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ABSTRACT: Magnesium (Mg) metal batteries exhibit great potential as energy
storage systems beyond lithium, owing to their inherent safety, material sustainability,
and low cost. However, their development is hindered by the lack of a suitable
electrolyte enabling a reversible Mg deposition and dissolution. When combined with
a sulfur (S) cathode, the formation of magnesium polysulfide intermediates further
restricts the cycling stability of sulfur-based batteries. In this study, a flexible Mg-
based gel polymer electrolyte is designed to address these challenges in Mg metal
batteries. Fabricated through a straightforward solvent-casting approach using
magnesium tetrakis(hexafluoroisopropyloxy)borate salt, the gel polymer electrolyte
demonstrates positive interactions between the borate anion and polymer, facilitating
efficient Mg-ion transfer. Remarkably, the gel polymer electrolyte exhibits reversible
Mg plating/stripping over 1000 cycles and significantly enhanced cycling perform-
ance for up to 300 cycles when incorporated with a sulfur cathode. These findings
highlight the potential of gel polymer electrolytes to enable reversible Mg deposition and dissolution, enhance the life span of Mg−S
batteries, and advance the field of Mg metal batteries.
KEYWORDS: gel polymer electrolyte, reversible Mg deposition and dissolution, magnesium metal batteries, polysulfide shuttle,
magnesium−sulfur batteries

■ INTRODUCTION
Rechargeable magnesium (Mg) batteries (RMBs) are consid-
ered to be one of the most promising candidates for post-
lithium (Li) battery systems due to the high theoretical
gravimetric and volumetric capacities (2205 mA h g−1 and
3833 mA h mL−1), as well as the high natural abundance and
low cost of the Mg anode, particularly for large-scale battery
production.1,2 Compared to Li, Mg has a high melting point
(660 °C) and is environmentally friendly, which makes it easier
and safer to handle during battery preparation.3 Additionally,
except for some extreme conditions,4 the inherent nature of
Mg to form a homogeneous surface during electrochemical
plating diminishes the risk of dangerous dendrite growth,
which is common for Li and regarded as a key issue impeding
wider application of Li metal anodes in Li battery systems.5−8

To take advantage of the benefits of the Mg anode,
appropriate Mg-ion electrolytes are essential.9,10 Given the
highly reductive nature of metal anodes, reactions between the
components of organic electrolytes and Mg metal anodes
cannot be avoided, resulting in the formation of an interfacial
layer on the Mg metal surface. This layer may potentially
passivate the anode surface and restrict the reversibility of Mg
deposition.11−13 Some attempts have been made to address the
unique interfacial issues by modifying the solid electrolyte
interphases with optimized electrolyte components.14−17

However, there is real need to enhance the range of available
electrolytes for RMBs.
Apart from electrolyte, cathode materials that can provide

high specific capacity are also required. With a double positive
charge and an ionic radius of 0.72 Å, which is comparable to
that of Li+ (0.76 Å), the Mg2+ ion has a much higher charge
density, resulting in strong electrostatic interactions with the
species in the electrolytes and active electrode materials.18 This
characteristic hinders the diffusion of Mg ions into solid hosts,
leading to slow solid-state diffusion kinetics in cathode
structures, particularly for intercalation-type cathode materials.
In this context, conversion-type cathode materials like sulfur
(S) are highly promising candidates for RMBs. The volume
increase during the conversion from S to MgS is approximately
28%, which is low when compared to other conversion-type
cathode materials. Moreover, sulfur has a high theoretical
specific capacity (1672 mA h g−1 or 3459 mA h mL−1), and the
combination of a Mg anode with an S cathode can deliver a

Received: April 25, 2024
Revised: June 13, 2024
Accepted: June 13, 2024
Published: June 27, 2024

Articlewww.acsaem.org

© 2024 The Authors. Published by
American Chemical Society

5857
https://doi.org/10.1021/acsaem.4c01049

ACS Appl. Energy Mater. 2024, 7, 5857−5868

This article is licensed under CC-BY 4.0

D
ow

nl
oa

de
d 

vi
a 

K
IT

 B
IB

L
IO

T
H

E
K

 o
n 

Ju
ly

 2
3,

 2
02

4 
at

 0
9:

05
:1

3 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Liping+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sibylle+Riedel"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alexander+Welle"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Smobin+Vincent"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sirshendu+Dinda"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bosubabu+Dasari"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Juan+Maria+Garcia+Lastra"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Juan+Maria+Garcia+Lastra"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Birgit+Esser"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhirong+Zhao-Karger"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsaem.4c01049&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.4c01049?ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.4c01049?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.4c01049?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.4c01049?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.4c01049?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/aaemcq/7/14?ref=pdf
https://pubs.acs.org/toc/aaemcq/7/14?ref=pdf
https://pubs.acs.org/toc/aaemcq/7/14?ref=pdf
https://pubs.acs.org/toc/aaemcq/7/14?ref=pdf
www.acsaem.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsaem.4c01049?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.acsaem.org?ref=pdf
https://www.acsaem.org?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


promising theoretical energy density of over 4000 Wh L−1.19,20

Sulfur is also advantageous due to its low molecular weight,
high natural abundance, and nontoxicity, making it a cost-
effective option for energy storage systems. Despite the merits
of combining an S cathode and a Mg anode, the development
of Mg−S batteries is still in an early stage, which is restrained
by the unavailability of suitable electrolytes that fulfill the
specific requirements for Mg−S battery chemistry. An ideal
electrolyte must be compatible with electrophilic sulfur and
enable reversible Mg deposition simultaneously. Furthermore,
due to the known “polysulfide shuttle” phenomenon of sulfur
cathodes, Mg−S batteries are suffering from self-discharge,
rapid capacity degradation, and poor cell life with liquid
electrolytes.21,22

