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Abstract: Exploring promising electrolyte-system with
high reversible Mg plating/stripping and excellent stabil-
ity is essential for rechargeable magnesium batteries
(RMBs). Fluoride alkyl magnesium salts (Mg(ORF)2)
not only possess high solubility in ether solvents but also
compatible with Mg metal anode, thus holding a vast
application prospect. Herein, a series of diverse Mg-
(ORF)2 were synthesized, among them, perfluoro-tert-
butanol magnesium (Mg(PFTB)2)/AlCl3/MgCl2 based
electrolyte demonstrates highest oxidation stability, and
promotes the in situ formation of robust solid electrolyte
interface. Consequently, the fabricated symmetric cell
sustains a long-term cycling over 2000 h, and the
asymmetric cell exhibits a stable Coulombic efficiency of
99.5% over 3000 cycles. Furthermore, the Mg j jMo6S8
full cell maintains a stable cycling over 500 cycles. This
work presents guidance for understanding structure–
property relationships and electrolyte applications of
fluoride alkyl magnesium salts.

Introduction

Rechargeable magnesium batteries (RMBs) directly using
magnesium (Mg) metal as anode do not suffer from dendrite
growth in most cases.[1] In addition, Mg also features low
cost, high resource abundance (1.94% in earth’s crust), and
low reduction potential (� 2.37 V vs. standard hydrogen
electrode), making RMB anticipated to be the next gen-
eration of energy storage devices.[2] However, distinguished
from monovalent (Li/Na/K) metal batteries, the reduction of
conventional carbonate electrolytes will generate a Mg2+

-insulating solid electrolyte interface (SEI) between Mg

anode and electrolyte, blocking the Mg2+ transport and
reversible plating/stripping.[3] Up to date, reversible Mg
plating/stripping process can only be achieved in Mg-
compatible ether electrolyte,[4] the evolution of RMBs is
driven by the development of new electrolyte-system.

In 2000, Aurbach et al. constructed a prototype system
for RMBs by combing Mg organohaloaluminate salts (Mg-
(AlCl3R)2 and Mg(AlCl2RR’)2, R and R’ are alkyl groups)
electrolyte with Mo6S8 cathode.

[5] Subsequently, researchers
further modified the anionic structure of the electrolyte via
in situ reaction of functional magnesium salts such as
PhMgCl,[6] ROMgCl (RO are different phenolic groups),[7]

MgCl2
[8] with AlCl3 to obtain the electrolyte with wider

electrochemical window. Structure and functional groups of
Mg salts strongly influence the properties of electrolytes.[9]

Follow this direction, in recent years, fluorinated boron
center Mg electrolytes such as Mg[B(hfip)4]2,

[10] Mg[B-
(Otfe)4]2

[11] have been extensively utilized due to their
comprehensive properties. However, boron-based reagents
always accompanied by exorbitant costs and complex syn-
thesis processes.[12] Fluoride alkyl magnesium salts (Mg-
(ORF)2, R

F represents fluoride alkyl) not only versatile in
structure and convenient in synthesis, but also have high
solubility in ether reagents, which have a promising
application potential in Mg electrolyte. Very recently, Zhang
et al. have already demonstrated the potential of perfluori-
nated tert-butoxide magnesium salt as all-magnesium salt
electrolyte, however, the oxidative stability of this electro-
lyte is still insufficient (3.1 V vs. Mg/Mg2+).[13] The low
stability of electrolytes hinders the exploration of high-
voltage cathode materials, limiting the energy density of
RMBs and losing competitiveness. Regulating the interfacial
chemistry of Mg(ORF)2-based electrolytes, broadening the
electrochemical window and accessing high-voltage electro-
lytes is a major challenge in this field.

