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A B S T R A C T

The design of electrolytes with excellent compatibility and high oxidation stability has long been the prerequisite
for realizing high-voltage rechargeable magnesium batteries (RMBs). Compared with other chlorine-containing
electrolytes, phenol-based magnesium electrolytes possess better water-oxygen resistance, simpler synthesis
steps, and lower ingredient costs making it very promising for applications. However, lower oxidation stability
renders it difficult to be applied in high-voltage RMBs. Herein, for the first time, we propose to utilize the
fluorine-based localization effect (fluorine substitution from 2,4 o-para site on phenol enhances electrolyte
oxidation stability) to design M24AT electrolyte (2,4-F2PhOMgCl + AlCl3 / THF). As-prepared M24AT electrolyte
exhibits superior oxidation stability (3.9 V vs. Mg/Mg2+) than any other phenol-based electrolyte. Additionally,
it in-situ generates a fluorinated solid electrolyte interface (SEI) that stabilizes the Mg anode during cycling.
Consequently, the Mg||Mo6S8 cells with M24AT electrolyte demonstrate ~100 % capacity retention after 500
cycles at 1C. Besides, the high-voltage stability of the M24AT electrolyte is displayed by electrochemical testing
with Mg||PAQI full cells, which operate at voltages up to 3.0 V and exhibit greater than 300 stable cycles at 200
mA g− 1, with average coulombic efficiency (CE) of ~98 %. The proposed design strategy of fluorine-based
localization facilitates the application of phenol-based electrolytes in high-voltage RMBs.

1. Introduction

The current energy density of lithium-ion batteries is nearing the
theoretical upper bound [1,2]. Furthermore, the development of lithium
metal batteries has also been limited by the scarcity of lithiummetal and
the safety problems caused by the dendrite formation on the lithium
anode [3–5]. However, the use of Mg metal directly as an anode for
RMBs has specific advantages: (1) Mg anode is not prone to the forma-
tion of magnesium dendrites, providing a high level of safety. (2) Mg
metal has a low electric potential (− 2.37 V vs. SHE). (3) Mg metal anode
demonstrates high theoretical mass specific capacity (2205 mAh g− 1)
and volumetric specific capacity (3833 mAh cm− 3) [6,7]. Therefore,
commercial rechargeable batteries with high energy density can be
made possible by substituting monovalent ions (Li+, Na+) with divalent
Mg2+ions [8].

However, realizing the excellent electrochemical performance of Mg
metal batteries requires outstanding Mg electrolytes [9–11]. Previous

research has shown that Mg metal can only be reversibly plati-
ng/stripping in electrolytes with ether-based solvents [12]. Aurbach
et al. created the world’s first RMBs prototype, which used Mg(AlCl2-
BuEt)2/THF as the electrolyte and Mo6S8 as the cathode material [13].
However, due to the limited electrochemical stabilization window of
this electrolyte, there was still a lot of opportunity for advancement.
Following this direction, Aurbach et al. further developed electrolytes
such as APC (PhMgCl+AlCl3/THF) [14], MACC (MgCl2+AlCl3/THF)
[15], which accelerated the development of RMBs. In recent years,
boron-based electrolytes have attracted the attention of researchers due
to their weak corrosiveness to the collector and high oxidation stability
[12]. Guo et al. [16]. created a boron-based magnesium electrolyte with
boron as the anionic core atom with strong oxidation stability (3.5 V
versus Mg), however, the complicated synthesis based on the format
reaction makes large-scale use problematic. Ren et al. [17] created a
boron-based magnesium electrolyte with boron as the anionic core atom
(B(ORF)4− ) possessing high fluorinated bulky and weakly coordinated.
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Subsequently, a series of boron-based electrolytes were born using Mg
(BH4)2 [18], Mg(CB11H12)2 [19] and Mg(B(hfip)4)2 [20] as Mg salts.
Among them, the electrolyte represented by Mg(B(hfip)4)2 has excellent
oxidation stability, relatively low overpotential, and is effectively
compatible with various types of cathode materials. However, the
complicated synthesis and expensive raw materials make large-scale use
problematic. In summary, designing low-cost, conveniently manufac-
tured electrolytes with good electrochemical properties and high
compatibility are ongoing quest for researchers [21].

