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ABSTRACT: The development of polymer electrolytes for
magnesium batteries has been hindered by difficulties related to
achieving sufficient magnesium ion conduction and magnesium
electrodeposition. The high charge density of the magnesium
cation causes it to interact with both the polar polymer matrix
and any counteranions, challenging ion transport. Solvents and
salts that are known to be incompatible with the magnesium
electrode have widely been used in prior reports to increase
ionic conductivity. Herein we report the use of a single-ion
conducting magnesium gel polymer electrolyte consisting of a
poly(ethylene glycol) dimethacrylate (PEGDMA) crosslinker
that is copolymerized with an anionic monomer and
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subsequently swelled in solvents compatible with magnesium metal. Sufficient magnesium ion conductivities (>107* S/cm at
25 °C) were able to be achieved with specific solvents and solvent mixtures. Constant potential holds were used to interrogate
magnesium electrodeposition from these electrolytes. Small amounts of magnesium deposits were identified; however, the large
interfacial impedances appear to impact the degree of deposition. It is hypothesized that the large interfacial impedance is due to
the charge transfer resistance associated with the solvated magnesium cation. Thus, it is proposed that the solvated magnesium
cation species that is transported in this electrolyte cannot effectively electrodeposit.
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1. INTRODUCTION

Demands in high performance battery materials for electric
vehicles, portable electronic devices, and grid level storage have
led to the development of beyond lithium-ion batteries. Of
particular interest is the magnesium anode due to its relatively
large theoretical capacity (2200 mAh/ g, 3800 mAh/ cmz), its
widespread abundance, and increased safety compared to alkali
metal anodes. The electrolyte used in combination with a
magnesium anode must support reversible electrodeposition
and dissolution to enable rechargeability; the electrolyte must
be chemically compatible with magnesium metal, mitigating
formation of the passivation layer that occurs in the presence
of trace impurities, water, and certain solvents/salts. To date,
the most successful magnesium electrolyte formulations
involve highly flammable and reactive materials or complicated
synthetic procedures.' "® One option to improve upon the
thermal properties of the electrolyte is to use a polymer or gel.

Both gel and solid polymer electrolytes have been researched
for use in magnesium metal batteries.” "' Because of the
higher charge density of Mg”* (approximately twice that of
Li*), the magnesium cation exhibits very strong coordination
with polar polymers leading to low cation transference
numbers and low cation conductivities.'”"* Many magnesium
polymer electrolyte studies have used magnesium triflate or
magnesium bis(trifluoromethanesulfonyl)imide (Mg(TFSI),),
which contains weakly coordinating anions that increase salt
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dissociation.”'"'*'* Computational studies of Mg(TFSI),
suggest that the MgTFSI" ion pair is unstable during
magnesium electrodeposition, and experimental reports have
confirmed that the salt in solution is not chemically stable
against magnesium.m’17 Thus, it is a challenge to enable high
Coulombic efficiency magnesium metal deposition and
dissolution with electrolytes that employ these salts. Similarly,
there are further literature reports on the physical properties of
magnesium-based polymer electrolytes containing salts such as
Mg(ClO,), and Mg(NOs;), or plasticizers such as organic
carbonates that are commonly used in Li-ion batteries.'>"*~>
Although all of these works report total ionic conductivity of
the prepared electrolyte, magnesium metal electrodeposition or
dissolution is not interrogated beyond symmetric cell cyclic
voltammetry.'""*~*" In contrast, reversible electrodeposition/
dissolution of magnesium and charge/discharge cycling of a
magnesium battery was demonstrated by using a nano-
composite electrolyte of Mg(BH,)-MgO-PEO.”” The active
magnesium cation is hypothesized to be MgBH,"; reports of
analogous glyme-based electrolytes have hypothesized that this
cation may further dissociate to Mg®" or that the species in
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solution is a solvated neutral magnesium borohydride complex
(such as [Mg(BH,),],:3DME or Mg(BH,),:diglyme)**~**