Herein, we design and synthesize a family of Mg(ORF)2
for Mg electrolytes and systematically investigated the
influence of the amount and position of trifluoromethyl
(� CF3) for the electrochemical performance of electrolytes.
The results suggest that the presence of Mg(ORF)2 salts
effectively modify the local coordination environment of
Mg2+ in electrolytes and strengthened the oxidative stability
of electrolytes (up to 4 V vs. Mg/Mg2+). Among them,
perfluoro-tert-butanol magnesium (Mg(PFTB)2)/AlCl3/
MgCl2-DME (1,2-dimethoxyethane) based electrolyte con-
taining more � CF3 group also beneficial for the in situ
generation of a robust fluorinated organic–inorganic compo-
site SEI. Based on these distinctive properties, Mg j jMg
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symmetric cell with this electrolyte sustains a long-term
cycling over 2000 h at a current density of 0.5 mAcm� 2 with
an extremely low polarization of 50 mV. In addition, the
Mg j jCu half-cell demonstrates an average Coulombic
efficiency (CE) above 99.5% over 3000 cycles. Moreover,
the Mg j jMo6S8 full cell maintains 93% capacity retention at
1 C after 500 cycles, which exhibiting the potential of this
fluoride alkyl electrolyte.

Results and Discussion

Mg(ORF)2 were synthesized through a one-step “trans-
metalation reaction” between di-n-butyl magnesium
(MgBu2) and various fluorinated alcohols.[14] According to
the amount and position of � CF3 group, the as-synthesized
Mg(ORF)2 salts were designated as Mg(TFE)2 (mono-CF3
substituted), Mg(HFIP)2 (bis-CF3 substituted), Mg(PFTB)2
(tris-CF3 substituted), respectively. To authenticate the
favorable effects of fluoride alkyl substitution, magnesium
methoxide (Mg(OMe)2) without � CF3 group was employed
as a comparison. The mass spectrometry (MS) results and
structural formulas of these Mg salts are shown in Figure S1.
As fluorination of Mg(ORF)2 increases, the mass-to-charge
ratio (m/z) of various Mg salts are correspondingly raised,
typically, Mg(PFTB)2 demonstrates the main m/z value of
495. The successful substitution of fluoride alkyl was further
confirmed by spectroscopic characterization. From Fourier
transform infrared (FTIR) spectra (Figure S2), the peak
assigned to the vibration of the C� H bond (1447 cm� 1)
gradually weakens and the peaks corresponded to the
vibrations of � CF3 (731 cm� 1 and 1172 cm� 1) appear in
Mg(ORF)2 samples.[15] In addition, the vibrations of the
Mg� O bond (529 cm� 1 and 1628 cm� 1) and the C� O
(1093 cm� 1) bond can be detected in each sample.[16] In 19F
nuclear magnetic resonance (NMR) spectra, the three Mg-
(ORF)2 salts show singlet peak corresponding to � CF3 group
near � 75 ppm (Figure S3a), which is consistent with pre-
viously reported result.[17] However, some discrepancies in
13C NMR shifts were observed, suggesting that the substitu-
tion of � CF3 for � H leads to chemical shift of C peak
(Figure S3b).[18]

Inspired by previous research, the electrolyte activity of
Mg(ORF)2 was further boosted by inorganic chlorides.[19] In
brief, fluoride alkyl electrolytes were prepared by adding
Mg(ORF)2, MgCl2, and AlCl3 to DME solvent in a certain
order then stirring. The as-prepared electrolytes were
separately named as MOME (with Mg(OMe)2), MTFE
(with Mg(TFE)2), MHFP (with Mg(HFIP)2), and MPFB
(with Mg(PFTB)2) according to the used Mg salts. Besides, a
Mg(ORF)2-free electrolyte was also prepared for compar-
ison, which is commonly known as MACC electrolyte.
Eventually, MOME electrolyte is cloudy in ether reagents,
but the other electrolytes are soluble and clarified (Fig-
ure S4), demonstrating the improved solubility of Mg(ORF)2
owing to the replacement of � CF3 group. The anionic
species of these clarified electrolytes were investigated by
MS. In MACC electrolyte, the dominant anion structure is
[AlCl4

� ] (m/z of 168.85), which has been already confirmed

(Figure S5).[20] While in fluoride alkyl electrolytes, the anion
species show distinct differences according to the degree of
fluorination of Mg(ORF)2. In MTFE electrolyte, [AlCl4

� ]
anions still dominate and the anion component of the
electrolyte varies slightly (Figure 1a), which implies that
Mg(TFE)2 with single � CF3 group shows a limited effect on
active ions in electrolyte. Furthermore, in MHFP electrolyte,
[HFIP·Cl2

