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Magnesium (Mg) batteries represent a promising candidate for energy-dense, sustainable and safe energy stor-
age. However, the realization of practical Mg batteries remains challenging and advanced material design strate-
gies are imperatively necessary. Herein, a novel magnesium tetrakis(hexafluoroisopropyloxy)borate-based non-
corrosive gel polymer electrolyte has been synthesized by an in-situ polymerization. This gel polymer electrolyte
exhibits unprecedented electrolytic properties in terms of high ionic conductivity (10~3 S cm™!), reversible Mg

plating/stripping capability (Coulombic efficiency ~99%, 1000 cycles) and low voltage polarization. Simulta-
neously, the polymeric matrix can prevent dissolution and diffusion of soluble electrode materials. For the first
time, the employment of a gel polymer electrolyte to suppress the polysulfide shuttle in Mg—S batteries has been
demonstrated. Moreover, it can be extended to other polymer backbones and incorporated with other cathodes
for improving battery performance.

1. Introduction

Recent research has witnessed rapid progress in a new scheme
of multivalent ion batteries, which are based on the reversible inser
tion of Mg2*, Zn2*, Al3*, Ca®* or hybrid ions. Among them, mag
nesium battery with Mg metal anode is one of the most promising
candidates, because of the merits of Mg metal in terms of high natu
ral abundance (the 8th and 3rd most abundant element in the earth’s
crust and sea water, respectively), ambient stability and a high the
oretical volumetric capacity (3832 mA h cm~3) [1 8]. Nevertheless,
the development of magnesium battery is hindered by the difficulty
of finding proper electrolytes. Cl containing electrolyte solutions based
on Grignard reagents have been explored in the early stages [9 14],
but they suffer from certain drawbacks, including relatively low an
odic stability, limited chemical compatibility with cathode materials
and severe corrosion to the metallic cell components. Hence, more and
more research interests have been devoted to formulating Cl free simple
Mg ion conductive salt based electrolytes. For instance, non corrosive
magnesium monocarborane (Mg(CB,;H;,),) salt [15], magnesium hex
afluoroisopropylaluminate (Mg[Al(hfip),]) salt [16] and magnesium
tetra(trifluoroethanoloxy)borate (Mg[B(Otfe),],) salt [17] based elec
trolyte. All of them have high anodic stability up to 3V.

* Corresponding authors.

Recently developed magnesium tetrakis (hexafluoroisopropyloxy)
borate Mg[B(hfip)4], (hfip=OC(H)(CF3),) electrolytes exhibit out
standing electrochemical performance and good chemical compatibility
[18]. Highly reversible sulfur redox mechanism and discharge/charge
chemistry with this non corrosive electrolyte have been demonstrated
[19]. Nevertheless, Mg S batteries with a liquid electrolyte are still
confronting critical issues correlated with the dissolution of the sulfur
species during the discharging/charging process [9,20,21]. During the
discharge process, solid state sulfur can be reduced to the long chain
polysulfide, which may dissolve in the liquid electrolyte and diffuse
across the separator to the anode side, where they can be further re
duced. This so called polysulfide shuttle leads to a low active material
utilization and short cell life [22 25]. In particular, it has been unveiled
that the Mg S batteries show high tendency of fast self discharge in the
conventional liquid electrolytes, leading to serious capacity loss from
the initial cycles [24,26,27]. Similarly, dissolution of active material in
liquid electrolyte is one of the most crucial challenges in the exploration
of organic electrode materials for high energy Mg batteries [28 31].