To alleviate these problems, researchers have attempted
various approaches to tune the electrolyte compositions, such
as using electrolyte additives.23−25 However, the issue of active
material dissolution in the liquid electrolytes remains a crucial
challenge. A gel polymer electrolyte (GPE) with a low solvent
content could be a rational option, offering an alternative
approach for the development of future Mg−S battery systems.
By retaining a small amount of organic solvents within a
polymeric network, GPE can allow adequate Mg-ion mobility
and at the same time limit the dissolution and diffusion of the
soluble polysulfides. A similar concept has already been
successfully employed in lithium−sulfur (Li−S) batteries.26,27

However, when it comes to Mg−S batteries, the elevated
charge density of the Mg2+ ion inherently adds to the challenge
of selecting suitable polymers, solvents, and Mg salts for GPEs.

To the best of our knowledge, there are only limited reports on
GPEs designed for Mg−S batteries.28−30

In this study, we employ the magnesium tetrakis
(hexafluoroisopropyloxy) borate Mg[B(hfip)4]2 (hfip = OCH-
(CF3)2) salt in combination with poly(vinylidene fluoride-co-
hexafluoropropylene) (PVDF-HFP) and polyethylene glycol
dimethyl ether (PEGDME) as a plasticizer to form a Mg-GPE.
As a widely used polymer base for GPEs, PVDF-HFP features
a good wettability in organic electrolytes and film-forming
ability.31 By incorporating with the PEGDME plasticizer,
which has a low viscosity, low volatility, and low flamma-
bility,32 a free-standing flexible electrolyte membrane can be
obtained. This chloride (Cl)-free GPE is chemically compat-
ible with various electrodes and battery components and allows
for uniform Mg deposition with long-term cycling stability,
making it an excellent alternative to the commonly used Cl-
containing Mg electrolyte for RMBs. In addition, the Mg-GPE
was employed in Mg−S cells and exhibited superior cycling
stability, which was attributed to the suppression of the
magnesium polysulfide shuttle with the gel electrolyte
membrane. These findings demonstrate the promising
attributes of GPEs for RMBs.

■ RESULTS AND DISCUSSION
Preparation and Characterization. The electrolyte

membrane was prepared using a typical solvent-casting
method, as illustrated in Figure 1a. The interconnected Mg-
GPE structure is illustrated in Figure 1b. Briefly, PVDF-HFP
and Mg[B(hfip)4]2 were separately dissolved in dimethoxy

Figure 1. (a) Schematic illustration of the preparation of the Mg-GPE membrane. (b) Illustration of the composition of the Mg-GPE. Optical
photographs of (c) the prepared gel solution kept overnight in the glovebox, (d) the pristine Mg-GPE membrane, and (e, f) the Mg-GPE disks cut
into a specific size of 16 mm.

ACS Applied Energy Materials www.acsaem.org Article

https://doi.org/10.1021/acsaem.4c01049
ACS Appl. Energy Mater. 2024, 7, 5857−5868

5858

https://pubs.acs.org/doi/10.1021/acsaem.4c01049?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.4c01049?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.4c01049?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.4c01049?fig=fig1&ref=pdf
www.acsaem.org?ref=pdf
https://doi.org/10.1021/acsaem.4c01049?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


ethane (DME) and PEGDME, respectively, and the solutions
were then combined. The salt concentration in the electrolyte
was maintained at the optimized molar ratio of −CH2CH2O−
(EO)/Mg = 30:1. When decreasing the EO/Mg ratio, the Mg
salt becomes difficult to dissolve in PEGDME. Conversely,
using a higher molar ratio makes the film softer, but the
reduced Mg salt concentration decreases the current response
in the metal stripping/plating tests. After being kept inside a
glovebox overnight, the gelation process occurred sponta-
neously as shown in Figure 1c. In this Mg-GPE system, the EO
units function as coordination sites to promote the dissociation
of Mg salt. Meanwhile, the EO groups have a high affinity to
the liquid electrolyte and effectively entrap solvent molecules
in the polymeric framework. The strong solvent-entrapping
ability suppresses the leakage and evaporation of the solvent
and creates free space in the Mg-GPE to facilitate ion motion

as well as polysulfide dissolution. When pouring the dispersion
onto a Petri dish, after several drying steps as described in the
Experimental Section, the Mg-GPE membrane was obtained
(Figure 1d) and further cut as required for battery assembly.
The prepared disks, as shown in Figure 1e,f, exhibit good
mechanical flexibility, as they can be bent without cracking,
which makes them suitable for applications in bendable
batteries.
Scanning electron microscopy (SEM) and energy-dispersive

X-ray spectroscopy (EDX) analyses of the Mg-GPE were
performed, as shown in Figure 2a−f. The cross-sectional SEM
image reveals that the Mg-GPE has an average thickness of
about 40 μm. SEM and EDX images confirm a consistent and
compact surface, along with a uniform distribution of Mg, C,
O, and F elements. This structure is expected to be capable of
trapping the dissolved electrode material or electrochemical

