has been previously
suggested by computational modeling studies as a favorite
mechanisms for DME decomposition on the Mg−metal
surface.13

Adsorption of Electrolytes (Mg(TFSI)2 + G2) on Clean
Surface MgO. Two Mg(TFSI)2 concentrations, that is, 0.1
and 1.0 M in G2, are examined for investigating electrolyte
concentration-dependent adsorption and decomposition on a
clean MgO surface. To investigate their reactivity with the
inner wall of the zirconia rotor surface and the extent of Mg−
TFSI contact ion formation, both 13C SP and CP MAS NMR
experiments were carried out first without using MgO550 for
comparison to the spectra of neat G2. Clearly, no observable
reaction between these two electrolytes and the rotor was
observed based on the results presented in Figure 4, evident in
the expanded spectral region from 55 to 75 ppm, where only
three 13C peaks corresponding to G2 are observed. For the 0.1
M Mg(TFSI)2 + G2 sample, the chemical shifts of the three
13C peaks for G2, 58.568, 70.771, and 72.394 ppm prior to
Figure 4b and post heat treatment at 180 °C for 1 h (Figure
4c) are essentially identical and slightly shifted upfield by
0.03−0.1 ppm when compared to neat G2 (Figure 4a). In
contrast, 1.0 M Mg(TFSI)2 + G2 reveals an −OCH3 peak that
is downfield-shifted by about 1 to 59.50 ppm, while the two
−OCH2CH2O− peaks are upfield-shifted by approximately 1
to 69.77 and 71.46 ppm. It has been reported4 that low salt
concentrations (0.04 M) of Mg(TFSI)2 in G2 result in nearly
complete dissociation of Mg−TFSI, while contact ion pairs are
observed at higher concentrations (0.4 M) with one TFSI−

anion in the first solvation shell around Mg2+. Therefore, in the
0.1 M Mg(TFSI)2 + G2 sample, the majority of Mg−TFSI are
dissociated by G2, while for the 1.0 M Mg(TFSI)2 + G2
sample, the majority of Mg−TFSI forms contact ion pairs. The
difference in the shifts of 13C peaks for the G2 in the 0.1 and 1
M salt concentrations are, thus, a result of detailed solvation

structural changes that is detailed by NMR computational
modeling studies below.
Mixing MgO550 with 0.1 M Mg(TFSI)2 in G2 reveals no

evidence of electrolyte decomposition from the 13C SP and
CP/MAS spectra after thermal treatment at 180 °C for 1 h
(Figure 5). However, adsorption of G2 onto the MgO surface

is captured in both the SP (Figure 5a,a1) and the CP (Figure
5b,b1) experiments with the corresponding peaks located at
approximately 58.4, 70.65, and 72.23 ppm. The other three
peaks in the SP/MAS spectrum, 58.69, 70.94, and 72.52 ppm,
from liquid phase G2 are not detected in the CP experiment
due to fast random molecular motion. The relative abundance
of these species may be quantified from SP spectral
deconvolution (Supporting Information). The results indicate
that about 63% of G2 is present in the solution phase, while
the rest is surface-constrained. The −CF3 carbons of TFSI are
not detected in either the bulk solution phase or the MgO
surface due to the low abundance and number of scans used.
Nevertheless it is safe to say that the MgO surface contains a
negligible amount of tightly bonded TFSI at a low salt
concentration of 0.1 M.

Figure 4. 13C SP/MAS (a−c, e,f) and CP/MAS (d,g) spectra. (a) 25 μL pure G2; (b−d) 33.7 μL 0.1 M Mg(TFSI)2 + G2; (e−g) 35 μL 1.0 M
Mg(TFSI)2 + G2. (a,b,e) prior to heat treatment; (c,f) after heat treatment. Number of scans are 128 (a), 70 (b), 4000 (c), 160 000 (d), 24 (e),
4000 (f), and 111 532 (g) scans, respectively. “*” SSB indicates the spinning sideband. The four peaks at 114.1, 118.33, 122.60, and 126.84 ppm are
signals from TFSI−CF3 carbon.