The development of gel polymer electrolytes (GPEs) may provide a
promising solution to circumvent the above concerns. GPE with favor
able electrochemical properties can be used as a competitive alterna
tive for improving battery performance, which exhibits additional ad
vantages of improved safety (less internal short circuit and less elec
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trolyte leakage) and mechanical durability of electrochemical devices
[32,33]. Additionally, some built in functions can be integrated in a
polymer electrolyte, providing an efficient approach for improving bat
tery performance. Taking into account the intrinsically low mobility of
Mg2+ ion, a GPE designed by trapping solvent molecules in a polymer
ized gel network may retain adequate Mg ion conductivity and at the
same time limit the dissolution and diffusion of soluble electrode ma
terials. For Mg—S batteries, the utility of GPE can be an efficient ap
proach to inhibit the diffusion of the polysulfides. Some research ef
forts have been taken for Mg polymer electrolytes such as the combi
nations of polymers including poly(ethylene oxide) (PEO) and copoly
mer PVDF-HFP with Mg(ClO,4), or MgTFSI, salt [34 41]. However,
the inferior electrochemical properties and ion transport capability of
these polymer electrolytes hinder their implementation in Mg batteries.
Recently, polytetrahydrofuran (PTHF) is reported to establish a GPE,
which shows an excellent Mg anode compatibility and high conductiv
ity [33]. However, as authors mentioned, MgCl, may reduce the anodic
stability of electrolyte system and the corrosive nature of the Cl based
electrolytes limit their practical application. Thus, developing Cl free gel
polymer electrolytes is of great need. The reported PTHF based gel poly
mer electrolyte achieved a promising performance with MogSg cathode,
but the performance of gel polymer electrolyte in Mg S system was not
reported. To the best of our knowledge, there are only few reports about
gel polymer electrolytes for Mg—S batteries [42,43].

In this work, a novel Cl free Mg[B(hfip),4], (MgBOR) based gel poly
mer electrolyte was synthesized by an in situ polymerization. Inspired
by the previous report, we first choose the PTHF backbone to build the
GPE. The MgBOR—-PTHF—GPE was used as a rational substitute for the
conventional liquid electrolyte in Mg S batteries. For the first time, a
gel polymer electrolyte is presented, which allows reversible Mg plat
ing/stripping and is compatible with the sulfur cathode. The GPE was
prepared during the cell assembly and exhibited superior electrochemi
cal performance in both symmetric/asymmetric cells and in Mg—S bat
tery cells. Impedance analyses and post mortem electron microscopic
tests demonstrated that the MgBOR—PTHF—GPE can mitigate the safety
hazards and suppress the shuttle effect of polysulfide. To further verify
this concept, the Mg[B(hfip),4], based GPE was extended to the other
polymer backbone with polymerized pentaerythritol tetraacrylate (PE
TEA). These findings indicate the promising features of the Cl free gel
polymer electrolyte for practical Mg—S battery chemistry.

2. Results and Discussion
2.1. Preparation and characterization

Fig. 1la shows the schematic process for preparing the
MgBOR—-PTHF-GPE. Mg(BH,), was used as an initiator for the
polymerization of PTHF and the liquid Mg[B(hfip),], electrolyte
in dimethoxyethane (DME) was transformed to the quasi solid GPE
by in-situ polymerization. The MgBOR-PTHF—-GPE obtained from
polymerization was characterized by X—ray diffraction (XRD) measure
ments as shown in Fig. S1a. After polymerization, the crystalline peaks
belonging to PTHF and MgBOR disappeared, implying the amorphous
phase of MgBOR-PTHF—GPE, which was further characterized by
Fourier transform infrared spectra (FT—IR) (Figure S1b). The peaks in
the range of 3000 2600 cm~! (C H stretch) reflect the contributions
from DME or PTHF. The band at ~3450 cm™~! (O H stretch) suggests
the existence of a terminating hydroxyl functional group in PTHF. The
terminating hydroxyl group was consumed during polymerization, and
thus it is disappeared from the GPE spectrum. These results confirm
that the PTHF has been further polymerized, indicating the formation
of GPE. Thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC) were carried out to evaluate the thermal stability
of MgBOR—PTHF-GPE under argon atmosphere (Figure S1c). The DSC
profile reveals that the GPE started to melt with partial desolvation
of DME at around 108 °C, as indicated by the endothermic peak. A

sharp decline was observed at 135 °C, which is due to the degradation
of PTHF backbone and further decomposition of the MgBOR. For
comparison, the TGA result of pure MgBOR salt is also shown in Figure
S1d. The salt started to release most of the DME and decomposes at
about 150 °C, which is consistent with our previous report [18]. In
addition, the morphology and microstructure of separators with or
without GPE were characterized by SEM (Fig. S2-3). As shown in
the SEM images, the glass fiber (with a diameter of ~ 1 um) act as
the scaffold, in which MgBOR—PTHF-GPE was filled. The glass fiber
provides mechanical support while the MgBOR—PTHF—GPE offers the
pathway for ionic transport. EDS maps demonstrate that C, O, Si, Al,
Mg, and F are homogeneously distributed throughout the separator with
MgBOR—-PTHF—GPE. Compared with the blank separator, additional el
ement Mg is derived from both Mg[B(hfip),], and Mg(BH,),, while F is
from Mg[B(hfip),],. Apart from that, the corresponding cross sectional
SEM maps of the GPE coated separator are demonstrated in Fig. 1c g,
which further manifest that the separator membrane was homogenously
infiltrated with MgBOR—PTHF—-GPE. The optical photograph of the
synthesized MgBOR—PTHF—GPE is displayed in Fig. 1h.