Magnesium electrodeposition is supported from two types of
liquid electrolytes: those where a complex cation is formed,
such as Mg, (u-Cl);*, or those that contain magnesium salts
that are hypothesized to dissociate in an ether to result in free
monovalent anions, solvated Mg, and potentially contact ion
pairs.”® Complex electrolytes contain large amounts of chloride
which is corrosive to common current collectors. Despite this,
the complex electrolytes have had much success in the
magnesium battery field in terms of reversibility, but the best
efficiencies have been achieved using the volatile solvent
tetrahydrofuran (THF).>*® Simple salt electrolytes containing
bulky boron-based anions such as carboranes or fluorinated
boron-based anions like Mg(B(hfip),),, Mg-FPB, and Mg-
(TPFA), have shown reversible electrodeposition in glyme-
based solvents, including tetraglyme.”>”~>" The active species
for these systems with bulky anions is hypothesized to be a
glyme solvated Mg** cation.

A small number of polymer electrolytes have been
demonstrated where an electrolyte that supports reversible
deposition is integrated into the polymer. Aurbach and co-
workers used a Grignard based electrolyte, Mg(AICLEtBu), in
tetraglyme, with PVDF and PEO.” This provided a route to
achieve magnesium electrodeposition with increased thermal
stability. Cui and co-workers showed that reversible deposition
could be achieved from a polyTHF gel polymer electrolyte
with Mg(BH,), and MgCL,.”" The use of ionomer materials
has been employed in magnesium/sulfur systems as a separator
that can both sterically and electrostatically reject poly-
sulfides.”’ In each of these cases, the polymer may help to
increase thermal stability, but ultimately acts as a passive
support or separator material rather than as the active medium
for the magnesium cation conduction.

Single-ion conductors have become a popular approach to
polymer electrolytes within the lithium-based battery
field.>*~* The immobilization of the anion, by covalently
binding it to the polymer backbone, allows for cation
transference numbers approaching unity. A high cation
transference number mitigates the formation of concentration
gradients across the electrolyte, which reduces interfacial
impedance and the propensity for dendritic metal growth.*®
There has been minimal research in single ion conducting
polymers for application in magnesium batteries. The Balsara
group demonstrated single-ion conducting block copolymer
electrolytes based on both lithium and magnesium; the
magnesiated polymers exhibited conductivities 1—2 orders of
magnitude less than the lithium analogues.® In our previous
work, multivalent ions generally had a decrease in conductivity
by 2 orders of magnitude compared to monovalent ions (Li*,
K*) in a solvent-free, single-ion conducting PEO-based
matrix.”” This further demonstrates that the magnesium cation
is less mobile in dry polymers in part due to its increased
binding energy. To our knowledge, there has not been a
reported investigation of magnesium electrodeposition from an
organic, single-ion conducting electrolyte.

Herein we investigate the use of cross-linked, single-ion
conducting gel polymer electrolytes for magnesium batteries.
Furthermore, we probe the potential of a solvated magnesium
cation (i.e, Mg*":3DME) to electrodeposit. We first discuss
the use of organic solvents to dissociate the magnesium cation
from the polymer and enable sufficient magnesium cation
transport (10™* S/cm). Then, magnesium electrodeposition
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from the ionomers was attempted through both galvanostatic
and potentiostatic holds. A small amount of magnesium
deposition onto a copper substrate was confirmed via
microscopy and elemental mapping; however, the electro-
deposition of magnesium from the single-ion conducting gel
electrolyte is hypothesized to be limited by a high charge

transfer resistance.

