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Non-nucleophilic and non-fluorinated compounds are the most important class of solvents to enable
sustainable rechargeable magnesium (Mg) batteries; however, they suffer from poor stability due to the
formation of an unstable solid—electrolyte-interphase (SEI). Here, we design a hybrid-solvent electrolyte
by dispersing a non-nucleophilic Mg(TFSIl),—MgCl,-1,2-dimethoxyethane (DME) solution in a non-
fluorinated weakly coordinating solvent (tetrahydrofuran, THF) to prevent the decomposition of DME
and form a stable SEI. This strategy significantly improved the cycle life of a Mg anode from 24 to
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4000 hours (in Mg—Mg symmetric cells) and realized a stable cycle life of Mg—MogSg full cells for more
than 2300 hours with an average CE of 99.96%. The non-fluorinated weakly coordinating solvent THF
suppressed uneven Mg growth and contributed to the formation of a polymeric SEl, which filled the
cracks of the pristine SEl, preventing side reactions and passivation. This strategy revealed the critical
role of weakly coordinating solvents in stabilizing the Mg anode for reversible Mg batteries.
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Broader context

Rechargeable magnesium batteries are high-energy, safer, and more cost-effective alternatives to lithium metal batteries thanks to Mg’s high volumetric
capacity, low theoretical potential, and earth-abundance. However, the difficulty in stabilizing the Mg metal with low-cost electrolytes impeded their practical
applications. Non-nucleophilic and non-fluorinated compounds are the most important class of solvents to enable sustainable rechargeable magnesium
batteries. However, it is challenging to simultaneously realize sufficient ion association and reduction stability with a single solvent. In this study, we design a
hybrid-solvent electrolyte by dispersing a non-nucleophilic Mg(TFSI),-MgCl,-1,2-dimethoxyethane (DME) solution in a non-fluorinated weakly coordinating
solvent (tetrahydrofuran, THF) to prevent the decomposition of DME and form a stable SEI without leading to salt precipitation. This strategy significantly
improved the cycle life of both the Mg anode and Mg-Mo,S; full cells thanks to the suppression of uneven Mg growth and formation of a polymeric SEL This
strategy revealed the critical role of weakly coordinating solvents in stabilizing the Mg anode for reversible Mg batteries.

Introduction

Growing energy demands and the widespread need for renew-
able power sources call for high-energy storage systems beyond
lithium-ion batteries (LIBs). Rechargeable magnesium batteries
(RMBs) are high-energy, safer, and more cost-effective alterna-
tives to LIBs and lithium metal batteries (LMBs) thanks to Mg’s
high volumetric capacity (3832 mA h cm™3),' low theoretical
potential (—2.37 V vs. SHE)* and earth-abundance.® However,
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the difficulty in stabilizing the Mg metal with commercial
electrolytes has impeded their practical implementation.*®
Due to the low theoretical potential of the Mg anode (—2.37 V
vs. SHE), most electrolytes and contaminants (especially moisture)
readily decompose on the Mg anode.”> Furthermore, the Mg>*
cations with high charge density raise the ion migration barrier
across the solid electrolyte interface (SEI).” Therefore, surface
films generated by conventional electrolytes containing strongly
coordinating ionic salts (such as Mg(ClO,), and Mg(BF,),) and
solvents such as carbonates and nitriles are highly resistive,
leading to large voltage hysteresis (>2.0 V) even under low current
densities (~0.01 mA cm™?).*®® The presence of impurities also
induces parasitic reactions or accelerates the electrolyte decom-
position, resulting in inferior electrochemical performance or
irreversibility of Mg anodes.>° A series of nucleophilic magnesium
organochloroaluminates (summarized in Table S1, ESIt) with
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water-reactive scavengers (such as phenylmagnesium chloride
and di-n-butylmagnesium) show remarkable stability against the
Mg anode.'® Nevertheless, the organochloroaluminate species
show low oxidation stability (<2.8 V vs. Mg/Mg>*)> and may
render a nucleophilic attack towards electrophilic cathodes,
including carbonyl-based polymers and conversion cathodes,
limiting their utilization in high-voltage RMBs.>"?