Ionic conductivity is a key parameter to evaluate the GPE and is of
prominent importance to achieve high rate capability. The ionic con
ductivity of the MgBOR—PTHF—GPE was measured by electrochemical
impedance spectroscopy (EIS) in a symmetrical stainless steel (SS) two
electrode device at 25°C (Fig. 2a). Based on the EIS fitting results (Fig.
2b), the conductivity was calculated to be 2.01 (+ 0.02) mS cm™!).
To the best of our knowledge, it is the highest value among the re
ported Mg polymer electrolytes and even comparable with some liq
uid electrolytes [20,33,36 40,44 46]. The high ionic conductivity of
MgBOR-PTHF—GPE may be attributed to the unique chemical struc
ture of Mg[B(hfip)4], and the ether bond rich high polymerized matrix.
Such high ionic conductivity is also in accordance with the good rate
performance of the symmetric cell in the following part. Another im
portant feature for electrolyte is the Mg2+ transference number (tMg2+),
which quantifies the fraction of ionic transport. The transference num
ber of the MgBOR—PTHF—-GPE was determined using the steady state
current method from Bruce and Vincent [47]. AC impedance of the cell
was measured both before and after the voltage polarization, and the
Nyquist plots obtained are shown in the inset of Fig. 2c. The values
of the electrode electrolyte interfacial resistances were obtained from
these Nyquist plots. The tMg2+ of MgBOR—-PTHF—GPE was determined
to be 0.300+0.02, which is notably comparable with those of the exist
ing polymer electrolytes for Li ion batteries [33,37,44]. The anodic sta
bility of the GPE was assessed by linear sweep voltammetry (LSV) using
SS as a working electrode. A comparatively high anodic stability of 2.57
V vs. Mg/Mg?* was observed when the current increased to 0.01 mA
(Fig. S4). The magnesium deposition and stripping process on the Mg
electrode surface was confirmed through cyclic voltammetry (CV) with a
two electrode SS//MgBOR—-PTHF-GPE//Mg cell at 25°C (Fig. 2d). The
cathodic and anodic peaks could be detected, denoting the magnesium
deposition and stripping, respectively. In the first cycle, the potential
interval between the onset potential for Mg plating and Mg stripping is
around 1.0 V. In the following cycles, the current increase and the volt
age polarization decrease gradually, which indicate faster kinetics and
better reversibility. Furthermore, a long time Mg plating/stripping be
havior was also achieved in a SS//MgBOR—PTHF—-GPE//Mg cell with a
plating time of 0.5 h (Figure 2e). From the 10th cycle, the cell showed a
consistent and high Coulombic efficiency at 99%, which remained sta
ble even after 1000 stripping/plating cycles (Fig. 2f). This long term
performance even outperforms conventionally used liquid electrolyte
[11,48]. In addition, the surface morphology and composition of the SS
electrode after stripping/plating was scrutinized by ex situ SEM analy
sis (Inset). Mg element was observed with the elemental map, confirm
ing that Mg was tightly packed and agglomerated on the SS substrate.
The magnesiumdeposits on Mg anode after 150 cycles are agglomerated
without severe pulverization and cracks with MgBOR—PTHF—-GPE. (Fig.
$5), which confirms the stable plating/stripping behavior.
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Fig. 1. (a) Schematic illustration of the preparation for the MgBOR—PTHF—GPE. The cross-section (b) SEM image and (c-g) EDS maps of glass fiber membrane coated
with dry MgBOR—PTHF—GPE. (h) Optical photographs of synthesized MgBOR—PTHF—GPE.
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Fig. 2. (a-b) Electrical impedance spectroscopy and the corresponding fitting result of SS//MgBOR—PTHF—GPE//SS cell at 25 °C. (c¢) DC polarization curve of the
symmetrical Mg//MgBOR—PTHF—-GPE//Mg cell with a total applied potential difference of 0.02 V (Inset shows Nyquist plots of the symmetrical cell before and after
DC polarization.). (d) Current-voltage curves for Mg plating and stripping in MgBOR—PTHF—GPE at a sweep rate of 5 mV s~!. (e) Mg plating and stripping profiles of
the SS//MgBOR—-PTHF—-GPE//Mg cell in MgBOR—PTHF—-GPE and (f) the corresponding Coulombic efficiency as a function of cycle number. The current density is
0.1 mA ecm~2 (Inset: SEM image and EDS map for Mg of a SS disc collected from a SS//MgBOR—PTHF—GPE//Mg cell in MgBOR—-PTHF—GPE after stripping/plating for
150 cycles).Galvanostatic cycling tests with MgBOR—PTHF—GPE were also investigated in a symmetric cell to provide more evidence of the reversible nature of the
Mg plating/stripping in the GPE. Fig. 3a shows the overpotential values carried out at different current densities from 0.05 to 0.50 mA cm~2. The deposition/stripping
overpotential increased slightly with the areal current densities and became stable after few cycles. Even at the relatively high current of 0.50 mA cm~2, the cell
could persevere a low polarization of about 0.055V. A long-term cyclability test with a current of 0.1 mA cm~2 is shown in Fig. 3b. The Mg symmetrical cell
continues to operate stably beyond 500 cycles while keeping a low polarization below 0.06 V. It should be noted that this performance is comparable with the
most recent state-of-the-art liquid electrolytes. [11,49,50] Such excellent cycling performance up to 500 cycles is unique comparing to existing Mg-ion-conducting
polymer electrolytes. [37] Furthermore, the morphology of the Mg disc after cycling is shown in Fig. $6. Long—term cycling performance at a high current density
of 0.5 mA cm~2 was also tested and is demonstrated in Fig. S7. At high current density, the cell still presented excellent cyclic stability. Besides, its overpotential