2. EXPERIMENTAL SECTION

2.1. Chemicals. Tetrahydrofuran (THF), 1,2-dimethoxyethane
(DME), diethylene glycol dimethyl ether (diglyme), tetraethylene
glycol dimethyl ether (tetraglyme), and dimethyl sulfoxide (DMSO)
were purchased from Sigma-Aldrich and were dried on molecular
sieves prior to use. Sulfolane (SL) and butyl sulfone (BS) were
purchased from Sigma-Aldrich and distilled before use. Poly(ethylene
glycol) dimethacrylate (MW of 1000 g/mol, PEGDMA 1000) was
purchased from Polysciences and used without any further
purification. Potassium 4-styrenesulfonyl(trifluoromethylsulfonyl)-
imide (KSTFSI) was synthesized as described in previous reports.”>**

2.2. Polymer Synthesis. PEGDMA 1000 was copolymerized with
the KSTFSI monomer in a DMSO solution under UV light irradiation
for a total of 45 min. The monomer solution was sandwiched between
two glass plates with a glass coverslip used as a spacer. The monomers
were mixed in DMSO (0.7 g monomer/mL DMSO) at a ratio of 20
ethylene oxide (EO) units per STFSI anion (20 EO:Ch). The
photoinitiator used was 2-hydroxy-4'-(2-hydroxyethoxy)-2-methyl-
propiophenone (Sigma-Aldrich). After polymerization, the films
were ion exchanged to the magnesium form via exposure to a
solution of 0.5 M MgCl, in deionized water for 48 h with this solution
being changed out every 12 h. Then, excess salt was removed via
soaking the films in pure deionized water for 48 h, with replacement
of the water bath every 12 h. Polymer films were dried at 80 °C under
vacuum for 16 h and stored in an argon-filled glovebox. The thickness
of the dry films was around 110 pm. The magnesium content of the
films was confirmed to be stoichiometric (1 Mg** per 2 STESI—
units) and the potassium content was confirmed to be negligible,
indicating complete ion exchange, via inductively coupled plasma
optical emission spectroscopy (ICP-OES). Details of the ICP-OES
methods and results can be found in the Supporting Information
(Figure S1, Table S1, and Table S2).

2.3. Small-Angle X-ray Scattering (SAXS). SAXS measure-
ments were obtained at the Advanced Photon Source (beamline 12-
ID-B) at Argonne National Lab. An X-ray beam wavelength of 0.9322
A (photon energy 13.3 eV) was used to take measurements. A silver
behenate standard was used to calibrate the g-range. Samples were
loaded into glass or quartz capillary tubes (Charles Supper Company)
in an argon atmosphere and sealed with wax. The raw data were
background corrected and analyzed by using the Igor Pro-Irena SAS
package.

2.4. Conductivity Measurements. Films were swelled in each
solvent, or solvent mixture, for 4 h in an argon glovebox to ensure the
films were fully equilibrated in the solvent prior to impedance
spectroscopy. Swelling ratios as a function of time for select solvents
are shown in Figure S2, and solvent specific swelling ratios at the 4 h
time point can be found in Table S3. The swelled films were loaded
into a symmetric cell with brass electrodes inside the glovebox. The
sample cell was then transferred into the sample holder of the
Novocontrol broadband dielectric spectrometer with a Quatro
temperature control unit for conductivity measurements. The
measurements were acquired in the temperature range of 0 and 100
°C, as appropriate for each solvent using an AC voltage of 0.1 V. in
the frequency range of 10’—0.1 Hz.

2.5. Electrochemistry Measurements. Constant potential
deposition measurements, and the corresponding impedance spec-
troscopy measurements, were taken using a PARSTAT MC1000
(Princeton Applied Research). For constant potential deposition
measurements, a potential of —700 mV vs Mg**/Mg° was applied for
10 h. Impedance measurements were taken before and after the
constant potential holds over the frequency range of 10000 and 1 Hz
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Figure 1. (a) Structural schematic of the statistically copolymerized and magnesiated P(PEGDMA)—P(STESI) network. (b) Image of the

freestanding polymer film.

at 10 V... This measurement was taken by using both asymmetric
(Mg/Cu) and symmetric (Mg/Mg) CR2032 coin cell configurations.
Magnesium was purchased from Solution Materials, LLC, and the
oxide layer was scraped off before use. Copper was purchased from
McMaster Carr and was cleaned with isopropanol prior to use.