Mitigating parasitic reactions and passivation without
nucleophilic components remains a non-trivial task. Polymeric
or halogen-rich artificial solid electrolyte interfaces (SEIs) suc-
cessfully stabilize Mg anode in passivating or water-containing
electrolytes. However, the preformed SEI may gradually dissolve
in electrolytes or crack owing to the volume change of electro-
des, resulting in large voltage hysteresis (0.5-1.2 V) during
prolonged cycles.**® Therefore, the design of electrolytes with
intrinsic stability against the Mg anode is of vital importance.
Non-nucleophilic weakly coordinating salts (summarized in
Table S1, ESIt) with relatively high ionic conductivity (4.0-
11.0 mS cm™ ') were designed,">'® including magnesium tetrakis-
(hexafluoroisopropyloxy)borate, Mg[B(Ohfip),],,"”** magnesium
closo-carbadodecaborate, Mg(CBy;H;,),,"”*° magnesium per-
fluorinated tert-butoxide (Mg(pftb),),>" and magnesium perfluori-
nated pinacolatoaluminate (MgFPA).>'*® Nevertheless, most
weakly coordinating Mg salts are not commercially available after
the first weakly coordinating anion was reported in 1984,>* which
is due to complex synthesis procedures, expensive reagents, or low
stability under ambient conditions.'®"*?*

Solvent design is an effective method to improve the electro-
chemical performance and enable the utilization of commercial
ionic Mg salts, such as magnesium bis(trifluoromethane-
sulfonimide) (Mg(TFSI),) and magnesium trifluoromethanesul-
fonate (Mg(OTf),). However, only a handful of studies were
carried out to provide insights into the contribution of solvents
due to the difficulty in screening solvents with both high
solvating power and reduction stability. 1,2-Dimethoxyethane
(DME) was the most widely utilized solvent for non-nucleo-
philic electrolytes thanks to its relative reduction stability, low
viscosity, and solvating power. However, DME failed to generate
an effective SEL.>**” Co-solvents with higher dielectric constants,
such as trimethyl phosphate (TMP),*® were utilized to suppress
the decomposition of DME via loosening the coordination.
However, the electron-withdrawing groups of solvents with high
dielectric constants inevitably sacrificed the reduction stability
of electrolytes.>**° Methoxyethyl-amines with slightly higher
dielectric constant but stronger Lewis basicity,*" were utilized
to reduce the voltage hysteresis by lowering reorganization
energy.’’ Nevertheless, the increasing radius of solvation shells
lowered ~40% of ionic conductivity compared with the pristine
DME-dominated solvation shells.** The strongly coordinating
co-solvents sacrifice the reductive stability or facile migration
of Mg?*-DME clusters, thus failing to achieve long-period
cycling (100-300 hours).>®?"*?> Consequently, there still a lack
of cost-effective strategies to stabilize the Mg anode during
prolonged cycling and universal principles to guide the
design of high-performance and low-cost non-nucleophilic
electrolytes.
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Here, we report a non-fluorinated weakly coordinating co-
solvent, tetrahydrofuran, THF, to suppress the decomposition
of DME while retaining the desirable properties of DME. This
strategy significantly improved the cycle life of the Mg anode
from 24 to 4000 hours (in Mg-Mg symmetric cells) and realized
a stable cycle life of Mg-MogSg full cells for more than
2300 hours with an average CE of 99.96% without reactive/
nucleophilic impurity scavengers. The enhancement mecha-
nism was revealed by scanning electron microscopy (SEM),
X-ray photoelectron spectroscopy (XPS), atomic force microscopy
(AFM), in situ Fourier-transform infrared (FT-IR) spectroscopy,
and density functional theory (DFT) calculations, suggesting
that THF suppressed uneven Mg growth and contributed to
the formation of polymeric SEI, preventing side reactions and
passivation. This strategy revealed the critical role of weakly
coordinating solvents in a stabilizing Mg anode for reversible Mg
batteries.

Results and discussion
Structure of hybrid-solvent electrolyte

Ideal solvents for high-performance RMBs should satisfy two
requirements: (1) strong solvating power to solubilize Mg salts;
and (2) effective protective ability towards Mg metal. However,
these are difficult to be met with a single solvent.”® DME, was
widely utilized to facilitate the dissociation of Mg salts via
multi-dentate coordination with Mg”* cations (Fig. 1(a), left).>®
It benefits ion dissociation and migration under electric field but
leads to voltage hysteresis and short cycle life (Fig. 1(a),
left).>*?831 Cyclic ethers benefit the formation of protective films
on metal anode via ring-opening reactions,*® but resulted in
inferior ion dissociation'? because of their monodentate coordi-
nating properties (Fig. 1(a), right).**