� ] anions (m/z of 202.97) are most abundant
(Figure 1b), suggesting the gradual dominance of fluorinated
anions in the solution. When it comes to MPFB electrolyte,
only the signal of [PFTB� ] (m/z of 234.98) can be detected,
which indicates the absolute predominance of [PFTB� ]
(Figure 1c). These results indicate that the addition of
Mg(ORF)2 can affect the components of the anion in the
electrolyte. Single-crystal XRD diffraction was employed to
demonstrate the modified electrolyte structure. Figure S6
and Table S1–2 present the ORTEP plots and crystal
structure details, respectively. It is worth noting that the
crystallized MPFB electrolyte exhibited two distinct crystal
structures, which suggests that the specific coordination
structure in electrolyte is not well represented. Therefore,
molecular dynamics (MD) simulations were performed to
characterize the solvation structure of these electrolytes.
Figure 1d–f reveals a significant difference between MACC
electrolyte and the modified electrolyte. Specifically, the
fluoride alkyl group partially replaces the Cl� and binds
directly to the Mg2+, enveloping it like a shell. By combining
the radial distribution functions (Figure 1g–i), we were able
to quantify the local coordination environment of Mg2+ in
various electrolytes. Furthermore, the effectiveness of this
fluoride alkyl-rich solvation structure was further verified by
density functional theory (DFT) calculations.[21] As shown in
Figure S7, compared with [Mg� 2Cl� 3DME], the introduc-
tion of fluoride alkyl group into the first solvation sheath
leads to decreased lowest unoccupied molecular orbital
(LUMO) and highest occupied molecular orbital (HOMO)
energy level. Notably, [Mg� Cl� PFTB� 2DME] exhibit low-
est LUMO and HOMO energy levels (0.06 eV and
� 8.29 eV, respectively), implying that MPFB electrolyte is
more vulnerable to be reduced and more difficult to be
oxidized.[22] Besides, electrostatic potential (ESP) and natu-
ral bond orbitals (NBO) maps in Figure S8 reveal the
dispersion of the negatively charged zones in [HFIP� ] and
[PFTB� ] groups compared to [AlCl4

� ], as well as the
increase of dipole moment (Table S3).[23] The oxidation
stability of electrolytes is also closely associated with the
component most susceptible to oxidation, and in Mg electro-
lytes it is frequently the anions.[24] The more uniformly
distributed potential suggests the possibilities of higher
theoretical oxidative stability of fluoride alkyl electrolytes.[25]

The presence of electron-withdrawing � CF3 group in these
electrolytes makes it difficult to lose electrons and oxidize.[26]

The results from theoretical calculations confirm the
effectiveness of introducing fluoride alkyl magnesium salts,
as it can enhance the oxidation stability of electrolytes by
reconstructing the solvation structure of Mg2+ in solvent.

Mg plating and stripping capability of these electrolytes
was investigated in a three-electrode system employing
cyclic voltammetry (CV). No reversible Mg plating/stripping
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processes were observed in MOME electrolyte (Figure S9).
In contrast, all three fluoride alkyl electrolytes display
reversible plating/stripping behavior (Figure 2a–c). Com-
pared with MACC electrolyte (Figure S10), they have a
single deposition peak, which implies that the irreversible
deposition of aluminum is inhibited. Nevertheless, the
maximum current density of MTFE and MHFP electrolytes
are significantly lower, suggesting that Mg redox kinetics in
these electrolytes is slower than in MPFB electrolyte.[27d] In
addition, linear sweep voltammetry (LSV) was carried out
to check the highest voltage tolerance of these electrolytes
(Figure 2d). Unlike MACC, which tends to decompose
around 3.2 V,[20] all the fluoride electrolytes exhibit a wider
electrochemical window, especially the oxidation potential
of MPFB electrolyte up to 4 V (vs. Mg/Mg2+). This result
coincides well with the DFT calculations presented above,
and proves the impact of solvation structure on the electro-
lyte oxidation stability. Unfortunately, although simple
fluoride alkyl magnesium salts have good oxidative stability
in various metal substrates (Figure S11), the high oxidation
stability of electrolyte is only achieved on a stable
molybdenum (Mo) substrate, due to the presence of Cl� in
the electrolyte, other common metal substrates start to be
corroded around 2 V (Figure S12).[28] Mg j jCu asymmetric
cells were assembled to evaluate the Mg plating/stripping