Fortunately, the phenol-based magnesium electrolyte meets these
requirements. Wang et al. proposed the first-generation phenol-based
Mg electrolytes, in which (BMPMC)2-AlCl3/THF [22] has good electro-
chemical performance and excellent water and oxygen resistance,
however, the extremely low oxidation stability (~2.6 V vs. Mg/Mg2+)
severely limits its application to the high-voltage cathode. The rational
introduction of substituents is one of the effective methods to efficiently
improve the electrochemical performance of electrolytes. In studies
related to potassium-ion battery electrolytes, targeted methylation of
phosphate ester molecules has been used to achieve a balance between
ionic conductivity, oxidation stability, and solvation ability [23–25].
The phenolic structure is flexible in design due to its multiple active
sites. Subsequent researchers have optimized the performance of elec-
trolytes by changing the type of phenolic substituents. Emily G. Nelson
et al. [26] revealed that electron-withdrawing group substitution can
effectively improve the oxidation stability of magnesium phenoxy
electrolytes to 3.05 V. However, it still does not meet the requirements
for the application of high-voltage RMBs.

A large amount of work has been reported on fluorination to
significantly enhance the oxidation stability of electrolytes in recent
years [27,28], but little has been reported on the reasonable control of
the degree of fluorination. While fluorination can significantly enhance
the oxidation stability of an electrolyte, excessive fluorination can have
several detrimental effects, such as significantly increasing the viscosity
of the electrolyte or severely reducing the ionic conductivity of the
electrolyte. Therefore, the rational design of the degree of fluoridation is
essential. In addition, the benzene ring in the phenolic structure has
many active sites, and it is important to rationally utilize the site
properties to protect the active sites to achieve the high voltage per-
formance of the electrolyte.

Herein, we used an electron-withdrawing group (-F) as the phenol
substituent group and anchored the two fluorine groups to the 2,4 sites,
respectively. The -F at the 2,4-sites stabilizes the ortho-site and para-site
(o-para site) activated by O− . Meanwhile, the electron-withdrawing
fluorine groups significantly diminish the electron cloud density of
phenol, (we christened as fluorine-based localization effect). Accord-
ingly, we create a difluorinated phenol-based magnesium electrolyte
(M24AT) with optimum oxidation stability. The phenol 2,4 active sites
are substituted with two fluorine groups for better electronic delocal-
ization and better resistance to electrophilic attack. This brings an
oxidation stability up to 3.9 V vs. Mg/Mg2+ of the M24AT electrolyte.
Meanwhile, the more fluorinatedM24AT electrolyte can in-situ generate
stable fluorinated SEI on the Mg anode. Based on these improvements,
Mg || Mg symmetric cell with M24AT electrolyte can cycle for 900 h at a
current density of 0.1 mA cm− 2 and a low polarization of ~100 mV. In
addition, the Mg||Cu half-cell has an average coulombic efficiency (CE)
greater than 99.5 % in nearly 800 cycles. Furthermore, the Mg || Mo6S8
full cells retain ~100 % capacity retention (79.32 mAh g− 1) after 500
cycles at 1C (128.8 mA g− 1), demonstrating the potential of the M24AT
electrolyte. To highlight even further the advantages of magnesium
phenol electrolytes versus other chlorine-containing electrolytes, we
assembled Mg||M24AT||Mo6S8 pouch cells in the air and exhibited more
than 200 stable cycles. It is also compatible with the P14AQ and the
PAQI high-voltage organic polymer cathode, which can be stably cycled
400 cycles at 5C (P14AQ), and a high-voltage discharge platform of
~1.8 V (PAQI). The present work refocuses the attention on magnesium
phenol electrolytes, although the related research has been shelved for

many years. This work proposes a new universal design principle for
magnesium phenol electrolytes and accordingly obtains the M24AT
electrolyte with a variety of excellent properties, realizing the first use of
this type of electrolyte in high-voltage magnesium-metal batteries.