We hypothesized that a hybrid-solvent electrolyte compris-
ing facile-migrating DME-rich solvation shells surrounded by
weakly coordinating cyclic ethers can boost the SEI formation
without leading to ion association (Fig. 1(b)). Mg(TFSI),-
2MgCl, (MTC) was selected as the supporting salt owing to its
commercial availability and relatively high stability under
ambient conditions.’>*® THF was chosen as a co-solvent because
it exhibits a similar dielectric constant (THF ~ 7.5, DME ~ 7.3)
while slightly lower solvating power compared with DME (THF
~ 2.8, DME ~ 6.4), ensuring the miscibility without disturbing
the coordination between DME and Mg>".*”** As shown in
Fig. 1(c), THF fails to fully dissolve MTC (solubility limit
~0.033 M) but homogeneous solutions can be obtained via
diluting 0.8 M MTC/DME solutions with 0-75 vol% THF (Fig. 1(c)
and experimental methods, ESIt). In contrast, 2-methyltetra-
hydrofuran (2-MeTHF) with a low dielectric constant (6.97)*°
led to the formation of two immiscible phases (Fig. S1a, ESIY),
while 1,3-dioxolane (DOL) with low solvating power (1.0) resulted
in the precipitation of MTC salts (Fig. S1b, ESIt).

Ex situ Fourier transform infrared (FT-IR) spectroscopy was
carried out to investigate the structure of hybrid-solvent elec-
trolytes. The characteristic peaks related to solvents in the 920-
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Fig. 1 Schematic illustration of structure of (a) single-solvent and (b) hybrid electrolytes. (c) Digital photographs of DME, DME-THF (25-75 vol% THF),
and THF electrolytes. 1*C NMR spectra of methylene carbons in DME (d) without and (e) with THF (75 vol% THF). (f) and (g) Ex situ FT-IR spectra of DME,

DME-THF (25-75 vol% THF), and THF electrolytes.

820 cm ™ region,*® and those related to anion coordination in
1380-1320 cm ™ * (SO, stretching, 150,)*" regions were investigated.
As shown in Fig. 1(f), increasing the ratio of THF leads to blue shifts
of the Mg*"-coordinated solvent (866.2 cm ' to 870.1 cm )
towards the Mg**-coordinated THF, suggesting that THF has been
incorporated into the solvation structure. The peak fitting for each
component is included in Fig. S2 (ESI{). *C NMR results further
confirmed the results obtained from FT-IR spectra. After adding
MTC salts, the chemical shifts of methylene carbons shifted
upfield, and the changes reflected the average between coordinat-
ing and free solvents.>" Therefore, a larger change indicated that
more DME entered the solvation shell.** As shown in Fig. 1(d) and
(e), the change of chemical shifts related to methylene carbons in
DME increased from 0.50 to 0.91 ppm in the presence of THF,
indicating that less DME was freed from the solvation shell in the
DME-THF electrolytes.®"

As for the peaks related to anion coordination in the 1380-
1320 cm " region (Fig. 1(g)), the position of peaks kept the
same (1335.8 cm ') in the spectra of DME and DME-THF
hybrid electrolytes (0 < vol% THF < 75%). However, a
redshift of 18O, peak to 1331.1 cm™ ' was observed if THF
served as the single solvent (Fig. 1(e)), revealing that the
concentration of ion pairs increased*” if DME was excluded
from the solvation shell.

This journal is © The Royal Society of Chemistry 2023

Therefore, the film-forming THF molecules exhibit the
unique behavior of being associated with the hybrid electrolytes
without leading to the formation of unstable ion pairs and
sacrificing the ionic conductivity (Fig. S3, ESIT).