2.6. Scanning Electron Microscopy/Energy Dispersive X-ray
Spectroscopy (SEM/EDS). Electrode samples were washed with
anhydrous THF and dried under vacuum before SEM/EDS
measurements. Samples were transported to the electron microscope
via a PELCO vacuum pin stub holder to minimize air exposure.
Electron micrographs were taken with a Magellan 400 SEM (FEI).
Measurements were taken at 10 kV and 50 pA at a working distance
of 43 mm. A Bruker spectrometer was used to take EDS
measurements for which the voltage was kept constant but the
current was increased until adequate signal was achieved (>1000 cps).

2.7. X-ray Photoelectron Spectroscopy (XPS). XPS measure-
ments were taken by using a PHI Versa Probe II spectrometer.
Samples were washed with THF, dried under vacuum prior to
measurement, and transported to the instrument by using the same
PELCO sample holder. Air exposure could not be avoided upon
transfer of the sample from the PELCO holder into the instrument.
Samples were sputtered for 2 min with 2 kV Ar* to remove some
oxidation resulting from the transfer. Point measurements were taken
by using 50 W X-rays. Each chosen binding energy was taken with a
23.5 eV pass energy with a 100 ms time step over 12 scans.

3. RESULTS AND DISCUSSION

3.1. Magnesium Cation Conduction. Achieving suffi-
cient (107* S/cm) cation conductivities in single-ion
conductors is challenging. Previous works have shown that
conductivity of a cross-linked solvent-free ionomer can be
improved by changing the counteranion chemistry, the cross-
linker chain length, and charge density. In this work, these
variables were kept constant, and the film was swelled in a
variation of solvents to promote the dissociation of
magnesium. The magnesium cation is very stable within the
polymer matrix, coordinated by both ether oxygens and anions,
effectively creating ionic aggregates. The STESI anion
chemistry was chosen due to its lower binding energy.’”*
The electron-withdrawing nature of the groups on the anion
distributes the negative charge. Figure 1 shows the chemistry
of the statistically copolymerized network alongside an image
of the cross-linked polymer film. The magnesium cation can
coordinate with two STFSI anions, which can effectively create
aggregation within the polymer. As shown, the cross-linked
polymer is a colorless, freestanding film.
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Magnesiated ionomer films were swelled in a variety of pure
solvents and solvent mixtures to promote magnesium
dissociation and transport. Table 1 outlines properties of the

Table 1. Properties of Solvents Used To Swell the
Magnesium Gel Polymer Electrolytes (NR Refers to “Not
Reported”)

boiling point  melting point dielectric donor
solvent (°Cc (°C constant number
THE 66 —108.4 7.52 20
DME 85 -58 7.3 20
diglyme 162 —64 7.23 18
tetraglyme 275 =30 7.79 12
butyl sulfone 290 44 27 NR
sulfolane 285 27.5 44 14.8
dimethyl 189 19 46.7 29.8
sulfoxide

different solvents used, including donor number and dielectric
constant. Ethereal solvents were chosen for study as they are
typically used in liquid magnesium electrolytes and have been
shown to be stable against the magnesium surface. As
previously discussed, glymes are hypothesized to effectively
solvate a magnesium cation to form an electrochemically active
Mg*" species. By using a single-ion conductor, this hypothesis
can, in theory, be tested directly as the anions cannot
contribute to the measured dc ionic conductivity. In addition
to ethers, more polar solvents such as sulfones and DMSO
were also used. Sulfones in particular have gained recent
interest in the literature for magnesium battery applications
due to their increased thermal stability.””*® It is noted that
DMSO has been predicted to be chemically and electrochemi-
cally stable against magnesium metal at relevant potentials;
however, the limited experimental studies are inconclusive
regarding the stability of DMSO against the magnesium
anode.”” "' It is noted that the strong solvating ability of
solvents with high donor numbers, such as DMSO, can make
desolvation unfavorable, therefore inhibiting deposition.””****
Despite this, irreversible deposition and solvent decomposition
have been observed with solvents such as sulfolane, which has
the lowest donor number listed in Table 1.””*’ Generally,
magnesium deposition appears to be sensitive to the
coordination environment, suggesting that the donor number
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provides the strongest indicator of overall performance while
dielectric constant may provide the best indicator for
conductivity.