2. Results and discussion

Previously published research indicates that by substituting the
phenol-based active sites with electron-withdrawing groups (such as
trifluoromethyl (-CF3) and fluorine (-F)), the electron cloud density of
the phenol groups can be reduced, which effectively improves the
oxidation stability of phenol-based Mg electrolytes (Fig. 1a, Fig S1).
However, the electrolyte oxidation stability of single fluorine and single
trifluoromethyl substituted phenol groups still falls short of expectations
[26,29]. In this study, we proposed to increase the number of sub-
stituents to improve the oxidation stability of phenol-based magnesium
electrolytes. Taking the difluorophenol as an example, ESP isosurface
calculations for difluorophenols show that all difluorophenols have a
more dispersed electron on the benzene ring and a much lower electron
cloud density relative to phenol (Fig. 1b). Detailed steps (Fig. 1c) for the
synthesis of phenol-based magnesium electrolytes can be found in the
Supporting Information.

Unfortunately, the prepared electrolytes cannot reversibly Mg
plating/stripping when the phenol structural site is replaced by two
trifluoromethyl substituents (Fig. 1d, Fig. S2). In addition, when two
trifluoromethyl groups are substituted for phenol, the conductivity of
the electrolyte deteriorates sharply, and the viscosity increases signifi-
cantly (Fig. S3). -CF3 as a strong electron-withdrawing group, has a
much higher electron-withdrawing capacity than fluorine groups, indi-
cating that excessive electron-withdrawing group substitution does not
result in an optimal phenol-based electrolyte (Fig. 1d). However when
two fluorine groups replace two active sites of the phenol group, the
oxidation stability of all the resulting electrolyte exceeds 3.5 V in Mg||
Mo cells (Fig. S4). In particular, the magnesium electrolyte configured
with 24-difluorophenol achieved an oxidation stability of 3.9 V (Fig S4).
This exceeds the level of all previously published phenol-based mag-
nesium electrolytes. Equivalently, excessive -F substitution is clearly
undesirable. The oxidation stability of the electrolyte prepared using
pentafluoro phenol as the raw material was reduced to 3.05 V [26].
Additionally, The oxidation stability of the magnesium electrolyte
configured with 246-trifluorophenol was reduced to 3.5 V (Tab. S1,
Fig. S5). The oxidation stability of an electrolyte depends mainly on the
least stable substance in it and is usually determined by unstable anions
in magnesium-ion battery electrolytes [16]. Thus, the main reason for
the reduced oxidation stability of the electrolyte compared to difluor-
ophenol is the lower electron cloud density of pentafluoro phenol, which
in turn leads to a weaker solvated ionic interaction with the aluminum
ions, making the structure unstable. Based on a more comprehensive
performance, we screened out difluorophenol as the preferred raw ma-
terial for phenol-based Mg electrolytes.

Obviously, difluorophenol has a variety of isomers, and different
structures of difluorophenol also exhibit different performance charac-
teristics. This work aims to guide the design of difluorophenol-based
magnesium electrolytes with optimal performance through substituent
localization effects. Next, we selected four distinct configurations of
difluorophenol (namely, 2,4-difluorophenol, 2,5-difluorophenol, 2,6-
difluorophenol, and 3,5-difluorophenol) as the raw material and syn-
thesized the corresponding magnesium electrolytes. They were desig-
nated as M24AT, M25AT, M26AT, and M35AT, respectively.

NMR (Nuclear Magnetic Resonance), FTIR (Fourier transform
infrared spectroscope), and Raman spectroscope are practical ap-
proaches to define the composition of the electrolyte [8]. The 27Al
spectra can show the chemical environment of the aluminum ions.
Compared to the 27Al spectra of the AlCl3/THF solution, the M24AT
electrolyte presents four different chemical states of aluminum-solvated
anions (Fig. 2a, Fig. S6). This corresponds to 52 ppm of Al([(2,
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Fig. 1. (a) Ways to enhance the oxidation stability of phenol-based electrolytes. (b) Visualization of the DFT theoretical calculation. [30] ESP isosurface of Phenol, 2,
4-difluorophenol, 2,5-difluorophenol, 2,6-difluorophenol, 3,5-difluorophenol; the negative charge is represented in red and the positive is represented in blue. (c)
Synthesis steps for the electrolytes of M24AT, M25AT, M26AT, and M35AT. (d) Phenol-based electrolyte design requires moderate substitution of
electron-withdrawing groups. The CV curve of the electrolytes prepared from 3,5-bis (trifluoromethyl) phenol does not allow for reversible stripping/plating
of magnesium.