Figure 5. (a) 13C SP/MAS (a) and CP/MAS (b) spectra obtained on
55.2 mg MgO550 (clean surface) + 34.5 mg 0.1 M Mg(TFSI)2 in G2
after in situ heat treatment at 180 °C for 1 h. (a1,b1) are horizontally
expanded regions of (a,b), highlighting MgO surface-adsorbed G2
with peaks located at approximately 58.4, 70.65, and 72.23 ppm. 4000
(a) and 97 126 (b) scans were employed. No electrolyte
decomposition is observed for this sample.
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Significant changes are observed when the salt concentration
is increased to 1.0 M. Figure 6 summarizes the 13C SP/MAS

and CP/MAS results obtained on a sample containing MgO550
and 1.0 M Mg(TFSI)2 in G2 after in situ heat treatment at 180
°C for 1 h. SP/MAS detect all of the species regardless they are
in the bulk solution or adsorbed onto the MgO surface. Six
major peaks are found in the SP/MAS spectra (Figure 6a,a1)
that are related to G2 and/or surface-adsorbed G2−Mg−TFSI
complexes with peaks centered at about 59.5, 61.11, 69.0,
69.84, 70.81, and 71.6 ppm in addition to two minor shoulder
peaks at 58.75 and 72.6 ppm. A set of relatively sharp solution
−CF3 carbons located at 113.89, 118.3, 122.58, and 127.1 ppm
is also observed. The two minor shoulder peaks have 13C
chemical shifts similar to the major solution 13C SP/MAS peak
in Figure 5a1 for the 0.1 M Mg(TFSI)2 in G2 and are thus
readily assigned to G2 molecules in solution. This free solution
G2 species accounts for approximately 7% of the observed G2
signals (Supporting Information). The CP/MAS spectra,
which detects only those species that are tightly adsorbed
onto the MgO surface, (Figure 6b,b1), clearly show that (i) the
TFSI anion is adsorbed onto the MgO surface, evidenced by
the relatively broad peaks located at about 118.3 and 122.4
ppm for TFSI; and (ii) G2 molecules are adsorbed onto the
MgO surface with peaks at 59.28, 69.74, and 71.49 ppm. Given
the similarities of the 13C chemical shifts for the adsorbed G2
(Figure 6b1) and those in bulk solution (Figure 4e,f), the
surface-adsorbed G2 and TFSI must also maintain contact ion
pairs in the same way as pure electrolytes of 1.0 M Mg(TFSI)2
in G2. Three new and symmetric peaks in the CP/MAS
spectrum (Figure 6b1) are observed at 60.94, 68.85, and 70.63
ppm. Compared with their counterparts in the SP spectrum
(Figure 6a1), these three peaks in the CP spectrum are sharper
and upfield-shifted by about 0.2 ppm, a trend that is consistent
with surface adsorption discussed throughout this work.
Furthermore, these three peaks have shift trends, that is,
with the −OCH3 group shifted downfield and the two CH2
groups shifted upfield, similar to 1.0 M electrolyte concen-
tration versus neat G2 but with about 1.0 ppm more
magnitude than the neat 1.0 M electrolytes. Given this trend,
we hypothesize a different solvation structure of Mg−TFSI

contact ion pair by G2 on the MgO surface rather than G2
decomposed products on the MgO surface. Quantum
chemistry calculations are utilized to help identify the possible
structures related to the 60.94, 68.85, and 70.63 ppm 13C
peaks.

Quantum Chemistry Calculations. Validation of the
Methoxy Groups on the MgO Surface. It is observed (Figure
2) that the decomposition of G2 over the clean MgO surface
produces a 13C CP/MAS peak centered at about 50 ppm that
is about 8.4 ppm upfield-shifted relative to the −OCH3 carbon
in neat G2 (Figure 4). Quantum chemistry predicts a 7.7 ppm
upfield shift relative to that of neat G2 (Figure 7a) using a

small cluster model consisting of 8 Mg + 8 O and a −CH3
group interacting with one of the interior O-atoms (Figure 7b).
The excellent agreement between theory and the experiment
validates that the 50.0 ppm peak is indeed the −OCH3 carbon
from the decomposed G2. The decomposed −OCH3 group
occupying the MgO surface lattice defect site would fit the
model as depicted in Figure 7. The remaining fragment of
decomposed G2, that is, CH3−O−CH2CH2−OCH2CH2−,
would interact with the MgO surface via the surface MgO
lattice oxygen site, but the model in Figure 7 is too small for
accurate prediction.