Figure 2. (a) SEM image, (b) cross-sectional SEM image, and (c−f) EDX mappings of the Mg-GPE membrane. (g) Illustration of the interactions
between anions and polymer structures in GPE. (h) 1H NMR (500 MHz, THF-d8) spectra of Mg-GPE, Mg[B(hfip)4]2·3DME, PVDF-HFP and
PEGDME. (i) 19F NMR (471 MHz, THF-d8) spectra of Mg-GPE, Mg[B(hfip)4]2·3DME, and PVDF-HFP.
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intermediates into the polymer matrix. The corresponding
EDX analyses for the Mg-GPE membrane and cross-sectional
surface mappings of the Mg-GPE are shown in Figures S1−S2,
respectively. Except for Mg, boron is another characteristic
element of Mg[B(hfip)4]2. However, due to its low atomic
number, the boron signal is too weak to be reliably detected.
Finally, the membrane was soaked in a Mg[B(hfip)4]2/DME
(0.4 M) solution for 2 h before battery assembly inside a
glovebox.
IR spectroscopy and Raman spectroscopy were employed to

investigate the interaction of ions with the host polymer and
plasticizer in the gel electrolyte system at the molecular level.
Figure S3 demonstrates the comparative IR and Raman spectra
of the GPE, Mg[B(hfip)4]2, PVDF-HFP, and PEGDME. The
IR spectra (Figure S3a,b) reveal a shift related to the B−O−C
vibration from 1190 to 1181 cm−1 when comparing the spectra
of Mg[B(hfip)4]2 and the Mg-GPE. In IR spectroscopy, a shift
from a higher wavenumber to a lower wavenumber indicates a
decrease in the energy of the vibrational mode associated with
the bond or functional group. This shift indicates that the
coordination environment of the [B(hfip)4]− anion changes
upon entrapment in the polymer host, which will be further
confirmed by the following nuclear magnetic resonance
(NMR) results. A detailed assignment of all IR bands is listed
in Table S1. Additionally, a slight shift in the Raman bands
corresponding to the B−O bonds is detected and marked in
Figure S3c,d. This shift toward a lower wavenumber in the gel
electrolyte, as compared to pristine Mg[B(hfip)4]2, serves as
additional evidence supporting the presence of an interaction
between the polymer and the borate anions. The Raman
spectra also indicate that, with the help of the PEGDME
plasticizer, the Mg-GPE is highly homogenized with the
PVDF-HFP and Mg[B(hfip)4]2.

NMR spectra further confirmed the observed interactions.
Figure 2h shows the NMR spectra of the Mg-GPE and its
individual components (Mg[B(hfip)4]2 salt, PVDF-HFP, and
PEGDME), all first dissolved in DME and then mixed with
THF-d8. In the 1H NMR spectra, there is a signal for the − CH
protons of the [B(hfip)4]− anions at around 4.71 ppm. Figure
S4a,b displays enlarged spectra, highlighting the alterations in
the coordination environment of the [B(hfip)4]− anions. It is
hypothesized that some of the anions may interact with the
PVDF-HFP polymer and be fixed in the polymer lattice,
causing a loss of the chemical equivalence of the hfip units.
The H−F interaction could cause a deshielding effect, which
leads to a low-field shift. This explanation matches with the
position of the additional signal at around 4.76 ppm. The
interactions between the Mg[B(hfip)4]2 salt, PVDF-HFP, and
PEGDME are illustrated in Figure 2g. Additionally, com-
parable variations in chemical shift were observed in the 11B
NMR patterns of the Mg-GPE and Mg[B(hfip)4]2 (Figure
S4c,d), providing further confirmation of the modified
environment of the [B(hfip)4]− anions.
As shown in the 19F NMR (Figure 2i), there are signals at

around −76 ppm corresponding to the −CF3 groups in
Mg[B(hfip)4]2 and PVDF-HFP. Additional signals for the
different types of F in PVDF-HFP appear in the range of −92
to −120 ppm. When comparing the 19F NMR spectra of
PVDF-HFP, Mg[B(hfip)4]2, and Mg-GPE, most signals in Mg-
GPE exhibit minor shift changes. Besides, the main 19F NMR
signal of Mg[B(hfip)4]2 shifts slightly toward high field in Mg-
GPE. We propose this as a consequence of the deshielding
effect of the F−F interaction between the [B(hfip)4]− anion
and the PVDF-HFP polymer. In the case of the PVDF-HFP
signals, one part is shifted to high field, while the other part
shifts to low field, as summarized in Table S2. A detailed
comparison of the zoomed-in regions of 19F NMR spectra is