Fig. 2. (a) 27Al NMR Spectra of M24AT and AlCl3/THF Solutions. (b) FTIR spectrum of M24AT, M25AT, M26AT, M35AT, THF. (c) Raman spectroscopy of M24AT,
M25AT, M26AT, M35AT.
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4-F2PhO)])4− , 70 ppm of AlCl([(2,4-F2PhO)])3− , 89 ppm of AlCl2([(2,
4-F2PhO)])2− , and 103 ppm of Al2Cl6 in the 27Al spectral peak [26]. The
presence of Al-O (near 1040cm− 1) in the FTIR also indicates the for-
mation of polymorphs of Al anion with phenoxy ions (Fig. 2b) [31,32].
Meanwhile, the solvated structure of the aluminum anion can indicate
the presence of reactive magnesium species. The Raman peaks located at
near 260 cm− 1 and 340 cm− 1 clearly show the generation of
[Mg2(μ-Cl)3⋅6THF]+ and AlCl4− in the electrolyte (Fig. 2c) [33].

To compare the performance of electrolytes prepared from different
structures of difluorophenol as raw materials, Mg||Mo half-cells were
assembled, and the performance of the four electrolytes was tested by
cyclic voltammetry (CV). The results showed that all electrolytes could
plating/stripping magnesium reversibly (Fig. 3a, Fig. S7). As shown in
the cyclic voltammogram (Fig. 3c), the M24AT electrolyte has a striping
potential at − 0.066 V and a plating potential at − 0.147 V, giving an
overpotential of 81 mV [34]. The M24AT electrolyte has the lowest
overpotential of four electrolytes (Fig. 3d, Fig. S8). In the early stage of

electrolyte cycles, there is a small amount of aluminum element depo-
sition in the electrolyte (Fig. S9). As the CV cycle proceeds, the
aluminum deposition behavior is gradually suppressed, showing a single
deposition peak of magnesium. In addition, we analyzed the CV test
results of the four electrolytes, plotted the trend of Q-Q0 over time for
the four electrolytes, and accordingly analyzed in detail the Coulombic
efficiency changes in the first ten cycles. The results show that the
Coulombic efficiencies of the four electrolytes increase dramatically
over the five cycles After the sixth cycle, the Coulombic efficiency ap-
proaches 100 % (Fig. 3e, Fig. S10). This strongly indicates the excellent
Mg plating/stripping efficiency of this type of electrolyte. Besides, the
M24AT electrolyte has the highest response current under the same
experimental conditions (Fig. 3a, Fig. S7). This indicates that the faster
Mg redox kinetics in the M24AT electrolyte. To determine the oxidation
stability of the four electrolytes, we performed linear scanning voltam-
metry (LSV) tests. As envisaged, theM24AT electrolyte had the strongest
voltage tolerance (Fig. 3b). Its oxidation stability can reach 3.9 V (vs.

Fig. 3. Electrochemical performance. Cyclic voltammograms of the Mg plating and stripping process using (a) M24AT 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 20 mV S− 1. (b) Oxidation stability of four
electrolytes in Mg || Mo half cells tested by LSV. (c) Mg plating/stripping overpotential in M24AT. Calculation of overpotential concerning Mg-FPB electrolyte. [34]
(d) Comparison of overpotentials of four electrolytes. (e) Coulombic efficiency of different electrolytes obtained by cyclic voltammetry. (f) Polarization properties of
Mg||Mg symmetrical cells with four electrolytes at current densities from 0.1 mA cm− 2 to 2 mA cm− 2. (g) Mg plating/stripping CE in Mg || Cu half cells using four
electrolytes at 0.5 mA cm− 2 and 0.25 mAh cm− 2. Insets show an enlarged view of the cycles framed by the one dashed rectangle. (h) Rate performance of Mg||Mg
cells at 0.1 mA cm− 2 and 0.1 mAh cm− 2. (i) Polarization properties of Mg||Mg symmetrical cell with M24AT electrolyte at current density of 0.5 mA cm− 2 and 0.5
mAh cm− 2. (j) Performance comparison of four electrolytes. (k) Performance comparison of the reported electrolytes with M24AT electrolyte.
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Mg/Mg2+). This means that the M24AT electrolyte can be matched to a
high-voltage cathode.