remained at 0.135V even after 500 cycles. All these results demonstrate that an efficient plating/stripping of Mg can be realized successfully with small overpotential
by using MgBOR—PTHF—GPE.
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To gain further understanding of the origin of excellent cycling sta
bility, EIS was monitored with the cell during various rest times at the
open circuit voltage (OCV) and after different galvanostatic cycles. Fig.
3c displays the Nyquist plots measured at OCV. The impedance was mea
sured to be around 17 kQ after assembling the cell, and the impedance
was observed to increase incrementally with the rest time and became
stable at around 289 kQ after 20 h. This phenomenon has been reported
in previous literature [19,51]. The increasing resistance on the Mg elec
trode may result from an adsorption layer from the solvent. Apart from
that, there is another possibility that a kind of solid electrolyte inter

80 100

phase might form with this GPE. The interfacial resistance decreased
dramatically after cycling. As shown in Fig. 3d, the impedance was
found to be approximately 200 Q after 50 cycles at 0.1 mA cm~2, and
even lower resistances around 95 Q and 124 Q were achieved after 300
and 500 cycles. We assume that the high impedance of the cells with
the MgBOR—-PTHF-GPE after the long rest periods might derive from
the adsorption layer on the Mg surface, which shows no additional im
pediment after cycling [52]. Both the low interfacial impedance and
the good interfacial compatibility contribute to the excellent electro
chemical stability as discussed above. The MgBOR—PTHF—GPE have
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Fig. 4. Changes in the impedance spectra of (a) ACC/S cathode and (b) Mg anode of the Mg—S cell rest for 48 h at the frequency range of 1 MHz to 10 mHz. (c)

Potential profiles of the Mg—S cell kept at OCV for 48 h.