CE in different electrolytes at 0.5 mAcm� 2 (Figure 2e). In
cells with MACC and MTFE electrolyte, the Mg plating/
stripping potentials fluctuate dramatically during the cycle
and then turn totally short circuit (Figure S13a and S13b).
On the contrary, cells with MHFP and MPFB electrolytes
exhibit stable CEs over 3000 times. It is worth mentioning
that the voltage hysteresis of MHFP increases (from 190 mV
to 470 mV) during the cycle and the corresponding CE
fluctuates more (Figure S13c), but the voltage hysteresis of
MPFB is constantly smooth (from 100 mV to 210 mV) and
the average CE reaches to 99.5% (Figure S13d).

Mg anode stability in different electrolytes was evaluated
using Mg j jMg symmetric cells. As illustrated in Figure 2f,
keep the areal capacity at 0.5 mAhcm� 2, when the current
density gradually increases to 1 mAcm� 2, both MACC and
MTFE suffer a short circuit. In contrast, MHFP and MPFB
consistently maintain a low overpotential, even at a high
current density of 5 mAcm� 2, the voltage hysteresis of these
electrolytes is only about 360 mV. Moreover, when the
current density dropped back to 0.1 mAcm� 2, the over-
potential also returned to 40 mV, demonstrating the good
reversibility of MHFP and MPFB electrolytes. In addition,
the long-term cyclability of these electrolytes was further
evaluated at 0.5 mAcm� 2 and 0.5 mAhcm� 2 (Figure 2g). The
voltages suddenly decrease over a period time in the case of

Figure 1. Experiment and theoretical studies of electrolyte solvation structures. MS results of the a) MTFE electrolyte, b) MHFP electrolyte and
c) MPFB electrolyte. Molecular dynamics (MD) simulation snapshots of d) MACC electrolyte, e) MHFP electrolyte, and f) MPFB electrolyte. Radical
distribution functions calculated from MD simulations of g) MACC electrolyte, h) MHFP electrolyte, and i) MPFB electrolyte.
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MACC and MTFE electrolytes, which is attributed to the
occurrence of a short circuit. In contrast, steady polarization
voltages were observed in cells with MHFP (�110 mV) and
MPFB (�50 mV) electrolytes for 2000 h. Even compared
with conventional Mg electrolytes, MPFB electrolyte also
exhibits the lowest polarization at 0.5 mAcm� 2 (Figure 2h,
Table S4).[10a,12a,15,18,27]

Apparently, the influence of fluoride alkyl magnesium
salts on electrolyte properties is well beyond oxidation
stability, different electrolytes show great discrepancies in
cycling stability. We speculate that differences in Mg
deposition morphology also play a significant role, as shown
in the scanning electron microscopy (SEM) images of the
Mg anode after deposition (Figure S14), these electrolytes
all exhibit dendrite-free deposition characteristics. However,
MHFP and MPFB show more homogeneous deposition,
which might be one of the factors to maintain a long-term
stable cycle. Along this direction, we further investigated the
composition of the SEI on cycled Mg anode, looking to
identify the key factors determining the stability of cells.

Sacrificing a tiny portion of the electrolyte during the
initial cycles to generate a stable SEI layer at the electro-
lyte-anode interface impacts the cell significantly.[29] The
anions of fluoride alkyl electrolytes have an enhanced
tendency to form SEI due to the higher degree of terminal
fluorination.[30] The above-mentioned DFT calculations have
confirmed the lower LUMO values in fluoride alkyl electro-
lytes, which makes it easier to decompose at low potentials,
forming an anion-derived SEI layer. Therefore, we further
investigated the evolution of SEI on cycled Mg anode
through in situ electrochemical impedance spectroscopy
(EIS). The results after fitting through the equivalent circuit
(Figure S15) are shown in Figure 3. For pure MACC
electrolyte, the charge transfer resistance (Rct) of Mg j jMg
symmetric cell decreases significantly after cycling (from
688 Ω to 61 Ω), which is attributed to the accumulation of
Cl� on Mg surface in the chlorine-containing electrolyte
(Figure 3a).[9a] However, no new semicircle was observed in
the Nyquist plot even after 20 cycles, suggesting that no SEI
is formed. That may be the underlying reason for the poor
cycle stability in this electrolyte. While in the MTFE