Mg || Cu asymmetric cells were assembled to rate the coulombic
efficiency of reversible Mg plating/stripping in all electrolytes at 0.5 mA
cm− 2 and 0.25 mAh cm− 2 (Fig. 3g). It is obvious that M24AT has the
most stable CEs with approaching 800 stable cycles. Excitingly, the
average CE is close to 100 %. This highlights the fact that the M24AT
electrolyte has the most superior Mg plating/stripping efficiency. Mg ||
Mg symmetric cells were assembled to evaluate the stability and
compatibility of Mg anode in different electrolytes. Increasing the
symmetric cell current density from 0.1 mA cm− 2 to 2 mA cm− 2 resulted
in a gradual increase in the measured polarization (Fig. 3f). Among
them, the M24AT electrolyte showed the smallest enhancement in po-
larization. Which also can reflect that M24AT has the best rate perfor-
mance. In addition, these four electrolytes were subjected to long
cycling tests at a current density of 0.1 mA cm− 2, and the M24AT
electrolyte retained minimal polarization (~100 mV) for more than 900
h (Fig. 3h). Furthermore, the M24AT electrolyte present low polariza-
tion (Fig. 3i) at higher current density (0.5 mAh cm− 2, 0.5 mAh cm− 2).
That is a prerequisite for the subsequent long cycling tests of the elec-
trolyte with matched cathode materials.

The M24AT electrolyte has a better long-cycle performance, which
may also be related to the magnesium deposition morphology. This
stems from the fact that the smooth and dense magnesium deposition
structure formed during electrolyte cycling is less likely to puncture the
diaphragm and cause a short circuit in the battery, contributing to the
battery’s long-cycle performance. We analyzed the morphology of the
deposited magnesium formed during the discharge of all electrolytes by
scanning electron microscopy (SEM) through a three-electrode system.
The results indicate that deposited magnesium obtained from M24AT
with the smoothest and densest state (Fig. S9, Fig. S11, Fig S12).

According to the rules of orientation effect of electrophilic aromatic
directing groups, phenoxy (O-) mainly activates the ortho-site and para-
site (o-para site) of the benzene ring. However, since the o-para site is
occupied by a fluorine group, the activation site is not susceptible to
electrophilic attack, and the fluorine group acts as an electron-
withdrawing group to significantly reduce the electron cloud density
of the benzene ring to stabilize the structure (we define this principle
called fluorine-based localization effect). All of the above raw materials
of electrolytes are difluorophenols, but the substitution sites are
different. According to the orientation effect of electrophilic aromatic
directing groups, activating the benzene ring at the o-para site (2,4,6
site) makes it vulnerable to electrophilic assault. Due to the fluorine
substitution occupying the o-para site, 2,4-difluorophenol and 2,6-
difluorophenol have good electrolyte stability. However, 2,6-difluoro-
phenol is less stable than 2,4-difluorophenol because the latter has a
lower electron cloud dispersion. Due to the occupation of fewer o-para
sites, 3,5-difluorophenol and 2,5-difluorophenol are lower stable in the
structure of the respective electrolytes. But the 3,5-sites substitutions
raise space substituted steric hindrance of other sites and make M35AT
more stable than M25AT. As a result, the four electrolytes are ranked
according to the magnitude of their oxidation stability: M24AT >

M26AT > M35AT > M25AT (Fig. 3b). It is the difference in the substi-
tution site of the fluorine groups that renders the difference in the
properties of different difluorophenols.