succeeded utilized with the benchmark cathode Chevrel phase MogSg
to show its suitability for Mg batteries. Fig. S8 shows the XRD patterns
and SEM results of the MogSg cathode material. The electrochemical
performance of the cell is presented in Fig. 3e g, indicating a good rate
capability and an impressive cycling performance. At a current density
of 0.1C, after 100 cycles the specific capacity still maintained at 50.1
mA h g~1. The corresponding CV profiles and EIS results during cycling
are also demonstrated in Fig. S9. In addition, from previous report, Mg
batteries require activation cycles for Mg plating/stripping with liquid
Mg[B(hfip)4], electrolyte [18,53]. The activation process lasted for sev
eral cycles with a simultaneous increase in the cell capacity. Here, from
the first cycle the highest discharge capacity was already observed with
out any activation cycles with the GPE. It could be explained that, small
amount of Mg(BH,), may remain unreacted after polymerization. The
reductive BH,~ could remove the thin oxide layer on the Mg anode and
may boost the active process during cycling [53]. It is also very im
portant to optimize the amount of the Mg(BH,), inside the electrolyte.
These results show that the MgBOR—PTHF—GPE is well suited for use
in Mg batteries.

2.2. MgBOR-PTHF-GPE for Mg—S batteries

The activated carbon cloth based sulfur cathodes (ACC/S) were fab
ricated via a commonly used melt diffusion method. The SEM and EDS
images of ACC/S in Fig. S10 demonstrate that sulfur was evenly and
completely dispersed into the porous carbon fibers. The changes in the
OCV and corresponding impedances of the cell have been investigated
by monitoring separately the cathode and anode potentials over a rest
ing period of 48 h with a three electrode cell as shown in Fig. 4. Here
ACC/S works as the working electrode (WE), Mg foil as the counter elec

trode (CE), and Mg ring as the reference electrode (RE), respectively.
During 48 h of the resting period, the cathode potential increased from
1.62 V to 1.64 V. Besides, on the anode side, the initial potential was
0.053 V and the potential stabilized at 0.052 V after 48 h. In contrast,
with the common liquid electrolyte, Mg—S batteries always suffer from
serious self discharge behavior [26,27]. The stable OCV validates that
the MgBOR—-PTHF-GPE can effectively suppress the dissolution as well
as the diffusion of polysulfide, and thus protect the anode from side
reactions with the dissolved sulfur species and inhibit the battery self
discharge. Both the cathode and anode impedance increased during the
resting time, especially the anode side, which may be related to an ad
sorption layer formation on the Mg surface mentioned before. After sev
eral hours, the impedance became stable, which indicates the interface
between GPE and electrode was stabilized. SEM was used to charac
terize the Mg anode after disassembling the cell (Fig. S11). From the
SEM results, almost no morphological change was observed. EDS result
demonstrates that Mg was homogeneously distributed with additional
elements C and O, which may be generated by a short exposition to air.

The electrochemical performances of Mg S cells with liquid or gel
electrolytes after aging were investigated using coin cells. Fig. 5a b
show the galvanostatic discharge/charge profiles of the cells with liq
uid or gel electrolytes. In the first cycle, the cell with liquid electrolyte
exhibited a discharge capacity of 320.9 mA h g~! with a Coulombic
efficiency of 61.9%. In contrast, the cell with GPE delivered both a
higher discharge capacity (741.1 mA h g~1) and a higher Coulombic effi
ciency (97.2%). The significant capacity fade and decrease of discharge
potential in the liquid electrolyte indicate the serious self discharge
caused by the polysulfide problem. After 20 cycles, the discharge ca
pacity decreased to 186.3 mA h g~! with liquid electrolyte. While with
GPE the discharge capacity remained over 500 mA h g~1, almost three
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Fig. 5. Galvanostatic discharge/charge curves of the first three cycles of ACC/S cathode with (a) liquid electrolyte and (b) MgBOR—PTHF—GPE after rest under
open-circuit conditions for 24 h. (c) The corresponding Coulombic efficiencies and cycling performance of Mg—S coin cells after rest for 24 h at a current density of

0.1C.

times the number of the cell with liquid electrolyte. In the 30th cycle,
the discharge capacity of the cell with liquid electrolyte decreased to
122.7 mA h g~1. Moreover, the cell kept over charging and broken down
afterwards. These results suggest that GPE can limit the dissolution and
diffusion of the polysulfide intermediates, thus preventing self discharge
initiation. To visually demonstrate the effect of GPE on the suppression
of polysulfide diffusion, two H type glass cells were assembled with a
pristine glass fiber separator and a GPE filled separator. The tetraglyme
solvent with and without magnesium polysulfide (MgS,) solution was
injected in the left and the right chamber, respectively. The procedure
for the synthesis of MgS, solution can be found in the supporting infor
mation. As shown in Fig. S12, in the H type cell with the blank separator
(left), the red brown polysulfides gradually passed through the separa
tor from left to right in the first three hours. In contrast, there is no
obvious polysulfide diffusion observed from the cell with GPE separator
(right). After 24 h, comparing to the cell with pristine separator, a much
less color change can be seen in the cell with GPE, which confirms that
the GPE can effectively suppress the polysulfide diffusion.