Figure 2. Electrochemical performance. Cyclic voltammograms of the Mg plating and stripping process using a) MTFE electrolyte, b) MHFP
electrolyte, and (c) MPFB electrolyte. The CV was studied by a three-electrode system using Mg as the reference and counter electrode and Mo as
the working electrode at a scanning rate of 25 mVs� 1. d) Oxidation stability of four electrolytes in Mg j jMo half cells tested by LSV. e) Mg plating/
stripping CE in Mg j jCu half cells using four electrolytes at 0.5 mAcm� 2 and 0.25 mAhcm� 2. Insets show an enlarged view at the cycles framed by
the two dashed rectangles. f) Overpotentials of Mg j jMg symmetric cells in four electrolytes at various current densities from 0.1 to 5 mAcm� 2

with a fixed capacity of 0.5 mAhcm� 2. g) Galvanostatic Mg plating/stripping in Mg j jMg symmetric cells at 0.5 mAcm� 2 and 0.5 mAhcm� 2. Insets
show the detailed voltage profiles of the symmetric cells in different electrolytes at the cycles framed by the two dashed rectangles. h) Performance
comparison of the reported electrolytes with MHFP and MPFB electrolytes.
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electrolyte, a similar process of Rct decrease can also be
noticed (Figure 3b). In addition, a new semicircle emerged
on the Nyquist plot after 5 cycles, implying that the addition
of Mg(ORF)2 indeed contributes to the formation of SEI.

[31]

However, the internal resistance (Rs) of the cell keeps
increasing as the cycle proceeds (from 18 Ω to 132 Ω),
indicating that this SEI layer is ineffective in stabilizing the
Mg-electrolyte interface and hence the electrochemical
performance of MTFE is unacceptable. When it comes to
MHFP and MPFB electrolytes, the assembled Mg j jMg
symmetric cells not only generate SEI after 5 cycles, but also
stabilize after 10 cycles, and the Rs of cells show a negligible
change (from 5.3 Ω to 8.3 Ω and 3.5 Ω to 6.8 Ω, respectively)
as the cycle proceeds (Figure 3c and d). Corroborated with
the fast Mg redox kinetics and high CEs, this in situ
generated robust SEI can effectively protect Mg anode and
enable good long-term cycling stability. Table S5 summa-
rizes the fitted parameters of the in situ EIS for different
electrolytes and the formation process of SEI is shown in
Figure 3e.

Based on the EIS results, we can access the evolution
mechanism of anode-electrolyte interface in fluoride alkyl
electrolytes. However, the components of SEI are not clear
enough, which motivates us to proceed X-ray photoelectron
spectroscopy (XPS) and time-of-flight secondary-ion mass
spectrometry (TOF-SIMS) to profile the SEI in depth. For
Mg anode cycled in MPFB electrolyte, the C=O (532.5 eV)
attributable to the solvent decomposition is observed before
sputtering, and then the oxide peaks (529.9 eV) gradually

dominate (Figure 4a).[32] It is worth mentioning that the cell
disassembly and XPS samples preparation were carried out
in an argon-filled glove box, so the interference of oxygen in
the air can be excluded. Then, the Cl 2p XPS spectra
(198.6 eV and 202.2 eV) were present throughout the
sputtering process suggesting the vertical homogeneous
distribution of chlorides (Figure 4e). In addition, SEI layers
were also found to be rich in Mg2+ (50.4 eV) and Al3+