The 2,4 active site fluorine-substituted difluorophenol-based mag-
nesium electrolyte possesses the best performance due to the fluorine-
based localization effect. (Fig. 3j). This will provide theoretical sup-
port for the design of high-performance phenol-based magnesium
electrolytes.

Besides, the highest oxidation stability and a more dispersed electron
cloud density of 2,4-difluorophenol are intriguing to notice because they
improve the separation of magnesium chloride ions (MgCl+) from the
intermediate 2,4-difluorophenol magnesium chloride (2,4-F2PhOMgCl).
The M24AT electrolyte will have the greatest electrochemical perfor-
mance as a result (Fig. 3k, Tab S2).

The oxidation stability, ionic conductivity, the solvent ion coordi-
nation state of the electrolyte, and SEI can directly affect the electro-
chemical performance of magnesium batteries [17,28,35]. Among of
them, SEI layer instability is a key barrier to long-cycle performance in
RMBs [28,36,37]. Mai et al. demonstrated that fluorine-containing
organic-inorganic hybrid SEIs can significantly enhance the long-cycle
performance of magnesium batteries [31]. Consequently, we expect to
rationally adjust the elemental composition of the electrolyte compo-
nents on the basis of improving the oxidation stability of the electrolyte
to regulate the SEI interface so that it can be better matched with the
high-voltage cathode. Fortunately, the elemental fluorine in the M24AT
electrolyte is expected to generate a stable fluorine-containing SEI.

DFT calculations for the four electrolytes confirm that M24AT has
the lowest LUMO orbital energy (Fig. 4a). This means that M24AT is
more readily decomposed at the magnesium anode to generate stable
fluorinated SEIs.

To demonstrate the positive effect of the SEI formed after cycling of
the M24AT electrolyte on overpotential and coulombic efficiency. We
assembled Mg||Mg symmetric cells using M24AT as the electrolyte. The
cell was cycled for 50 times to allow sufficient formation of a stable SEI.
Subsequently, the cell was disassembled in a glove box and the electrode
were removed to be cleaned and dried for use. A symmetric cell with
magnesium electrodes containing fluorinated SEI was assembled using
Mg(TFSI)2/DME as the electrolyte. A magnesium symmetric cell with
brand-newmagnesium electrodes was also assembled as a control group.
It was found that the polarization of the symmetric cell was greatly
reduced compared with that of the control group due to the presence of
the fluorinated interface generated by M24AT (Fig. 4c).

To gain insight into the structure of SEIs and interfacial mechanisms.
We selected characterization such as X-ray photoelectron spectroscopy
(XPS) and time-of-flight secondary-ion mass spectrometry (TOF-SIMS)
to analyze the composition of SEI from the surface to the interior. For the
Mg anode cycled in M24AT electrolyte, the Mg-F (685.4 eV) peak
gradually dominates with increasing SEI depth (Fig. 4d). This indicates a
longitudinal massive distribution of MgxF originating from the decom-
position of electrolyte components. The cells were disassembled and the
XPS testing of theMg anode was carried out in a glove box without water
or oxygen. However, the peak of the oxide (529.5 eV) gradually domi-
nates (Fig. 4d), indicating that the SEI contains a MgxOy/AlxOy
component. It again stems from the decomposition of the electrolyte
component. We also used the time-of-flight secondary-ion mass spec-
trometry (TOF-SIMS) to analyze the composition and longitudinal dis-
tribution of SEI in the post-cycling Mg anode (Fig. 4e-h). The large
distribution of fluoride-containing ions (F− , MgF+) and organic frag-
ment ions (CHO2

+, CH− ) suggests that the M24AT electrolyte can
generate stable fluorinated organic-inorganic hybrid SEIs during
cycling. This may contribute to the long cycling process of the battery. It
is also possible that the high oxidation stability of M24AT stems from the
stabilization of the electrolyte composition by fluorinated SEI in situ
generated during electrolyte cycling.