Electrochemical performance

Coulombic efficiency (CE) was firstly measured with Mg-Cu
cells (the operating protocol is shown in Experimental methods, ESIT)
to determine the optimal composition of DME-THF electrolytes.
As shown in Fig. 2(a) and (b), Mg-Cu cells with DME show a low
CE (95.2%). With the increasing volumetric ratio of THF, the CE
was significantly enhanced and achieved the maximum value
(98.8%) when vol% THF reached 75% (Fig. 2(a), (b) and Fig. S4,
ESIt), indicating that maximizing the concentration of THF in
the DME-THF hybrid electrolytes benefits the reversibility of
the Mg anode thanks to the film-forming ability of cyclic ethers
(will be further discussed in the following sections). It is noted
that MTC/THF electrolyte only achieved an inferior CE equal to
90.3% owing to the poor solubility of Mg salts and ionic
conductivity (Fig. 2(a) and Fig. S4, ESIt). The improved perfor-
mance of DME-THF cells compared to single-solvent ones con-
firmed the hypothesis that facile-migrating DME-rich solvation
shells surrounded by weakly coordinating THF can boost the
formation of the stable SEI without leading to ion association.
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Fig. 2 (a) Coulombic efficiency varied with the volumetric ratio of THF. The value was measured with Mg—Cu cells under 1.0 mA cm™2, 1.0 mA h cm ™2,
(b) Voltage profiles of Mg—Cu cells with DME-THF (75 vol% THF, blue line) and DME (yellow line) electrolytes under 1.0 mA cm ™2, 1.0 mA h cm~2. Cycling
stability of Mg—Mg symmetric cells with DME (yellow line)/DME-THF (75 vol% THF, blue line) at (c) 0.1 mA cm™2 for 0.1 mA h cm~2 and at (d) 1.0 mA cm™2
for 1.0 mA h cm™2. (e) Cycling stability of Mg—MogSs cells under 0.5 C with areal capacity equal to 5.0 mg cm ™2 (1.0 C = 128 mA g~3). (f) Cycle life and rate
performance of Mg—MogSg cells with Mg(TFSI),—2MgCl, (MTC) in DME-THF, representative electrolytes based on commercial non-nucleophilic salts,
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The CE enhancement (96.3%) achieved by DME-DOL electrolytes
further proved the effectiveness of cyclic ethers to ameliorate the
compatibility between the DME and Mg anode (Fig. S5, ESIT),
but DOL with a low solvating power is less effective than THF
owing to the insufficient ion dissociation. Therefore, cyclic
ethers exhibited similar dielectric constants/solvating powers
with THF and enhanced film-forming ability are promising to
further improve the performance of MTC/DME electrolytes.
The long-term cycling stability of the Mg anode in DME and
DME-THF (75 vol% THF) electrolytes was further evaluated with
Mg-Mg symmetric cells. As shown in Fig. 2(c) and (d) (yellow
line), Mg-Mg symmetric cells with the DME electrolyte suffer
from a short cycle life owing to the occurrence of short circuits.
Under a low current density and areal capacity (0.1 mA cm ™2,
0.1 mA h em™?), a soft short circuit occurred after 24 hours
cycling (Fig. 2(c), yellow line). Although elevating the current
density and areal capacity to 1.0 mA cm 2, 1.0 mA h cm ™ can

268 | Energy Environ. Sci., 2023, 16, 265-274

guide the formation of the smaller Mg nucleus**** and extend

the cycle life to 200 hours (Fig. 2(d), yellow line), the DME cells
suffer from a rapid polarization build-up from 138 mV to
375 mV and eventually short-circuited after 200 hours cycling.
It is noted that the short-circuited Mg-Mg cells usually demon-
strated higher polarization than Li-Li cells because Mg depos-
its were usually covered by resistive passivation film before
penetrating the separator.”®*°! As shown in Fig. 2(c) and (d)
(blue line), the addition of THF not only extended the cycle life
of Mg-Mg symmetric cells to 4000 hours under 0.1 mA cm 2,
0.1 mA h cm™? and 700 hours under 1.0 mA cm ™2, 1.0 mA h cm ™2
but also suppressed the build-up of polarization. Besides the
MTC-DME electrolytes, the cycle life of DME-THF electrolytes also
outperforms other commercial MgCl,-based complexes in pre-
vious reports (Fig. S6 and Table S2, ESIf).

The success of DME-THF cells in stabilizing the Mg anode
also benefits the realization of long-life full cells. To evaluate