Demonstrated in Figure 2, the conductivity of the dry
ionomer is abysmal, on the order of 107 S/cm at temperatures
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Figure 2. The DC ionic conductivity as a function of temperature of
the single-ion conducting magnesium gel polymer electrolytes swelled
in pure solvents.

above 80 °C. This is a conductivity of 2 orders of magnitude
less than the block copolymer developed by Balsara and co-
workers, presumably due to the decreased mobility of the
poly(ethylene glycol) chains due to cross-linking.” With the
addition of solvents, the cation conductivity increases as shown
in Figure 2. The molar conductivity of the swelled polymer
films, which accounts for differences in charge carrier density
due to differences in swelling ratios, is shown in Figure S3.
Neither the magnitude of the donor number nor the dielectric
constant of the solvent directly tracks with the increase in
conductivity. However, it can be used as a rough indicator
where higher dielectric constant may result in higher ionic
conductivity; similar results have been found for other solvated
ionomers, such as Nafion.*>*+*

DMSO is known to have the ability to separate ion pairs;
therefore, unsurprisingly the polymer swelled in DMSO has
the highest conductivity, on the order of 107* S/cm. This is the
same order of magnitude of conductivity reported for various
liquid magnesium electrolytes.”” The neat ethereal solvents
and the butyl sulfone show some ability to facilitate
magnesium cation transport, albeit at a much lower level
than the DMSO and sulfolane.

In an attempt to promote both ion dissociation and the
formation of an electrochemically active species, the polymer
films were swelled in solvent mixtures. The corresponding
conductivity data are shown in Figure 3. It is observed that
mixing the sulfone or sulfoxide solvents with ethereal solvents
extends the temperature range over which the solvent is in the
liquid phase, facilitating ion transport. There is a slight overall
increase in conductivity by adding sulfolane to the ethers;
however, the most significant increase in conductivity is again
observed with the addition of DMSO. At 10 vol % DMSO
(balance THF or DME; termed 90 DME/10 DMSO),
conductivities on the order of 107* S/cm are still able to be
achieved. This shows that only a small amount of DMSO is
needed to actually dissociate the majority of the magnesium
and enable its transport. In our previous work, we
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Figure 3. The DC ionic conductivity as a function of temperature of
the single-ion conducting magnesium gel polymer electrolytes swelled
in mixed solvents.

demonstrated that a cosolvated complex magnesium cation
(Mg,Cl,*) was able to reversibly deposit magnesium metal.”’
With this work, we attempt a similar approach to deposit
magnesium using solvent mixtures in films, only this time with
the “simple” Mg*" species.

To fully understand the impact of solvent on conductivity, it
is important to understand the impact of solvent on the
network structure. In cross-linked PEGDMA systems, acrylate
backbone segments segregate into spatially homogeneous
regions with higher X-ray scattering length density than
PEG-rich regions.46 Via the use of the Bragg’s condition, where
q. = 2m/d,, the distance between structures responsible for
scattering, d,, can be calculated from the local maximum g, in
small-angle X-ray scattering (SAXS) spectra.”’ As ionic
monomer moieties are incorporated in the network, they are
located along the acrylate backbone and undergo a similar
segregation process in which ionic aggregates are
formed.’"*’~* Figure 4 shows the SAXS spectra of the
magnesiated polymer electrolytes swelled in the different
solvents and solvent mixtures in addition to PEGDMA
polymers without STESI. The polymer samples that contain
no STESI display a local maximum corresponding to the
acrylate-rich region spacing. As the ionic units are incorpo-
rated, the local maximum shifts to smaller g, indicating a larger
distance between scattering structures, and the intensity of the
maximum is increased, indicating that there is a greater
contrast between more strongly scattering structures and the
surrounding medium.