The utility of the electrolyte can be reflected by the degree of
compatibility between the electrolyte and the cathode material. To
evaluate the compatibility of electrolytes with cathode materials, we
assembled Mg||Mo6S8 full cells. The cathode material Mo6S8 was used to
confirm the successful synthesis by X-ray diffraction spectroscopy (XRD)
(Fig. S13).

The CVs of the Mg||Mo6S8 cells reflect the lowest polarization and
strongest response current of the M24AT electrolyte (Fig. 5a), which
suggests that the inserting/extracting of Mg2+ in the cathode is priori-
tized. In addition, M24AT also showed the best rate performance
(Fig. 5c), with no large loss of capacity of the Mo6S8 cathode material at
different rates (from 0.5 C to 5 C). Specifically, from the charge/
discharge curves of M24AT, it can be seen that the polarization of the
cell stays low at high rates of charge/discharge (Fig. 5b). M24AT elec-
trolyte maintains the highest charge/discharge specific capacity
compared to other electrolytes under the 0.5C long cycle test (Fig. 5d).
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Under the 1C long cycling test, M24AT electrolyte still has a high spe-
cific capacity of 79 mAh g− 1 after 500 cycles (capacity retention of ~100
%), which is better than most of the reported electrolytes (Fig. 5e).

The realization strategy of high-energy magnesium-metal batteries
requires cathode materials to have higher theoretical specific capacity
on the one hand, and magnesium-metal batteries to be able to operate at
higher voltages on the other hand [11]. The latter requires more elec-
trolytes with better high-voltage stability and compatibility.

Generally speaking, compared with the traditional inorganic cathode
materials, the new organic cathode materials have higher discharge
platforms and higher operating voltages. Herein, poly-
anthraquinonylimides (PAQI) were synthesized and investigated as
organic RMB cathodes. Surprisingly, when the Mg||PAQI full cell was
assembled using the M24AT electrolyte, the discharge plateau voltage
was as high as 1.8 V (Fig. 5f and Fig. 5g). This value is a significant
improvement over the first published discharge plateau voltage for
electrochemical testing of PAQI cathode materials, which was 1.6 V
[38]. Furthermore, after we increased the voltage test range and set the
upper voltage limit to 3.0 V, the battery still operated stably. Specif-
ically, the Mg||PAQI full cell can be stably cycled more than 300 cycles
at a current density of 200 mA g− 1. This realizes the first use of mag-
nesium phenol electrolyte in high-voltage magnesium metal batteries.

The M24AT electrolyte also has good compatibility with high-voltage
organic cathode materials (PAQI). The assembled Mg||P14AQ full
cells have a specific capacity of 87.72 mAh g− 1 (capacity retention of
72.8 %) after cycling over 200 cycles at 2C (Fig. 5h-i). Specific capacity
of 69.78 mAh g− 1 (capacity retention of 68.7 %) after over 400 cycles at
5C (Fig. 5h-i). In addition, we assembled a Mg||Mo6S8 pouch cell to light
up the lamp (Fig 6a). Various results show that the M24AT electrolyte
has great potential for matching cathode materials.

Magnesium phenol electrolyte has good ionic conductivity, lower
raw material cost and better compatibility with cathode materials. To
highlight even further the advantages of magnesium phenol electrolytes
versus other chlorine-containing electrolytes, we conducted a water-
oxygen tolerance test on the M24AT electrolyte. After exposing the
M24AT electrolyte to humid air for 3 h, the Mg||M24AT||Mo cell was
assembled for cyclic voltammetry testing. Unlike the results of previous
work testing the APC electrolyte’s resistance to hydroxylation, the cyclic
voltammetry curves of the M24AT electrolyte show that it is still capable
of plating/stripping magnesium metal stably. The results show that
M24AT has excellent water-oxygen tolerance compared with APC
electrolytes (Fig. 6b, Fig. S14). In addition, to highlight the advantages
of the M24AT electrolyte even further, we assembled the magnesium
metal pouch cell entirely in the air. Excitingly, the newly assembled