Figure 3. (a) Electrical impedance spectroscopy of a symmetric Al//Mg-GPE//Al cell at 25 °C. The inset shows enlarged profiles in the high-
frequency region. (b) DC polarization curve of the Mg symmetrical cell with a total applied potential difference of 10 mV (inset: Nyquist plots of
the symmetrical cell before and after DC polarization). (c) Linear sweep voltammetry of an Al//Mg-GPE//Mg cell at a scan rate of 1 mV s−1. (d)
Cyclic voltammetry curves for Mg plating and stripping in the Mg-GPE at a sweep rate of 5 mV s−1. (e) Nyquist plots of the symmetrical Mg//Mg-
GPE//Mg cell with GPE before cycling, after the 1st and 10th cycles. (f) Long-term cycling of symmetrical Mg//Mg-GPE//Mg cell using Mg-GPE
and (g) the enlarged profiles at the 900th to 910th cycles. The current density is 0.1 mA cm−2, and 0.05 mA h cm−2 Mg is plated and stripped per
cycle. (h) Polarization properties of symmetrical Mg//Mg-GPE//Mg cell at various current densities (from 0.1 to 1.0 mA cm−2) for a plating/
stripping time of 0.5 h.
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also displayed in Figure S5. This phenomenon could be
explained by F−F and F−O interactions. When the anion is
closer to the PVDF-HFP backbone, both interactions could
occur. Unlike the F−F interaction, the F−O interaction leads
to a shielding effect and, consequently, a low-field shift.33,34 All
of these results indicate interactions between the periphery of
the [B(hfip)4]− anion and the PVDF-HFP polymer. Due to the
beneficial interaction between the [B(hfip)4]− anion and the
PVDF-HFP polymer, the Mg-ion transfer can be significantly
improved within the GPE despite its much higher viscosity
compared to liquid electrolytes. When using polymer electro-
lytes with multivalent ions, there is often a common issue
related to the strong interaction between the polymer and
cations, resulting in limited cation mobility.35 In our system,
no significant changes were observed in the coordination
environment of the cation when comparing the Mg-GPE and
liquid electrolyte. This suggests that there is no significant
interaction between the Mg cations and the polymer, which
might otherwise impede ion transfer. The NMR spectra of Mg-
GPE, including 1H, 11B, and 19F, are summarized in Figure S6.
To investigate the ionic conductivity of the Mg-GPE,

electrochemical impedance spectroscopy (EIS) was employed
using an aluminum (Al) as ion-blocking electrode, as shown in
Figure 3a. Based on the values provided in Table S3, the
conductivity was calculated to be 2.92 × 10−5 S cm−1. Another
crucial characteristic of an electrolyte, especially for a polymer
or solid electrolyte, is the transference number for Mg2+ (tMg2+),
which quantifies the fraction of ionic transport. The trans-
ference number of the Mg-GPE was determined using the
steady-state current method described by Bruce and Vincent,36

(refer to Table S4 in the Supporting Information for detailed
information). AC impedance measurements were conducted
on the cell both before and after the voltage polarization, and
the resulting Nyquist plots are presented in the inset of Figure
3b. The interfacial resistances at the electrode−electrolyte
interfaces were determined from the Nyquist plots fitting
results, as shown in Figure S7. The tMg2+ value for the GPE was
calculated to be 0.39 ± 0.02, which is notably comparable to
those reported for existing polymer electrolytes used in Li-ion
batteries.37−39 The high transference number could be
attributed to the interaction between the [B(hfip)4]− anion
and the gel polymer network, which can hinder the movement
of anions while enhancing the Mg2+ cation mobility. The
electrochemical stability window was determined using linear
sweep voltammetry (LSV) with aluminum as the working
electrode, as shown in Figure 3c. The current density stayed
below 0.1 mA cm−2 until reaching a voltage of 3.87 V. Cyclic
voltammetry (CV) further validated successful magnesium
deposition and stripping on the magnesium electrode with the
Mg-GPE and aluminum as the working electrode, as illustrated
in Figure 3d. During the initial cycle, there is a conditioning
process with low current response, while in the following
cycles, the current increased while voltage polarization
gradually decreased, indicating faster kinetics and a reversible
redox process. Furthermore, to prove that the Mg-GPE allows
for successful plating of Mg, plating onto a carbon cloth as the
working electrode was demonstrated. For this, a reductive
current of 1 mA cm−2 was applied to a cell with a carbon cloth
as a working electrode and the Mg-GPE for 4 h. From the
optical photograph, the formation of shiny gray particles with
metallic appearance is clearly visible on the surface of the
carbon cloth, as shown in Figure S8b. The X-ray diffraction
(XRD) pattern obtained for the carbon cloth after deposition

can be indexed to standard Mg with a hexagonal structure
(Figure S8a). The reflection at around 20° can be attributed to
the carbon cloth. Furthermore, the SEM images and EDX
maps (Figure S8c−h) provide confirmation that the Mg
particles were tightly packed and agglomerated on the carbon
substrate.
Figure 3e displays the Nyquist plots of the Mg symmetrical

cell with the Mg-GPE measured before and after cycling. The
compressed semicircle in the high-frequency region of each
spectrum is related to the electrode−electrolyte interface
impedance, declining after cycling. The low interface resistance
can be attributed to the good interfacial compatibility of the
Mg-GPE with the electrodes. A galvanostatic cycling test was
performed in a Mg symmetrical cell with a current density of
0.1 mA cm−2. As shown in Figure 3f,g, the cell could persevere
a low polarization of around 0.10−0.13 V over 1000 cycles.
Long-term cycling performance at a high current density of 1.0
mA cm−2 was also tested and is demonstrated in Figure S9.
The cyclic stability of the cell remained excellent even at high
current density, with an overpotential below 0.3 V even after
500 cycles. The results demonstrate that the Mg-GPE allows
for efficient plating and stripping of Mg with small over-
potentials, leading to an excellent cycling performance that is
comparable to or even better than some Mg liquid electro-
lytes.25,40,41 Furthermore, a long-time Mg plating/stripping
behavior was achieved in an asymmetrical cell with a plating
time of 0.5 h (Figure S10). A consistent Coulombic efficiency
of over 90% was achieved after conditioning cycles, which
remained stable even after 300 stripping/plating cycles. Figure
3h shows the overpotential values obtained when increasing
the current density up to 1.0 mA cm−2. The deposition/
stripping overpotential increased slightly with the areal current
densities and became stable after few cycles. Even at a
relatively high current density of 1.0 mA cm−2, the cell could
maintain a low polarization of about 0.26 V. The stable
electrochemical performances confirm the uniform deposition
of Mg with the help of the Mg-GPE.
In addition, the electrochemical performance of the dry Mg-