The CV performance of the Mg—S cell was also characterized with a
three electrode cell. As shown in Fig. 6a, during the first cathodic scan,
the main reduction peak emerged at around 1.22 V, while the oxidation
peak appeared at around 2.00 V with respect to the Mggy; electrode. In
the second cycle, both the cathodic and anodic signals shifted towards
lower voltage polarization (1.31 V and 1.95 V, respectively). In parallel,
the corresponding potentials vs. Mg were recorded. It showed a similar
trend but higher overpotential, especially during the cathode oxidation,
which is attributed to the energy barrier for Mg plating from GPE. These
results are consistent with the plateaus in discharge/charge profiles (Fig.

6b). EIS was measured to provide further insight into the enhanced elec

trochemical performance (Fig. 6¢). The EIS spectra show a compressed
semicircle in the high to medium frequency region of each spectrum,
which is related to the interface impedance (R;) and charge transfer
resistance of the electrodes (R,). The fitting results are summarized in
Table S2. When cycling, both the interface and the charge transfer resis

tance decreased sharply, which can be attributed to the good interfacial
compatibility and high conductivity of MgBOR—PTHF—GPE. In addition,
cycling performance is also displayed in Fig. 6d. At a current density of
0.1C, the discharge capacity of the first cycle was 897 mA h g~!, and
it remained at 228 mA h g~! after 50 cycles. Besides, the Coulombic
efficiency of the 1st cycle was 95% and it increased after the 2nd cycle.
Meanwhile, the cycling performance of the cell with high sulfur load

ing (~2.5 mg cm~2) was also demonstrated in Fig. $13, which shows
also a high Coulombic efficiency close to 100% after the 3rd cycle but a
slightly less discharge capacity. The decreased capacity could be related
to the slow kinetics of the sulfur redox reaction related to the high sulfur
loading, which prevents the complete utilization of active material. In
addition, the surface morphology and composition of the separator (Fig.
$14) and anode (Fig. S15a—16) with GPE after cycling were examined
by SEM and EDS analysis. The SEM images show that on the separator
the MgBOR—PTHF—GPE was still uniformly distributed, indicating the
robustness of the GPE. From the EDS analysis of the anode side, the Mg
anode was covered with MgBOR—PTHF—GPE after 30 cycles. The ab

sence of sulfur on the Mg anode side further confirms a good blockage
capability of MgBOR—PTHF—GPE for polysulfide through the separator,
thus inhibiting the passivation of the Mg anode. In contrast, in case of
liquid electrolyte, sulfur can be detected on the Mg anode after cycling
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(Figure S15b and Fig. 17). The further results of Mg anode in the cell
with MgBOR—PTHF—GPE after 100 cycles are displayed in Fig. S18.

To further demonstrate the gel electrolyte in a more practical cell
configuration, Ketjen black/S//MgBOR-PTHF-GPE//Mg pouch cells
were assembled with 50 x 50 mm? cathode sheets. More details about
pouch cell are described in the supporting information. Pouch cells were
cycled at a current of 0.05C as shown in Fig. $19. The power delivery
exhibits no failure regardless of the changes of either bending or even
cutting (Fig. 6e h). This can be attributed to GPE, which contributes to
improvements in safety issues, including less internal short circuit and
less electrolyte leakage. The result further confirms that the gel elec
trolyte can be used on a large scale application for developing quasi
solid state battery systems.