Fig. 4. (a) Visualization of the DFT theoretical calculation. Visualized LUMO/HOMO orbitals and transition gap energy of 2,4-difluorophenoxy ([(2,4-F2PhO)]− ),
2,5-difluorophenoxy ([(2,5-F2PhO)]− ), 2,6-difluorophenoxy ([(2,6-F2PhO)]− ), 3,5-difluorophenoxy ([(3,5-F2PhO)]− ) anions. (b) Schematic representation of the
M24AT electrolyte for the generation of a stable fluorinated SEI in a magnesium metal cell. (c) The fluorinated SEI generated by the M24AT electrolyte effectively
reduces cell polarization. (d) F 1 s, O 1 s, Mg 2p, Al 2p XPS depth analysis of Mg anode. 3D rendering and TOF-SIMS depth profiles models in (e, f) positive mode and
(g, h) negative mode of the SEI film cycled with the M24AT electrolyte.
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Mg||Mo6S8 has an open-circuit voltage of up to 2.14 V and can be stably
cycled for more than 200 cycles at a multiplication rate of 2C (Fig. 6c
and Fig. 6d).

The above results indicate that the utilization of fluorine-based
localization effects can be used as a general strategy for the prepara-
tion of magnesium phenol electrolytes. Inexpensive, high ionic con-
ductivity, M24AT electrolytes that can generate excellent fluorinated
interfaces, high voltage stability, and strong water-oxygen resistance
can be obtained.

3. Conclusion

In summary, this work focuses on phenol-based magnesium elec-
trolytes from a novel perspective, and the design of a difluorides-
substituted phenol-based magnesium electrolyte with optimal perfor-
mance by anchors the 2,4 sites via a weakly electron-withdrawing group
(-F). Furthermore, the significantly improved oxidation stability of the
M24AT electrolyte compared to all other phenol-based magnesium
electrolytes has led to the first application of this type of electrolyte in

Fig. 5. Mg || Mo6S8 full cell performance in different electrolytes. (a) Cyclic voltammograms with a scan rate of 0.1 mV s− 1. (b) Charge/discharge profile with a
voltage range of 0.2 − 1.9 V (vs. Mg/Mg2+) in M24AT electrolyte at various current densities. (c) Rate performance at various current densities from 0.5 to 5 C. (d)
Cycling performance over 200 cycles at 0.5 C (1 C = 128.8 mA g− 1). (e) Long-term cycling performance at 1 C. (f) Charge/discharge profile of Mg || PAQI full cells
with M24AT electrolyte at 200mA g− 1 . (g) Cycling performance. Mg || P14AQ full cell performance in M24AT electrolyte. (h) Charge/discharge profile of Mg ||
P14AQ full cell with M24AT electrolyte at 2 C and 5 C. (i) Cycling performance over 200 cycles at 2 C (1 C = 260 mA g− 1) and over 400 cycles at 5C.
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high-voltage magnesium-metal batteries. The M24AT electrolyte
designed possessing the fluorine-based localization effect has optimal
oxidation stability (3.9 V vs. Mg/Mg2+) and the electrolyte can in situ
generate fluorinated organic-inorganic hybrid SEI layers during the
cycling process. Mg||Mo6S8 full cells assembled with M24AT electrolyte
have a high capacity of 79.32 mAh g− 1 after 500 cycles at 1C (capacity
retention of ~100 %). In addition, the M24AT electrolyte also retains
many of the advantages of the magnesium phenol electrolyte at the same
time. Such as excellent resistance to water and oxygen, high ionic con-
ductivity and very low raw material costs. The M24AT electrolyte re-
mains electrochemically active when exposed to humid air. Mg||Mo6S8
pouch battery assembled in the air can maintain a long-term stable
cycle, which also reduces the difficulty of production for the large-scale
application of this type of electrolyte. Benefit from the fluorine-based
localization effect of the M24AT electrolyte. The M24AT electrolyte
also shows better compatibility, as-prepared Mg||P14AQ full cells have
high-capacity retention after 400 cycles at 5C. Besides, the assembled
Mg||PAQI cell operates at voltages up to 3.0 V and exhibits a high
voltage discharge platform of ~1.8 V. We believe this work provides
new insights into present and future electrolyte design and can advance
the process of high-voltage RMBs practicality.
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