The local maximum in the STFSI-containing polymers,
known as the “ionomer peak”, is indicative of ionic
aggregation. In ethereal solvents, a characteristic length scale
g, of 5.2 nm is evident, whereas with the film swelled in
DMSO, the characteristic length scale g, between contrasting
features is lower at 4.2 nm even though the swelling ratio is
higher. Samples swelled in solvent mixtures display character-
istic length scales in between these two extremes. A smaller
length scale between aggregates indicates a smaller aggregate
size, with aggregate size inversely correlated to the degree of
jon dissociation within the network.’’ Hence, the DMSO
swelled samples have a higher degree of ion dissociation
compared to samples swelled with ethereal solvents. Further
evidence of the differences in ionic aggregation between ether-
based and DMSO-based networks is seen by comparing the
ionomer network scattering peak intensity with that of the ion-
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Figure 4. SAXS spectra of cross-linked single-ion conducting magnesium polymer gel electrolytes swelled in different solvents (dashed lines) and
solvent mixtures (solid lines). The red and black dot-dashed lines note a cross-linked PEGDMA network (without any tethered salt) swelled in
THEF and DMSO, respectively. g, and g,” denote the scattering peak in the THF swelled case with and without the tethered anion, respectively, and
¢q; and gq," denote the scattering peak for the polymer swelled with DMSO with and without the tethered anion. The local maxima in the spectra is

characteristic of ionic aggregation.

free gels; for THF swelled gels, incorporation of ionic moieties
in the networks results in a larger increase in scattering peak
intensity as the aggregation is more severe.

Dissociation of ionic aggregates dramatically impacts
observed conductivity in two ways. First, a greater dissociation
of ionic aggregates results in a greater number of charge
carriers which increases the conductivity. Second, increased
dissociation improves ion mobility. Through the extensive
study of the transport properties of similar materials, we have
shown previously that highly aggregated polymers are more
rigid with a more tortuous diffusion/electromigration pathway
for solvated species.’’ The reduction in ionic aggregation due
to the DMSO induced ion dissociation allows for more facile
magnesium transport, therefore leading to an enhancement in
the conductivity.

The absolute intensity of the scattering peaks cannot be
fairly compared between gels based on different solvents, as the
change in solvent also effects the degree of contrast between
the ionic aggregates and the surrounding matrix. Nonetheless,
the change of solvent clearly affects the electrolyte structure,
with the polymer gels based on mixed solvents exhibiting
intermediate structural changes. These structural differences in
part dictate the material transport properties and performance
characteristics.

3.2. Electrodeposition of Magnesium. For these
polymer gel electrolytes to be practically used in a rechargeable
magnesium metal battery, there must be sufficient conductivity
of the cations as well as reversible magnesium electro-
deposition and dissolution of magnesium. Therefore, we
investigated magnesium deposition from the polymer gel
electrolytes based on DMSO and the 90 DME/10 DMSO
mixture, as high ionic conductivity was achieved in both cases.
It was anticipated that the film swelled with 90% DME may
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have some amount of DME solvated magnesium cations,
which are predicted to be the active species that electro-
deposits magnesium.*® From the cyclic voltammetry measure-
ments shown in Figure S4 for the DMSO swelled film, a slight
amount of negative current may be observed, but it is
inconclusive whether this is due to metal deposition or
electrolyte decomposition. Despite the high ionic conductivity
of these electrolytes, a constant current of —0.01 mA/ cm? was
not able to be supported at reasonable potentials; rather, the
cell potential decreased to a potential within the range of
solvent decomposition (see Figure S5). The current transient
shows multiple processes, including a short plateau around
—700 mV vs Mg**/Mg’, and then two separate slopes,
followed by a plateau at —1.4 V vs Mg?*/Mg’. The short hold
may be related to the deposition of ions at the interface, and
the two slopes suggest two separate electrochemical reactions,
likely associated with parasitic decomposition reactions. This
suggests that substantial magnesium electrodeposition cannot
be achieved through galvanostatic methods, perhaps due to the
strongly coordinated DMSO or a large charge transfer
resistance. However, by applying a constant potential of
—700 mV vs Mg, a constant negative current ranging from 0.05
to 0.1 mA/cm® was able to be maintained as shown in Figure
S6. The absolute value of these currents suggests faradaic
reactions.