This journal is © The Royal Society of Chemistry 2023
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the electrochemical performance of DME and DME-THF elec-
trolytes, the MogSs cathode is selected to couple with the Mg
anode because of its prolonged cycle life.'® All the cells were
assembled with a piece of Mg foil (thickness ~100 pm),
MogSs cathode (~5.0 mg cm™?) and tested under 0.5 C (1.0 C =
128 mA g~ 1). 100 pl electrolyte was added into each cell to rinse
the quartz fiber separator. Capacity loss was observed in both
DME and DME-THF cells at the 1st cycle because of the irrever-
sible ion trapping in the MogS; host (Fig. S7, ESIt);** therefore the
1st cycle was excluded in the following discussion. As shown in
Fig. 2(e), Fig. S8, and S9a (ESIt), DME cells suffer from a short
cycle life owing to the build-up of polarization. The discharge
capacity of DME cells achieved 59.6 mA h g~ ' under 0.5 C at
the 2nd cycle and reached the maximum specific capacity
(76.3 mA h g™ 1) at the 15th cycle. However, DME cells suffer from
a severe capacity decay, which gradually decreased to 69.2 mAh g *
after 150 cycles (357 hours) and 55.4 mA h g~ " after 887 cycles
(1890 hours), demonstrating low capacity retention of ~90.6%
and 72.6% (Fig. 2(e)). Although the polarization of DME cells
reduced to 0.28 V during first 30 cycles owing to the ‘“con-
ditioning” process,>*** the value augmented to 0.65 V rapidly
during the 30-887th cycles (Fig. S8 and S9a, ESIt). In contrast to
DME cells, the capacity decay and polarization build-up were
mitigated with the addition of THF. As shown in Fig. 2(e),
the specific discharge capacity of DME-THF cells achieved
63.6 mA h g ' at the 2nd cycle and gradually increased to
76.7 mA h g~ " at the 30th cycle. After 1000 cycles (2383 hours),
DME-THF cells achieved a high capacity retention of ~90.0%
with CE equal to 99.96%. The enhanced electrochemical
performance was contributed by the mitigated polarization
build-up. According to Fig. S8 and S9b (ESIt), the polarization
of DME-THF cells increased only slightly from 0.28 V (30th
cycle) to 0.37 V (887th cycle) and 0.39 V (1000th cycle). As shown
in Fig. 2(e) and (f), and Table S3 (ESIt), the cycling stability of

e

DME-THF, Cu
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Mg-MoeS; cells with the DME-THF hybrid electrolyte outper-
formed other electrolytes based on commercial non-
nucleophilic Mg salts and even achieved enhanced cycling
stability compared to conventional nucleophilic electrolytes.
However, Mg-Mo,Sg cells still demonstrated an insufficient N/P
ratio owing to the sluggish Mg®" insertion.”® Further improve-
ments using new cathode materials are needed to make practical
Mg full cells (state-of-the-art <1.0 mA h cm ™ ?).>

Morphology of cycled Mg anode

To understand the enhancement in cycle life contributed by
the THF co-solvent, scanning electron microscopy (SEM) and
energy-dispersive X-ray spectroscopy (EDS) were firstly con-
ducted to investigate the morphology of cycled electrodes.
According to Fig. 3(a), Cu electrodes cycled in DME electrolytes
(charged to 1.0 V vs. Mg/Mg”* before test) were covered by large
amounts of irregular deposits which could not be recovered
during the stripping process. According to EDS results (Fig. 3(c)
and Fig. S10, ESIT), 42.2% Mg, 18.0% O, 1.6% F, and 38.3% Cu
were detected on the Cu cathode, indicating that the major
components of residues were unreacted metallic Mg° and O or
F-containing surface film induced by contaminants or electro-
lyte decomposition.” The formation of irregular deposits on the
Cu cathode was attributed to the porous and dendritic mor-
phology of Mg anodes induced by DME electrolytes (Fig. 3(e)),
leading to inferior electric contacts (Fig. S11, ESIt). During the
dissolution process, the irregular Mg deposited from the DME
electrolyte readily detached and resulted in a short circuit
mentioned above. In contrast, a compact and highly crystalline
structure was observed on the Mg anode cycled with the DME-
THF electrolyte (Fig. 3(f) and Fig. S11, ESIt). Thanks to the
enhanced electric contacts between Mg deposits (Fig. S11,
ESIY), the isolation of Mg was mitigated (Fig. 3(b)). Compared
with the DME electrolyte, the elemental concentration of Mg

o DME
g Diffusion limited

& DME-THF

1 ;’ Charge transfer limited

0 50 100 150 200 250

DME

0 5 10 15 20
Re (Z)/ Ohm

Fig. 3 SEM image of Mg residues on Cu cathodes induced by (a) DME and (b) DME-THF electrolytes. EDS mapping of Mg residues on Cu cathodes
induced by (c) DME and (d) DME-THF electrolytes. SEM image of Mg anode cycled with (e) DME and (f) DME-THF electrolytes. (g) Nyquist plots of
electrochemical impedance spectroscopy (EIS) over 1.5 Hz-1.0 MHz for Mg—Mg symmetric cells after 50 cycles. The AC oscillation amplitude is 10 mV.
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left on the Cu electrode significantly reduced from 42.2% to
12.9% (Fig. 3(d) and Fig. S10, ESIT), proving that the addition of
THF can significantly suppress the isolation of Mg deposits
during Mg stripping.