GPE, which refers to the Mg-GPE without soaking it into
liquid electrolyte, was also tested and is presented in Figure
S11. It demonstrates an electrochemical stability window of up
to 4 V. However, the initial stripping/plating process proves to
be challenging, as observed in Figure S11b−d. Notably, in the
first cycle of the CV curves, there is no distinct redox peak
observed when applying a low voltage limit of −1 V (Figure
S11b). Subsequently, the voltage range was extended to −1.5
V, resulting in a weak current response of approximately 0.01
mA cm−2, which progressively increases in the subsequent
cycles. The observed low current response and high voltage
hysteresis around 4 V (Figure S11d) during the initial cycle are
indicative of sluggish kinetics and inadequate mass transport of
Mg2+ ions within the dry Mg-GPE. As a result, it is necessary to
soak the GPE with liquid electrolyte to facilitate sufficient
electrochemical reaction kinetics for the stripping and plating
of Mg, ensuring the proper functioning of the full cell.
Two test cells were assembled with an additional injection of

20 μL of Mg polysulfide (MgSx) solution to compare the
diffusion of polysulfides with different electrolytes. The
preparation of the MgSx solution and the assembly of the
two cells are described in the Experimental Section. Here, the
Mg-GPE (without an additional separator) was used in one
cell, while in the other cell, a liquid electrolyte (with two pieces
of glass fiber separator) was employed. Both cells contained a
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Mg foil electrode, which was disassembled after 24 h and
examined using time-of-flight secondary ion mass spectrometry
(ToF-SIMS) to verify the presence of sulfur. Figure 4 presents
the depth-integrated images and spectra for both samples. It is
evident that the intensity of all of the signals, including 32S−,
HS−, 34S−, and 32S2− fragments from sulfur species, is
significantly higher in the electrode with the liquid electrolyte
(Figure 4e−h) compared to the electrode with the Mg-GPE
(Figure 4a−d). Interestingly, in Figure 4e, noticeable spot-like
sulfur deposition is observed on the electrode with the liquid
electrolyte. This finding aligns with previous reports,42

suggesting a reaction between dissolved sulfur species and
the Mg anode. A quantitative comparison of sulfur content is
presented in Figure 4i−m. The above results clearly
demonstrate that, with the protection of the electrode by the
Mg-GPE, a much lower amount of sulfur was detected on the
electrode. In addition to the ToF-SIMS depth analysis, the
ToF-SIMS surface analysis also demonstrated similar results,
which further supports the conclusion above. Three different
positions were selected on each sample, and the SIMS
mapping results for samples with Mg-GPE or liquid electrolyte
are presented in Figures S12 and S13, respectively. It is evident
that at all selected positions, the sample disassembled from the
cell with the liquid electrolyte consistently exhibits higher
levels of sulfur species compared to the sample with the Mg-
GPE. Overall, ToF-SIMS analyses demonstrate that the Mg-
GPE can effectively suppress the diffusion of polysulfides to the
anode side.
To further demonstrate the suppression of polysulfide

diffusion by Mg-GPE, an H-type glass cell was employed
(Figure S14). In this setup, a Mg-GPE was used to separate the
left and right chambers of the cell. The left chamber was

injected with a solution of MgSx in tetraglyme, while the right
chamber contained pure tetraglyme solvent. After 1 week, no
color was observed in the right chamber. Even after 30 days,
the color of the right chamber only changed to a pale yellow.
Despite the significant concentration disparity between the two
chambers, no apparent polysulfide diffusion was detected
within the cell. This confirmed that the Mg-GPE can effectively
block polysulfide diffusion.
In the next step, the performance of Mg−S batteries with the

Mg-GPE was investigated by employing a model S/C
composite as positive and Mg@ACC as negative electrode
material. The S/C electrode was fabricated using a commonly
used melt-diffusion method, as previously reported.43 SEM and
EDX mapping images of the S/C electrode in Figure S15
demonstrate the uniform dispersion of sulfur in the porous
carbon fibers. Changes in the open-circuit voltage (OCV) and
corresponding impedances of the cell were investigated by
separately monitoring the cathode and anode potentials over a
resting period with a three-electrode cell as shown in Figure
S16. Here, S/C functions as the working electrode (WE),
Mg@ACC as the counter electrode (CE), and Mg ring as the
reference electrode (RE). After 48 h of rest, the potential
change of both the WE and CE was less than 0.1 V. As well
known in Mg−S batteries, they suffer from serious self-
discharge behavior with a sharply declining OCV in liquid
electrolyte, as reported.22,44 The stable OCV validates that the
Mg-GPE can effectively suppress the dissolution and the
diffusion of polysulfide, thus protecting the negative electrode
from parasitic reactions of the dissolved sulfur species. The
Nyquist plots demonstrate the growth trends of both cathode
and anode impedance with resting time, which may relate to an
adsorption layer formation on the electrode surfaces.