Upon imaging of the electrodes, small and dispersed
deposits were observed from both the 90 DME/10 DMSO
and DMSO swelled electrolytes. These deposits are globular in
shape and sporadically present on the copper current collector.
The elemental mapping of the magnesium deposit from the 90
DME/10 DMSO swelled film showed there was some organic
decomposition on the deposit, represented by an increased
concentration of oxygen and carbon in the region of the
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Figure 5. SEM/EDS of a magnesium-rich deposit on copper from the 90 DME/10 DMSO swelled polymer electrolyte film: (a) SEM image of
deposit; (b) magnesium elemental mapping, teal; (c) oxygen elemental mapping, green; (d) fluorine elemental mapping, blue; (e) carbon
elemental mapping, red; (f) sulfur elemental mapping, yellow. The scale bar indicates 20 ym.

Figure 6. SEM/EDS of a magnesium-rich deposit on copper from the DMSO swelled polymer electrolyte film: (a) SEM image of deposit; (b)
magnesium elemental mapping, teal; (c) oxygen elemental mapping, green; (d) fluorine elemental mapping, blue; (e) carbon elemental mapping,
red; (f) sulfur elemental mapping, yellow. The scale bar indicates 20 ym.

deposit as shown in Figure 5. The elemental mapping shows
that the magnesium is concentrated in the area that the deposit
is present. In contrast, the deposit that is obtained by using the
purely DMSO swelled electrolyte showed a higher relative
amount of decomposition products and charging, as shown in
Figure 6. The charging is evident from the black space in the
EDS map and indicates a greater concentration of electrically
insulative compounds (representative of decomposition
products). This is further evident from the higher proportion
of oxygen and carbon on in the EDS mapping. Unlike when
using the 90 DME/10 DMSO swelled electrolyte, the
magnesium mapping is spread out beyond the concentrated
area. This suggests either more very small magnesium
nucleation sites or a greater number of decomposition
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products on the copper electrode. DMSO has a stronger
coordination with the magnesium cation than DME; therefore,
a greater number of decomposition products would be
expected as a result of the desolvation process. This
corresponds with the elemental mapping. As substrate type
can effect electrodeposition, the same deposition test was
performed on a scraped magnesium working electrode, and the
results are appended in the Supporting Information (Figures
$7—59). Despite a current of 0.05 mA/cm?* being maintained
throughout the 10 h hold, magnesium deposition was not
obvious.

Because the amount of magnesium actually deposited on the
copper electrodes in each case is very small, neither XPS nor
XRD could be used to confirm that the deposit observed in the
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EDS is indeed metallic magnesium. To determine the degree
of decomposition that results from the electrochemical
measurements on the polymer gel electrolytes in contact
with magnesium metal, XPS measurements were taken of the
magnesium working electrodes from symmetric cell measure-
ments. The same constant potential method was applied for
symmetric cells, and characterization was performed on the
working electrode.

Figure 7 shows the Mg 2p region of the XPS spectra for each
electrode. Both magnesium electrodes that endured the

a) MgO DMSO

Decomposition
products

10 DMSO

5
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2
‘@
c
2
£
Scraped Mg
c)
L e ey
55 54 53 52 51 50 49 48 47

Binding Energy [eV]

Figure 7. Mg 2p region of XPS spectra for the Mg working electrode
from an Mg/Mg cell containing (a) a film swelled in DMSO only, (b)
a film swelled in 90 DME/10 DMSO, and (c) magnesium sheet that
was scraped to remove the oxide layer and washed with anhydrous
THEF.