The interplay between Mg growth and electrolyte properties
was revealed by electrochemical impedance spectroscopy (EIS).
According to Fig. 3(g), the semicircles at high frequencies were
attributed to the interfacial impedance and those at middle
frequencies originated from the charge-transfer impedance.*"*®
The slope lines at low frequencies were related to the diffusion
impedance.*>® As shown in Fig. 3(g), the Nyquist plot of Mg-Mg
symmetric cell with DME electrolytes after 50 cycles only shows a
small semi-circle at high frequencies (1.2 kHz-1.0 MHz) with a
long slope line (1.5 Hz-1.2 kHz). The semicircle at middle
frequencies was not obvious because the small charge-transfer
impedance may be associated with the interfacial impedance,
and the long slope line indicated that Mg reactions were
dominated by the diffusion process in DME electrolytes. The
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rapid consumption of Mg>" cations in the vicinity of anodes and
the scarce supply induced by sluggish diffusion resulted in the
non-uniform growth of Mg deposits.**>” In contrast, the Nyquist
plot of theMg-Mg symmetric cell with the DME-THF electrolyte
shows a semicircle at high frequencies (4.0 kHz-1.0 MHz) for
interfacial impedance, a semicircle at middle frequencies (7.6
Hz-4.0 kHz) for charge-transfer impedance, and a short slope
line at low frequencies (1.5-7.6 Hz). Accordingly, deposition/
stripping in DME-THF electrolytes show a charge-transfer con-
trolled feature, suppressing the depletion of Mg>" cations and
leading to the formation of compact and highly crystalline Mg
deposits (Fig. 3(g)).*>*” The uniform Mg deposition not only
mitigates the Mg® loss but also prevents the fracture of surface
films to suppress side reactions induced by electrolytes. There-
fore, although THF-induced surface films may be resistive, the
DME-THF cells still exhibited smaller polarization (Fig. 2(b)-(d)
and Fig. S8, ESIT) because of uniform Mg deposition and smaller
diffusion impedance.
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Characterization of interfacial chemistry

To understand interfacial chemistry, the composition of the
surface film was studied by X-ray photoelectron spectroscopy
(XPS). The Ct1s, F1s, and S2p spectra of Mg anodes cycled with
DME and DME-THF electrolytes are shown in Fig. 4(a)-(d) and
Fig. S12 (ESIY), respectively. The decomposition of both DME
and DME-THF electrolytes induced similar species on the top
surface of the Mg anode (0 s, before sputtering), including
MgF, (~685.2 €V),’® C-F (~688.2 eV, 292.7 eV),>*° MgSO;
(167.0 €V, 168.2 eV),*® MgS, (164.1 eV, 165.3 eV, 162.0 eV,
163.2 eV),°>%! C-H/C-C (284.8 eV),"° C-O (286.6 eV, 532.5 €V),*
C=0 (288.0 €V)**> and MgCO; (290.0 eV).**> MgF, originated from
the decomposition of TFSI™,** while C-F groups originated from
either the decomposition or adsorption of TFSI™ anions.*® C-H/
C-C, C-O, and C=O were attributed to the decomposition/
adsorption of DME/THF.*® MgCO; is related to the chemical
reactions between contaminants and the Mg anode or electro-
chemical reactions with solvents.>*® After 50 s sputtering, the
concentration of organic components (C-H/C-C, C-O, C—O0) on
the Mg anode cycled with DME electrolyte only slightly decreased
and that of inorganic components (MgCO; and MgF,) was nearly
unchanged (Fig. 4(a), (c) and (e)). Therefore, the decomposition of
DME tends to generate thick SEI, indicating the inferior ability of
the surface film to suppress electron leakage.***> As for the Mg
anode cycled with DME-THF electrolytes, the intensity of all the
peaks originated from the decomposition of solvents significantly
decreased after 50 s sputtering, indicating that DME-THF electro-
lytes enabled a more efficient electron-blocking film with reduced
thickness (Fig. 4(b), (d) and (e)). The concentration evolution of
MgF, along sputtering depth shows an opposite trend compared
with the solvent-induced components, suggesting that the decom-
position of TFSI™ occurred during the early stage but was sup-
pressed after the completion of the film-forming process.