Figure 4. ToF-SIMS depth-integrated images of the ions related to sulfur species on the surface of an electrode with (a−d) the Mg-GPE and (e−h)
the liquid electrolyte after 24 h resting. The maximum number of counts in a pixel (MC) and the total number of counts (TC) are indicated below
the images. (i−m) The corresponding depth-integrated spectra obtained from these electrodes (red: liquid electrolyte; blue: Mg-GPE).
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The cyclic voltammetry curves of the Mg−S cell are
presented in Figure 5a. During the first cathodic scan, the
main reduction peak emerged at around 1.25 V, while the
oxidation peak appeared at around 2.20−2.35 V, which is
consistent with the plateaus observed in the charge/discharge
profiles (Figure 5b). From the second cycle onward, the curves
overlap, indicating stable charge/discharge behavior of the
system. The reaction kinetics were further investigated through
capacity tests at different C-rates (Figure 5c). Due to limited
contact between the electrodes and the Mg-GPE (compared to
a liquid electrolyte (LE)), there is a gap between the low C
rate of 0.2C and the higher one of 0.5C. The corresponding
Coulombic efficiencies at different C-rates are shown in Figure
S17. The cycling performances of Mg−S cells with both Mg-
GPE and liquid electrolyte were evaluated and compared at a
0.1C rate shown in Figure 5d. When using the liquid
electrolyte, a higher initial capacity was achieved, which can
be attributed to the improved wettability and enhanced
electrode−electrolyte contact. However, the capacity exhibited
a rapid decline within the first 20 cycles, resulting in a capacity
retention below 200 mA h g−1 within 90 cycles. A long-term
cycling performance of the Mg−S cell with liquid electrolyte is
demonstrated in Figure S18. In contrast, the utilization of Mg-
GPE significantly extended the cycle life of the Mg−S cell to
300 cycles, while maintaining a discharge capacity above 200
mA h g−1. As demonstrated in Figure 5e and Table S5, the
majority of the reported Mg−S batteries exhibit high capacities
when employing Cl-containing Mg electrolyte.24,45−47 How-
ever, the long-term cycling durability of these batteries is
limited due to the corrosive nature of Cl− ions, which may
affect the compatibility of the electrolytes with conventional

metallic current collectors and other battery components. The
Cl-free Mg-GPE is able to maintain a comparable capacity
retention while significantly extending the life span of Mg−S
batteries, making the Mg-GPE a promising electrolyte
candidate. Further research is needed to enhance the capacity
retention, especially during the initial 20 cycles, which may
relate to some interfacial issues between electrodes and the
GPE.
To explore the capacity contribution of the ACC current

collector, coin cells were assembled with pure ACC and a Mg
anode. Galvanostatic charge/discharge experiments were
performed in a voltage range of 0.5−2.5 V vs Mg/Mg2+ and
at a current of 167.5 μA (corresponding to 0.1C with 1 mg
sulfur as active material) as shown in Figure S19. This
demonstrated that ACC exhibits capacitor-like behavior and
can contribute a specific capacity of approximately 40 mA h
g−1. Finally, post-mortem SEM images and EDX maps of the
Mg@ACC electrode after cycling with the Mg-GPE are shown
in Figure S20. The SEM images indicate that the structure of
the Mg@ACC electrode was maintained. On its surface that
was in direct contact with the Mg-GPE, there is a slight change
in the morphology of the Mg metal, indicating a shift in the
growth orientation of Mg due to the influence of the Mg-GPE.
Additionally, no extra sulfur signal was detected via EDX,
confirming the effective suppression of polysulfide shuttle by
the Mg-GPE.
Density functional theory (DFT) calculations were con-

ducted to investigate the impact of poly(ethylene glycol)
(PEG) on the coordination environment of Mg2+ in Mg-GPE.
The difference in solvation structure will result in divergent
electrochemical performance, such as ionic conductivity and

Figure 5. (a) CVs of a Mg−S coin cell with the Mg-GPE at a scan rate of 0.1 mV s−1 for the first five cycles. (b) Galvanostatic discharge/charge
curves of the Mg−S cell for the first three cycles. (c) Rate performance of Mg−S cell at C-rates of 0.1C, 0.2C, 0.5C, 0.8C, and 1C. (d) Comparison
of cycling performance of cells with the Mg-GPE and 0.4 M Mg[B(hfip)4]2·3DME in DME as liquid electrolyte at 0.1C. (e) Comparison of
different Mg−S cells with regard to their cycle numbers and retained capacities including this work.24,45−52 The corresponding values are listed in
Table S5.
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diffusion coefficient. A previous study has demonstrated that in
a liquid electrolyte with DME solvent, Mg2+ tends to
coordinate with three molecules of DME, resulting in
coordination numbers of six.53 Therefore, we computed the
solvation energy of six-folded coordinated Mg2+ with DME and
PEG. The corresponding solvation structures with solvation
energies are illustrated in Figure 6a,d. We also calculated the
solvation energy for two possible intermediate solvation
structures for Mg2+ involving DME and PEG simultaneously
by gradually removing the DME molecules and solvating the
Mg2+ ion with two oxygen atoms of the PEG for each DME
eliminated (Figure 6b,c). Although the change in coordination
environment by substituting one DME molecule with two
oxygen atoms of PEG does not significantly alter the solvation
energy, further replacing the DME molecule with oxygen
atoms of PEG results in a decrease in solvation energy. The
weakened solvation when Mg2+ ions are solvated with a
majority of oxygen atoms from PEG implies that the
transportation of Mg2+ will be facilitated in Mg-GPE.
Further investigation was conducted into the interaction

between the Mg-GPE and polysulfide using DFT calculations,
with MgS8 chosen as a representative example of a polysulfide.
The interaction energy between MgS8 and PVDF-HFP, PEG,
or DME was evaluated, yielding values of −0.43, −1.54, and
−1.64 eV, respectively (Figure 7). While the interaction energy
with PVDF-HFP is weak, both DME and PEG exhibit strong
interactions with polysulfides. Being a polymer chain, PEG
tends to anchor the MgS8, impeding the diffusion of

polysulfides. On the other hand, DME, being mobile, may
facilitate the transport of polysulfides. Therefore, we conclude
that the presence of the PEGDME polymer within the Mg-
GPE can anchor the polysulfides, hinder their transport, and
reduce the shuttling effect compared to a liquid electrolyte
containing only DME solvent.