Solvation Structures in the Electrolytes. For 1.0 M
Mg(TFSI)2 in the G2 sample, there are, on average, 6.4−6.7
G2 molecules associated with one Mg(TFSI)2. Contact ion
pairs between the Mg2+ and TFSI− form with the first solvation
shell containing two G2 and the second solvation shell
containing up to six G2 molecules are reported previously.4

Given fast molecular exchange among the various G2
molecules, that is, much faster than the NMR time scale of
ms in liquid, an average 13C chemical shift of each chemically
equivalent carbon is observed experimentally for each carbon
position in G2 and TFSI. The calculated averaged 13C
chemical shifts for the models containing one pair of Mg−
TFSI and two G2 in the first shell with 5 or 6 G2 in the second
shell are listed in Table 1, where the calculated shifts on an
isolated G2 molecule (i.e., neat G2) are also included for
comparison. For the model of (MgTFSI(G2)2(G2)6

+), the
results clearly show that the −OCH3 carbon is downfield by
about 0.83 ppm (higher ppm) relative to that of neat G2, while
the two CH2 carbons are upfield-shifted by about 1.2 and 0.63

Figure 6. (a) 13C SP/MAS (a) and CP/MAS (b) spectra obtained on
61.4 mg MgO550 (clean surface) + 36.5 mg 1.0 M Mg(TFSI)2 in G2
after in situ heat treatment at 180 °C for 1 h. (a1,b1) are horizontally
expanded regions of (a,b), highlighting MgO surface-mediated
adsorption products with peaks at approximately 60.94, 68.85, and
70.63 ppm, surface adsorbed G2 with peaks located at approximately
59.28, 69.74, and 71.49 ppm, and surface adsorbed TFSI− at 118.3
and 122.4 ppm. Number of scans: 4000 (a) and 70 500 (b) scans,
respectively. No electrolyte decomposition is observed for this sample.

Figure 7. Models for quantum chemistry calculations of isotropic 13C
NMR chemical shielding. (a) Neat G2; (b) a −OCH3 group on a
model MgO surface carrying one positive charge simulating a surface
defect site, that is, an oxygen vacancy. The numbers labeled by the
carbons are calculated absolute shielding.
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ppm (lower ppm) relative to those of neat G2, in excellent
agreement with the experimental observations in Figure 4
(∼1.0 ppm downfield shift for −OCH3 and about 1.0 ppm for
each of the two CH2 carbons experimentally). For the 0.1 M
Mg(TFSI)2 in the G2 sample, contact ion pairs (Mg−TFSI)
should also form for part of Mg2+ as the experimental 13C
chemical shift trends of G2 (Figure 4) are similar to those of
1.0 M concentration, albeit the amount of shifts are much
smaller (i.e., with 0.03 ppm downfield shift for −OCH3, while
about 0.11 and 0.06 ppm upfield-shifted for the CH2 carbons).
The smaller shifts may be explained by the fast chemical
exchange between G2 in the solvation shells and those in the
bulk solution because 90% of G2 are free. The existence of
Mg2+ that are solvated only by G2 molecules for low
Mg(TFSI)2 concentration

4 is reported earlier that is validated
by the calculated results on the model containing one Mg2+

solvated by 2 G2 in the first solvation shell and 5−6 G2 in the
second shell (Table 1). The calculated chemical shifts for the
CH2 carbons (averaged between the first and the second
shells) are almost the same to those of the neat G2 case, while
the −OCH3 carbons are shifted downfield, a trend still
consistent with experimental results on 0.1 M Mg(TFSI)2 in
the G2 case. Given the large amount of free G2 in the 0.1 M

sample, it is expected that most Mg2+ are solvated only by G2
without forming contact Mg−TFSI ion pairs, consistent with
the results obtained on 25Mg NMR and the related quantum
chemistry studies earlier.4

Nature of Adsorbed Species on MgO from13 C CP/MAS for
1.0 M Mg(TFSI)2 in G2 (Figure 6b1). Relative to the solvation
structure of MgTFSI(G2)2(G2)6