The decomposition products of solvents were further iden-
tified by in situ FT-IR. FT-IR spectra were collected during Mg
deposition under 0.25 mA cm™ > with a thin Au film (40 nm) as
the working electrode (Fig. 4(f)). The spectra collected before
Mg deposition were selected as the background, therefore the
positive peaks indicated the appearance of decomposition
products or adsorbed species, and the negative peaks were
related to the disappeared and desorbed species. Because of the
strong C-O stretching signal of ethers, spectra in 1200-950 cm ™"
region were probed. After 4 min Mg deposition from the
DME electrolyte, two positive peaks located at 1026 cm™" and

1180 cm ', and four negative peaks located at 1023 cm *,

1060 cm ', 1105 cm !, and 1192 cm ' emerged (Fig. 4(g)).
The positive peaks at 1026 cm™ ' and 1180 cm™ " were related
to the emergence of Mg(OCH;),*® formed via the C-O bond
cleavage of DME molecules.®” The negative peaks located at
1023 cm™ Y, 1105 em™ ', and 1192 cm™ ' are attributed to the
consumption/desorption of DME molecules, and the peak located
at 1060 cm ™" originated from the consumption/desorption of
TFSI™ (Fig. S13, ESIT). After 60 min deposition, Mg(OCH3), and
electrolyte peaks intensified while no newly formed species were
detected. According to Fig. 4(h), the addition of THF weakens the
peaks originating from Mg(OCHj;), and led to the formation of

This journal is © The Royal Society of Chemistry 2023
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poly(tetrahydrofuran), PTHF, via ring-opening polymerization,®®
which was revealed by the two positive peaks located at 1167 cm ™"
(C-C stretching) and 1100 cm™* (C-O-C antisymmetric stretching).*’
The C-O-C stretching peak is not as obvious as the C-C stretching
peak because it overlapped with the negative DME peak at
1105 cm '. The XPS and in situ FT-IR results confirmed
that THF cosolvent altered the composition of surface films
and suppressed the decomposition of DME and passivating
TFSI". Therefore, PTHF was a candidate material for a high-
performance artificial SEI thanks to the success of PTHF-based
polymer electrolytes in supporting Mg*" transport.”>”" Further-
more, PTHF-based artificial SEI with lower spatial concen-
tration of oxygen atoms may achieve higher ion transport
than PEO-based counterparts’” if a novel strategy was applied
to fabricate a homogeneous thin film.

The mechanical properties of a SEI generated through
electrochemical reactions were observed via atomic force
microscopy (AFM). Inorganic surface species usually exhibited
a much higher Young’s modulus (MgF, ~ 130.0 GPa,”>”*
MgO, 270-330 GPa’®) than that of polymeric/organic species
(<10.0 GPa),”® thus the organic-rich and inorganic-rich areas
can be readily distinguished by Young’s modulus mapping.
As shown in Fig. 4(i), discrete organic-rich and inorganic-rich
areas were investigated on the Mg anode cycled with DME
electrolytes. Although inorganic species promise to reinforce
the SEI, their non-uniform spatial distribution may aggravate
the inhomogeneity of ion flux, resulting in severe interfacial
and morphological instability. Furthermore, the sluggish Mg>*
diffusion across a thick inorganic layer (proved by XPS spectra).
As shown in Fig. 4(i), discrete organic-rich and inorganic-rich
areas were investigated on the Mg anode cycled with DME
electrolytes. Although inorganic species promise to reinforce
the SEI, their non-uniform spatial distribution may aggravate
the inhomogeneity of ion flux, resulting in severe interfacial
and morphological instability. Furthermore, the sluggish Mg>*
diffusion across a thick inorganic layer (proved by XPS spectra)
may impede the Mg anode reaction.”” According to previous
reports, the migration barriers of Mg>* in MgF, is 1123 meV,
exceeding the maximum tolerable migration barrier (980 meV)
to ensure sufficient Mg>" diffusion rate under 60 °C with the
thickness of surface film ~1 nm.”” Accordingly, discrete and
thick surface films generated by DME electrolytes are unfavor-
able for Mg anodes.