2.3. MgBOR-PETEA—GPE for Mg-S batteries

To further verify this concept, the Mg[B(hfip),], based GPE is ex
tended to the other polymer backbone, for example, using pentaery
thritol tetraacrylate (PETEA) as monomer, which is reported in some

Cycle (n)

other metal—sulfur systems [54,55]. Azobisisobutyronitrile (AIBN) was
used to initiate the polymerization of PETEA as illustrated in Fig.
7a. The polymerization reaction occurs in liquid electrolyte and the
MgBOR-PETEA-GPE is thus obtained. From FTIR spectra in Fig.
§20, the C=C double bond (1630 cm™!) of the PETEA monomer al
most disappears after the formation of GPE, indicating the polymer
ization of PETEA monomers. The electrochemical properties of the
MgBOR-PETEA-GPE were characterized as displayed in Fig. $21. The
ionic conductivity was calculated to be 3.42 (+ 0.04) mS cm~! and tMg2+
of MgBOR—PETEA—GPE was determined to be t, = 0.394 + 0.02. Details
can be found in the supporting information. The GPE was formed on sep
arator and characterized by SEM (Fig. 7b). As shown in the SEM image,
the separator was fully covered with GPE. A similar self discharge test
was carried out for 48 h under OCV with a three electrode cell (Fig. 7c).
The potential of both the working and the counter electrodes are stable,
for example, E,,. increased from 1.82 V to 1.89 V after 48 h. The stable
OCV confirms that although changing the polymer backbone, the GPE
can still effectively suppress the self discharge. The discharge/charge
curves of the first three cycles are almost overlapped with less capacity
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Fig. 7. (a) Optical photograph and the polymerization reaction of MgBOR-PETEA-GPE. (b) SEM image of glass fiber membrane coated with dry
MgBOR-PETEA-GPE. (c) Potential profiles of the Mg—S cell with a three-electrode setup kept at OCV over 48 h. (d) Galvanostatic discharge/charge curves of
ACC/S//MgBOR—-PETEA—GPE//Mg cells during the first three cycles and (e) the corresponding cycling performance at a current density of 0.1C.

loss as presented in Fig. 7d. At a current density of 0.1C, the discharge
capacity of the first cycle was 497.8 mA h g~! with a Coulombic effi
ciency of 93.6%, and it remained at 208.7 mA h g~! after 50 cycles.
Besides, the Coulombic efficiency increased to 99.1% after the 2nd cy
cle and kept stable up to 100 cycles (Fig. 7e). Comparing to liquid elec
trolyte, both GPEs show much improved Coulombic efficiencies, which
attributes to the unique structure of GPE. The initial capacity of this
cell is lower than the cell with MgBOR—PTHF—GPE at room tempera
ture. When using an increased operating temperature, the initial capac
ity increased above 1000 mA h g~! (Fig. $22). It can be explained by
the different wetting behaviors of GPEs on the cathode, which leads to
the difference in sulfur utilization. Meanwhile, the capacity retention
and Coulombic efficiency are related to the capability of the polymer
network for trapping the solvent and some interactions between elec
trodes and GPEs. Overall, combining the advantages of polymer back
bone and magnesium salt, both MgBOR—PETEA/PTHF—-GPEs demon
strate good electrochemical properties and compatibility. These results
manifest that the Mg[B(hfip),], based GPEs can be extended to different
polymer backbones.

Further works are required to improve the capacity retention of the
battery, which may relate to some irreversible blockage of the active
material in the GPE. And some operando characterizations may help us
figure out the electrochemical process inside the GPE and the degrada
tion during cycling in Mg—S cells. All the results in this work validate
that Cl free Mg[B(hfip),], based GPEs can provide a good Mg>* con
ductivity, low interface resistance, and good compatibility with sulfur
cathode. The electrochemical performance is noteworthy in the quasi
solid state Mg—S battery and the concept will serve as a new chance for
further optimization of the Mg—S system.

3. Conclusion

In conclusion, a new type of Mg[B(hfip),]1, based gel polymer elec
trolyte has been developed via a straightforward and scalable in situ
reaction in DME. To our knowledge, this is the first gel polymer elec
trolyte, which is capable of reversible Mg plating/stripping and compat
ible with a sulfur cathode up to date. Its good electrochemical properties
and the polymeric characteristics enable stable cycling performance of



both conventional insertion and sulfur cathodes in Mg batteries. In par
ticular, the GPE can simultaneously serve as a blocking layer for poly
sulfide, which offering new exploration direction for Mg S batteries.
Furthermore, the GPE can be simply prepared from a liquid electrolyte
and easily integrated into devices, which opens a new avenue for the
development of magnesium batteries.
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