(74.1 eV) (Figure 4b and d), which reveals the uniform
distribution of metal oxides and metal chlorides. However,
the depth profiles of above elements exhibited ignorable
discrepancies in cycled Mg anode from three fluoride alkyl
electrolytes (Figure S16–S18), so we switched our attention
to F element. The F 1s spectra reveal the presence of two
distinct chemical states of F in SEI, where the signal at
688.4 eV should be assigned to the C� F bond in � CF3 group
and the signal at 685.3 eV should be attributed to MgF2
(Figure 4c, Figure S16c, and Figure S17c).[33] After 60 s of
sputtering, only the signal of MgF2 can be detected, which
may be attributed to the incomplete decomposition of the
anion on the surface. Upon further sputtering, the F 1s XPS
spectra show a remarkable difference, where the Mg anode
cycled in MPFB electrolyte exhibits a significant MgF2
signal, while the Mg anode cycled in the MHFP electrolyte
shows a moderate MgF2 signal, and the Mg anode cycled in
MTFE electrolyte contains a weak MgF2 signal. The
intensity of MgF2 in SEI layers is correlated linearly with the
degree of fluorination of Mg(ORF)2 salts in the electrolyte.
And MgF2 can stabilize Mg anode due to its superior

Figure 3. Characterization of the in situ generated SEI layer. In situ EIS results for the Mg j jMg symmetric cells after varied cycles in a) MACC
electrolyte, b) MTFE electrolyte, c) MHFP electrolyte, and d) MPFB electrolyte. The dots in the Figure are the test results and the solid lines are the
fitting result. The inset shows an enlarged view at the cycles framed by the dashed rectangles. e) Schematic diagram of the SEI layer generation
process.
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mechanical and electrical insulating properties.[27c,34] Based
on this, we concluded that the SEI generated from the
MTFE electrolyte is fragile due to the low amount of MgF2.
In contrast, the MPFB electrolyte produces a vertically
homogeneous MgF2-rich SEI, which is responsible for stable
Mg plating/stripping behavior. The TOF-SIMS results of
cycled Mg anode in MPFB electrolyte also corroborate our
conclusions, the CH� and CHO2

� enriched at the top of the
SEI layer are derived from organic components, and the F� ,
Cl� , MgO� , and Al2O3

� signals are uniformly distributed
(Figure 4f, Figure S19). Combining XPS and TOF-SIMS
results, we can obtain the three-dimensional structure of this
SEI (Figure 4g). Firstly, underlying it are uniformly distrib-
uted metal oxides and metal chlorides, while crucially MgF2
acts as a skeleton to stabilize the whole steric structure,
then, an organic layer derived from the decomposition of
electrolyte is on the surface. Such an organic–inorganic
hybridized SEI can effectively protect the Mg anode.[35]

Transmission electron microscopy (TEM) and corre-
sponding energy dispersive spectroscopy (EDS) were em-
ployed to further unveil the fine structure and elemental

composition of SEI layer. The TEM sample was prepared
by scraping the surface of Mg anode cycled in MPFB
electrolyte. As shown in Figure 4h, the compact nanoscale
SEI can be clearly observed, and the even distribution of C,
O, Mg, Al, F. The existence of Al elements confirms the SEI
is formed from electrolyte decomposition (Figure 4i). Even-
tually, the SEI layer’s thickness and impedance analysis
revealed an ionic conductivity of 5.02×10� 8 Scm� 1, which
facilitating fast Mg2+ transport.[36]

Chevrel phase Mo6S8 cathode was used to evaluate the
compatibility of fluoride alkyl electrolytes. The X-ray
diffraction (XRD) pattern and morphology of the cathode
material are shown in Figure S20 and Figure S21, respec-
tively. The CV curves of Mg j jMo6S8 batteries using MACC
and MTFE electrolytes only show a pair of redox peaks with
larger polarization and lower intensity (Figure 5a), which is
consistent with previous reports in literature. However, two
pairs of redox peaks were observed in the CV curves of Mg j
jMo6S8 batteries using MHFP and MPFB electrolytes, which
might be associated with the influence of electrolyte
composition on the intercalation process of Mg2+, and more

Figure 4. Constituents of the in situ generated SEI layer. XPS etching analysis of the Mg anode after cycling in MPFB electrolyte, a) O 1s, b) Mg 2p,
c) F 1s, d) Al 2p, and e) Cl 2p. f) TOF-SIMS 3D rendering models of CH� , CHO2