■ CONCLUSIONS
In this work, we presented a free-standing Mg-GPE for long-
cycle-life Mg batteries using a solvent-casting method. The
Mg-GPE not only enables a uniform deposition of Mg but also
effectively inhibits the dissolution and diffusion of electro-
chemical reaction intermediates. In the symmetric cell with the
Mg-GPE, a stable plating/stripping behavior of Mg was
observed over 1000 cycles. In a Mg−S battery with the Mg-
GPE, remarkable and unprecedented stability over 300 cycles
resulted in a retained capacity of 200 mA h g−1. These
significant enhancements in stability suggest that GPE holds
great promise in achieving reversible metal deposition/
dissolution and addressing the current limitations of RMBs.
Moreover, it also paves the way for the development of next-
generation RMBs with high performance, superior safety, and
enhanced flexibility.

■ EXPERIMENTAL SECTION
Mg-Based Gel Polymer Electrolyte (Mg-GPE) Synthesis.

Commercially available poly(vinylidene fluoride-co-hexafluoropropy-
lene) (PVDF-HFP, Aldrich, average Mw of 400,000 g mol−1) and

Figure 6. Solvated structure of Mg2+ with (a) three DME molecules, (b) two DME molecules and PEG chain, (c) one DME molecule and PEG
chain, and (d) PEG chain. The colors correspond to the elements: cyan�magnesium, red�oxygen, gray�carbon, white�hydrogen.

Figure 7. Optimized structures of interactions of MgS8 with (a) PVDF-HFP, (b) PEG, and (c) DME. The colors correspond to the elements:
cyan�magnesium, red�oxygen, gray�carbon, white�hydrogen, green�fluorine.
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poly(ethylene glycol) dimethyl ether (PEGDME, Aldrich, average Mw
of 500 g mol−1) were used as received. Anhydrous dimethoxy ethane
(DME, Sigma) was stored over 3 Å molecular sieves in a glovebox
o v e r n i g h t b e f o r e u s e . T h e m a g n e s i um t e t r a k i s -
(hexafluoroisopropyloxy)borate (Mg[B(hfip)4]2) electrolyte was
synthesized through a reaction between Mg(BH4)2 and hexafluor-
oisopropanol ((CF3)2CHOH, 99%, Alfa Aesar) in DME, as previously
reported.49 A 0.4 M liquid electrolyte solution was prepared by
dissolving the appropriate amount of magnesium salt in DME, with
the concentration based on the molecular weight of Mg[B(hfip)4]2·
3DME.

Free-standing polymer electrolyte films were prepared by solution-
casting in an argon-filled glovebox. First, 400 mg of PVDF-HFP was
dissolved in 3 mL of DME and stirred intensely at 80 °C for 4 h
(=solution A). The Mg[B(hfip)4]2·3DME salt was dissolved in
PEGDME (=solution B) at a ratio of 30 EO units per Mg2+ cation.
Solution B was then added to solution A and stirred for 30 min to
form the final gel solution. The gel solution was cast into a Petri dish
(6 cm diameter) at room temperature for 12 h to evaporate the bulk
solvent and further dried at 80 °C for another 12 h. The weight ratio
of PVDF-HFP within the GPE membrane is 22.4%. Finally, the
resulting polymer film was cut into disks with a diameter of 16 mm
(for coin cell) or 22 mm (for three-electrode cell) and infiltrated with
0.4 M Mg[B(hfip)4]2·3DME in DME liquid electrolyte overnight
before use.

Preparation of Mg@ACC Electrode. A galvanostatic electro-
deposition method was used to prepare Mg@ACC electrodes as
reported in our previous work.54 Before the electrodeposition process,
the activated carbon cloth (ACC-507−20, Kynol Europa GmbH) was
cut into disks with a diameter of 13 mm and vacuum-dried at 230 °C
overnight. CR2032-type coin cells were assembled to deposit Mg on
the ACC. The coin cells consisted of a Mg foil as the counter/
reference electrode, two pieces of polypropylene monolayer separator
(Celgard 2500) in between, and a piece of ACC as the working
electrode. The smooth surface of the Celgard separator ensures easy
peel-off after electrodeposition. Prior to cell assembly, the Mg foil (0.1
mm, Gelon Energy Corp) was cut into disks with a 14 mm diameter
and carefully scratched on both sides in the glovebox to remove the
native oxide layer from its surface. The electrodeposition was
performed at a discharge current density of 1 mA cm−2 for 4 h and
stabilized at approximately 0.25 V vs Mg2+/Mg in the electrolyte
containing 0.4 M Mg[B(hfip)4]2·3DME in DME.

Then Mg@ACC electrode was obtained by disassembling the coin
cells after the electrodeposition process and used as the negative
electrode in all of the cells tested in this work.

Preparation of Magnesium Polysulfides (MgSx) Solution.
2.053 g (64.0 mmol) of elemental sulfur powder (99.98%, Sigma-
Aldrich) and 0.194 g (8.0 mmol) of Mg crumbs scratched off a Mg
foil were added to a glass vial and mixed with 30 mL of tetraglyme in a
glovebox. The suspension was stirred at 60 °C for 3 days. Finally, the
suspension was filtered and the resulting reddish polysulfide solution
was used for H-cell testing, as shown in Figure S14.