The uneven surface film was also generated by chemical
reactions between the Mg anode and DME electrolytes. As
shown in Fig. S14a, c (ESIY), after soaking the Mg anode in
the DME electrolyte for 240 hours, the surface of Mg metal was
covered by an uneven passivation film (dark area). The presence
of the F element in the dark area confirmed that the surface
film originated from electrolyte decomposition (Fig. Sil4e,
ESIT). Accordingly, discrete SEI can be generated by DME
electrolytes even without the volume change of electrodes,
leading to an inferior protection ability against parasitic
reactions.”® In contrast, the addition of film-forming THF can
homogenize the surface film via both electrochemical and
chemical reactions. As shown in Fig. 4(j) and Fig. S14 (ESIf),
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THF on Mg (0001) and MgO (100) surfaces calculated based on the optimal adsorption geometries shown in (a) and (b). (d) Schematic illustrations of DME
and THF molecules alignment on anode surface covered by native oxide layer.

both AFM and SEM images revealed that the surface film
generated by DME-THF electrolytes exhibited a continuous and
homogeneous feature, ensuring a more effective protective film
to block the parasitic reactions induced by non-nucleophilic
electrolytes.

Solvent alignment on anode surfaces

To reveal the origin of divergent SEI homogeneity, density
functional theory (DFT) calculations were carried out to under-
stand the alignment of solvent molecules on anode surfaces at
a molecular level. Two surface species, Mg and MgO, were
considered and surfaces with the lowest energy (Mg (0001) and
MgO (100)) were selected (details are shown in Computational
details). Three adsorption configurations were considered for
the Mg (0001) surface and four configurations were considered
for the MgO (100) surface (Fig. S15-S18, ESI}) to evaluate the
most favorable adsorption geometries for each system, and
the optimal geometries were shown in Fig. 5(a) and (b). The
adsorption energy of DME on MgO (100) (—0.595 eV) is much
higher than that on Mg (0001) (—0.282 eV), suggesting that
DME will preferentially adsorb on MgO (100) surface (Fig. 5(c)).
As shown in Fig. 5(a), DME molecules adsorbed on Mg (0001)
surface with a mono-dentate adsorption pattern but demon-
strated a bi-dentate adsorption pattern on the MgO (100) sur-
face; thus the adsorption energy on MgO (100) surface nearly
doubled (Fig. 5(c)). Compared with DME molecules, THF shows
similar adsorption energy on Mg (0001) (—0.458 eV) and MgO
(100) (—0.567 eV) because the adsorption pattern was less likely
to vary with surface conditions (Fig. 5(b) and (c)). Based on the
DFT calculations and experimental results, the interaction
mechanism was summarized in Fig. 5(d). According to previous
reports, the as-received Mg foil is covered by a native oxide layer
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induced by manufacturing process, which cannot be totally
removed by polishing.”> Furthermore, the impurities in non-
nucleophilic electrolytes also led to the formation of the
passivation film.° Therefore, DME molecules with selective
adsorption properties tend to accumulate on specific surface
species instead of uniformly covering the anodes. In contrast,
the nonselective adsorption feature of THF ensures the uniform
precipitation of decomposition products, thus help in filling
cracks in the discrete surface film generated by DME electro-
Iytes and mitigate the side reactions and passivation induced
by anions and impurities (Fig. 5(d)).

Conclusions

In summary, we design a hybrid-solvent electrolyte by disper-
sing a non-nucleophilic DME solution in a non-fluorinated
weakly coordinating solvent (tetrahydrofuran, THF) to prevent
the decomposition of DME and form a stable SEI. This strategy
significantly improved the cycle life of the Mg anode from 24 to
4000 hours (in Mg-Mg symmetric cells) and realized a stable
cycle life of Mg-Mo¢Ss full cells for more than 2300 hours with
an average CE of 99.96% without reactive/nucleophilic impurity
scavengers. SEM and EIS results revealed that free THF not only
retains the facile ion migration under electric field but also
facilitates the ion diffusion driven by concentration gradients,
enabling a highly crystalline and compact morphology of Mg
anode to mitigate the fracture of surface films. Furthermore,
XPS and in situ FT-IR results confirmed that the film-forming
THF altered the composition of surface films, realizing a more
effective protective film to suppress the electrolyte-induced
parasitic reactions. AFM results and DFT calculations revealed
the enhancement mechanism of THF, suggesting that THF fills

This journal is © The Royal Society of Chemistry 2023
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the cracks of DME-induced discrete SEI thanks to the uniform
alignment on anode surfaces. This strategy provided a universal
methodology to enable the utilization of weakly coordinating
solvents and stabilize Mg anode in accessible Mg electrolytes
for practical RMBs.
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