� , MgO� , Al2O3
� , Cl� , and F� for the cycled Mg anode in MPFB

electrolyte. g) Schematic diagram of a Mg metal battery with in situ formed SEI. h) TEM images and an enlarged view at the cycles framed by the
dashed rectangles. i) HAADF-STEM image and EDS elemental mappings of the in situ generated SEI layer in MPFB electrolyte.
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Mg2+ storage sites were activated.[11] More importantly, the
Mg j jMo6S8 battery using MPFB electrolyte with a more
stable SEI demonstrates the minimum polarization voltage
and maximum current intensity, suggesting that the robust
anode-electrolyte interface is also critical for rapid Mg2+

interfacial transfer kinetics. The Mg j jMo6S8 full cells with
different electrolytes also show significant discrepancies in
cycling stability (Figure 5b). The Mg j jMo6S8 full cells using
MACC and MTFE electrolytes exhibit rapid capacity decay
during cycling and eventually failed, while the cells using
MHFP and MPFB electrolytes deliver decent capacity
(69.1 mAhg� 1, 72.1 mAhg� 1, respectively) as well as 99%
CEs after 200 cycles at 0.5 C. Moreover, the Mg j jMo6S8 full
cell using MPFB electrolyte showed superior rate perform-
ance (Figure 5c and d). Specifically, the charge/discharge
curves from 0.5 to 5 C show small changes in polarization,
and a considerable capacity of 68.4 mAhg� 1 is maintained at
5 C. In contrast, the Mg j jMo6S8 full cell using MHFP
electrolyte displays low capacity of only 25.9 mAhg� 1 at 5 C.
In addition, the full cell with MPFB electrolyte delivers a
high capacity retention of 93% (64.4 mAhg� 1) after

500 cycles at 1 C compared with only 45% (42.2 mAhg� 1) in
MHFP electrolyte (Figure 5e). Further, the Mg j jMo6S8
pouch cells with MPFB electrolyte were assembled and
successfully lit a light emitting diode (LED) board (Fig-
ure 5f–g), demonstrating the practical potential of this
electrolyte.

Moreover, even in conventional sulfides (CuS) or high-
voltage manganese oxides (MgxMnO2) (Figure S22 and
S23),[37] MPFB electrolyte also exhibits decent electrochem-
ical performance and high oxidation stability (Figure S24
and S25), which reveals the good cathode-electrolyte
compatibility. Besides, the SEI-protected Mg anode (after
cycling in MPFB electrolyte) also behaved well in Mg-
(TFSI)2-based electrolytes (Figure S26), which confirmed
the effectiveness of this SEI layer.

Conclusion

In summary, this work provides an insight view regarding
the application of fluoride alkyl Mg salts in electrolytes.

Figure 5. Mg j jMo6S8 full cell performance in different electrolyte. a) Cyclic voltammograms with a scan rate of 0.1 mVs� 1. b) Cycling performance
over 200 cycles at 0.5 C (1 C=128.8 mAhg� 1). c) Charge/discharge profile with a voltage range of 0.4� 2.0 V (vs. Mg/Mg2+) in MPFB electrolyte at
various current densities. d) Rate performance at various current densities from 0.5 to 5 C. e) Long-term cycling performance at 1 C. f) Charge/
discharge profile of Mg j jMo6S8 pouch cell with MPFB electrolyte at 0.2 C. g) Open circuit potential of the Mg j jMo6S8 pouch cell. h) The LEDs
lightened by the Mg j jMo6S8 pouch cells in MPFB electrolytes.
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Reconstructing the solvation structure of Mg2+ not only
improves the high voltage tolerance of the electrolyte, but
also contributes to the in situ formation of robust MgF2-rich
SEI. Among them, electrolytes configured with the most
fluorinated Mg(PFTB)2 can achieve a high oxidation
stability of 4.0 V (vs. Mg/Mg2+) and maintain ultra-high CE
(99.5%). These features also enable long-term Mg j jMg
symmetric cell and Mg j jMo6S8 full cell cycle. Through
stereoscopic, multi-view characterization of the SEI layer,
we have also concluded that the uniform MgF2 distribution
contributes to the long-term stable cycling of the Mg anode.
We believe that rational design and synthesis of Mg salts can
empower the electrolyte field with more possibilities in the
future.
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