Preparation of the S/C Electrode. The preparation of S/C
composite was carried out according to previously published
protocols.43,46 The activated carbon cloth was first cut into circular
disks with a diameter of 10 mm and dried under vacuum at 230 °C
overnight. Elemental sulfur powder was homogeneously dispersed on
the carbon disks. The disks were then transferred to a glass tube with
a diameter of 1 cm, which was subsequently sealed under vacuum and
heated to 160 °C for 16 h. The sulfur loading was calculated by
subtracting the mass of the blank activated carbon cloth from the
mass of the loaded electrode to be, around 1.0 mg cm−2.
Characterization. X-ray diffraction (XRD) measurements were

conducted on an STOE STADI diffractometer with a Mo Kα X-ray
source operated at 50 kV and 40 mA in the range of 10−40°.
Scanning electron microscopy (SEM) images were obtained using a
ZEISS LEO 1530 at 10 kV electron beam with energy-dispersive X-
ray spectroscopy (EDX). The SEM samples were prepared on carbon
tapes. IR characterization was performed inside the glovebox using a
Spectrum Two FT-IR Spectrometer (PerkinElmer). The spectra were

measured by using the ATR mode. Measurements were collected in
the range between 4000 and 500 cm−1 at room temperature. 1H, 11B,
and 19F nuclear magnetic resonance (NMR) spectra were measured
on a Bruker Advance II 500 spectrometer. THF-d8 was used as a
solvent for NMR measurements, and the chemical shifts are reported
in ppm using one residual solvent peak at 1.73 ppm as the reference.
Raman measurements were carried out with a confocal Raman
microscope (InVia, Renishaw) in the spectral range of 200−3200
cm−1 using a 532 nm laser excitation source. Time-of-flight secondary
ion mass spectrometry (ToF-SIMS) was performed on a TOF-SIMS5
instrument (ION-TOF GmbH) equipped with a Bi cluster primary
ion source and a reflection-type time-of-flight analyzer. UHV base
pressure was <2 × 10−8 mbar. For high mass resolution, the primary
ion source was operated in “high current bunched” mode providing
short Bi3+ primary ion pulses for static SIMS imaging or Bi+ for depth
profiling (25 keV). The short pulse length of 1.0 ns allowed for high
mass resolution. The primary ion beam was scanned across a 500 ×
500 μm2 field of view on the sample, and 128 × 128 data points were
recorded. Primary ion doses were kept below 1011 ions/cm2 (static
SIMS limit). Spectra were calibrated on the omnipresent C−, CH−,
CH2

−, C2
−, and S− peaks. For depth profiling, a dual beam analysis

was performed in interlaced mode: The primary ion source was again
operated in “high current bunched” mode with a scanned area of 500
× 500 μm2 and a sputter gun (operated with Cs+ ions, 2 keV, scanned
over a concentric field of 750 × 750 μm2, target current 135−157 nA)
was applied to erode the sample up to a total fluence of >1.1 × 1017

ions/cm2 passing through the surface layer on the samples.
Electrochemical measurements. The CR2032 coin cells and

three-electrode cells (PAT-Cell, EL-CELL) were assembled in an
argon-filled glovebox (H2O, O2 < 0.1 ppm). The glass fiber ((GF/C)
from Whatman) membranes were vacuum-dried at 230 °C overnight
and were used as a separator. Symmetric and asymmetric cells were
employed to evaluate the cycling stability and cycle life span of the
negative electrodes. During the electrochemical process, Mg was
continuously plated or stripped at a current density of 0.1 mA cm−2.
Electrochemical impedance spectroscopy (EIS) was carried out on an
electrochemical workstation (VMP-3 Biologic) from 1 MHz to 20
mHz with a DC voltage amplitude of 10 mV.

Two coin cells were assembled for the ToF-SIMS test, with Mg foil
serving as the negative electrode and a stainless steel current collector
as the positive electrode. Between the electrodes, one cell had a Mg-
GPE membrane, while the other cell had two pieces of glass fiber
separators (Whatman GF/C) along with 80 μL of 0.4 M
Mg[B(hfip)4]2·3DME in DME liquid electrolyte. Additionally, 20
μL of MgSx solution was injected into both cells. Both cells were kept
24 h inside the glovebox before the ToF-SIMS test.

For the Mg−S coin cells, galvanostatic charge/discharge experi-
ments were performed in a voltage range of 0.5−2.7 V vs Mg/Mg2+

and at a C rate of 0.1C (S: 1C = 1675 mA g−1). Cyclic voltammetry
(CV) measurements were carried out at a scan rate of 0.1 mV s−1 in a
voltage range of 0.5−3.0 V vs Mg/Mg2+ on a Biologic VMP-3
potentiostat. All electrochemical investigations were conducted at 25
°C.

DFT Calculations. All DFT calculations are performed using the
Amsterdam density functional (ADF) package as implemented in the
Amsterdam modeling suite (AMS).55 The geometries of all of the
molecular systems are optimized using M06-2X metahybrid functional
and TZP basis set. The influence of the surrounding liquid is
simulated using the COSMO solvation model with dielectric constant
7.2 that corresponds to DME.56 The calculations involving polymers
employed short oligomers to mimic the polymer chain. The
interaction energy is calculated as the difference between the energy
of the complexes and the separate molecules. Similarly, the solvation
energy is calculated as the difference between the energy of the
solvated structure and the separate molecules.
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