+, the solvation structure of
MgTFSI(G2)2

+ predicted by quantum chemistry shows a
downfield shift of 0.93 ppm for the −OCH3 carbon of G2 and
upfield shifts of 3.1 and 1.3 ppm for the two kinds of CH2
carbons. These shift trends (i.e., up- or downfield) are in
excellent agreement with experimental results of downfield
shift of 1.7 for −OCH3, upfield shifts of 0.89 and 0.86 ppm for
the two CH2 groups. Thus, we can assign the 60.94, 68.85, and
70.63 ppm 13C peaks in the CP/MAS spectrum of 1.0 M
Mg(TFSI)2 in G2 on MgO (Figure 6b1) to the solvated
MgTFSI(G2)2

+ clusters adsorbed on the MgO surface. It has
been established above that the relatively broader peaks
located at 59.28, 69.74, and 71.49 ppm in Figure 6b1 are from
surface-adsorbed MgTFSI(G2)2(G2)6

+ that is also the main
solvation species in the 1.0 M sample. Based on the results
obtained from this work, the physical picture of adsorption at
high salt concentration of Mg(TFSI)2 in G2 (the 1 M case)
becomes clear. The solvation structure in the electrolytes
(MgTFSI(G2)2(G2)6

+) interacts with the MgO surface and is
thus captured in the CP spectrum. The MgO surface stimulates
a desolvation process converting MgTFSI(G2)2(G2)6

+ to
MgTFSI(G2)2

+ and frees the G2 molecules in the second
solvation shell of the MgTFSI(G2)2(G2)6

+ cluster back into
the electrolyte solution. This lowers the concentration of the
salt in the electrolytes, where the excessive G2 are observed in
the 13C SP spectrum with characteristic peaks at 58.75 and
72.6 ppm.

■ CONCLUSIONS
The adsorption and thermal decomposition of diglyme (G2)
and electrolytes containing Mg(TFSI)2 in G2 on 10 nm-sized
MgO particles are evaluated by a combination of in situ 13C
SP, surface-sensitive 1H−13C CP MAS NMR, and quantum
chemistry calculations. The following results are obtained: At
180 °C, neat G2 decomposes on MgO to form surface-
adsorbed −OCH3 groups that are captured as a distinctive
peak located at about 50 ppm in the CP/MAS spectrum. At
low Mg(TFSI)2 salt concentrations (i.e., 0.1 M Mg(TFSI)2 in
G2), the main solvation structure in this electrolytes is solvent-
separated ion pairs, without extensive Mg−TFSI contact ion
pairs. G2, likely including a small amount of G2-solvated Mg2+,
adsorbs onto the MgO surface. At high Mg(TFSI)2 salt
concentration (1.0 M Mg(TFSI)2 in G2), contact ion pairs
between Mg and TFSI are formed extensively in the solution
with the first solvation shell containing one pair of Mg−TFSI
and two G2 molecules and the second solvation shell
containing up to six G2 molecules, namely, MgTFSI-
(G2)2(G2)6

+. In the presence of MgO, MgTFSI(G2)2(G2)6
+

adsorbs onto the MgO surface. Upon increasing the temper-
ature to 180 °C, the MgO surface stimulates a desolvation
process converting MgTFSI(G2)2(G2)6

+ to MgTFSI(G2)2
+,

releasing G2 molecules from the second solvation shell of the
MgTFSI(G2)2(G2)6

+ cluster into the solution. The MgTFSI-
(G2)2

+ and MgTFSI(G2)2(G2)6
+ tightly adsorb onto the MgO

surface and are observed by 1H−13C CP/MAS experiments.
The results contained herein show that electrolyte composition
has a directing role in the species present on the electrode

Table 1. Quantum Chemistry Predicted13C Isotropic
Chemical Shifts on Various Models of Solvation Structures
of Mg(TFSI)2 in G2a

aThe chemical shifts are referenced to adamantane at 38.48 ppm: δobs
= 136.08 − δCalc + 38.48. bThe average chemical shifts of each
chemically equivalent carbon in the first solvation shell. cThe average
chemical shifts of each chemically equivalent carbon in the second
solvation shell.
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surface, which has implications on the structures and
constituents of the solid−electrolyte interface on working
electrodes and can be used to better understand its formation
and the failure modes of batteries.
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