constant potential hold in contact with a polymer gel
electrolyte have a greater degree of oxidation compared to
the freshly scraped electrode. In the Mg 2p region of the XPS
spectra, there are two peaks representative of decomposition
products. Considering the XPS spectra of other elements
(shown in Figure S10), it is likely that there is a metal fluoride
present on the surface of the electrode for both the DMSO and
90 DME/10 DMSO cases. This suggests that the anion was
able to decompose at on the metal surface. Mg(TFSI), is
known to be unstable against magnesium metal, and
experimental studies of Mg(TFSI), electrolytes have shown
MgF, as a resultant decomposition product.'”*" Given that the
STFSI and TFSI anions are chemically similar, it is likely that
anions at the interface were able to react with the magnesium
metal. The electrode in contact with the DMSO swelled
polymer exhibits another peak within the magnesium region
evident of further decomposition products. The exact
chemistry could not be identified; however, past studies of
DMSO with magnesium batteries have suggested that DMSO
can lead to passivation of the magnesium electrode.”
Therefore, this is likely representative of an irreversible
reaction between DMSO and magnesium that occurs when
DMSO-solvated Mg* cations reach the electrode surface.
Impedance measurements were taken before and after the
constant potential holds, and the spectra and corresponding
fits from the symmetric cells are shown in Figure 8. The fit
parameters are appended in the Supporting Information
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Figure 8. Impedance spectra of Mg/Mg cells with a (a) DMSO and a
(b) 90 DME/10 DMSO swelled polymer electrolyte film. Impedance
spectra are shown before and after the applied potential hold.

(Table S4). Each impedance response can be approximated
with an R(QR)(QR) circuit, as suggested by the two
semicircles. The first semicircle is at a moderate impedance;
however, the second semicircle indicates an immense
interfacial impedance. Because the conductivity of both
electrolytes is adequate and the swelled films have good
contact with the magnesium electrodes, it is hypothesized that
there is a large charge transfer resistance that is represented by
the second semicircle. The first semicircle may be due to an
interfacial impedance such as a boundary layer effect, given the
order of magnitude (thousand(s) of ohms). Figure S11 shows
an expanded view of the first semicircle. The mixed solvent
electrolyte generally results in greater impedances compared to
the DMSO-only electrolyte. The initial shift in impedance is
caused by changes in the bulk resistance, reflected in the
differences in conductivity. However, the exact reason for the
increased interfacial impedance for the mixed solvent case
could not be determined. Because it is hypothesized that the
large interfacial impedance is due to a charge transfer
resistance, it is suggested that the cosolvated, or DME
solvated, Mg’* may not be able to aptly participate in
electrochemical reactions. After the constant potential hold,
the impedance increased for both cases. Any sort of
decomposition on the magnesium surface could lead to this
increase.

We were able to confirm that the presence of the large
impedance is not due to the DMSO by repeating the
measurement with a DME swelled film, as shown in Figure
S12. The same very large interfacial impedance is observed,
indicating that the large resistance is not due to the presence of
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the DMSO or any DMSO decomposition. It is known that the
high charge density of Mg** can lead to difficulties with
reversible deposition; thus, it is predicted that the large charge
transfer resistance associated with desolvation of Mg** is
related to this large impedance. It is also possible that there is a
large resistance associated with electrodissolution of magne-
sium into the single-ion conducting polymer -electrolyte.
Impedance analysis of cells containing polymer films swelled
in electrolytes with free salt do not show this same large
impedance, suggesting that it is the presence of mobile anions
that affect the magnesium complexation that allows for more
facile electrodeposition and dissolution. Despite the large
resistance, it is feasible that a solvated Mg“ cation can deposit,
given the small but finite amounts of magnesium-rich solid
deposition products observable via electron microscopy.

4. CONCLUSIONS

We conclude that single ion conducting polymers swelled with
specific solvents can conduct magnesium ions at sufficient
rates. However, despite being able to achieve adequate
magnesium conductivity (>107* S/cm at room temperature),
magnesium deposition from the solvated cation (or dissolution
into the electrolyte) remains the primary challenge. Only small
amounts of isolated magnesium deposits were observed via
electron microscopy. We hypothesize that the large charge
transfer resistance associated with desolvation of Mg** is
responsible for this result. Although cation conductivity may be
improved by changing the polymer chemistry, it is likely that
this large charge transfer resistance will remain unless an
additional species is added that stabilizes an active magnesium
cation complex at the electrode—electrolyte interface.
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