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Magnesium-ion-conducting solid polymer electrolytes have been studied for rechargeable Mg metal batteries, one of the beyond-
Li-ion systems. In this paper, magnesium polymer electrolytes with magnesium bis(trifluoromethane)sulfonimide (Mg(TESI),)
salt in poly(e-caprolactone-co-trimethylene carbonate) (PCL-PTMC) were investigated and compared with the poly(ethylene
oxide) (PEO) analogs. Both thermal properties and vibrational spectroscopy indicated that the total ion conduction in the PEO
electrolytes was dominated by the anion conduction due to strong polymer coordination with fully dissociated Mg**. On the
other hand, in PCL-PTMC electrolytes, there is relatively weaker polymer—cation coordination and increased anion-cation
coordination. Sporadic Mg- and F-rich particles were observed on the Cu electrodes after polarization tests in Cu|Mg cells with
PCL-PTMC electrolyte, suggesting that Mg was conducted in the ion complex form (Mg, TFSL) to the copper working
electrode to be reduced which resulted in anion decomposition. However, the Mg metal deposition/stripping was not favorable
with either Mg(TFSI), in PCL-PTMC or Mg(TFSI), in PEO, which inhibited quantitative analysis of magnesium conduction.

A remaining challenge is thus to accurately assess transport numbers in these systems.

1. Introduction

Energy storage devices need to be improved for further
electrification of transportation and energy storage systems
for renewable energy sources. To meet these demands,
beyond-Li-ion battery systems have gained attention. Among
the beyond-Li-ion battery systems, rechargeable Mg metal
batteries are an attractive system due to the abundance of
magnesium and the high volumetric capacity of Mg metal
anodes. Rechargeable Mg metal batteries have been researched
for 30 years with nonaqueous electrolytes including Grignard
reagents, hexamethyldisilazanes, borohydrides, and halide-
based salt complexes in ether-based organic solvents [1-6].
Though those early-stage electrolytes displayed reversible
cycling on Mg metal anodes, the poor compatibility with
the other cell components hinders their commercialization
due to their low oxidative stability and highly reactive/
corrosive nature [7]. Recent studies on simple liquid elec-
trolytes based on carborane- and borate-based salts are

promising, with the alleviation of the reactivity issues
[8-11]. Yet they still include ether-based solvents, which
might not be suitable for some applications due to vola-
tility, flammability, and possible leakage.

Solid polymer electrolytes (SPEs) are potentially advan-
tageous due to higher thermal, mechanical, and electro-
chemical stability compared with liquid electrolytes as well
as lower cost and density relative to inorganic solid-state
electrolytes [12, 13]. While lithium cation- (Li*-) conducting
SPEs have been widely researched [13-15], reports on success-
ful magnesium cation- (Mg**-) conducting SPEs for magne-
sium metal batteries are relatively limited [12, 16-18].
Magnesium metal is easily passivated by common aprotic
organic liquid solvents and common anions [19-22]. In addi-
tion, the high charge density of Mg>" results in significant
coordination with anions as well as polar functional groups
of polymer hosts, slowing down the polymer host segmental
motion [12, 13]. The total ion conduction in magnesium poly-
mer electrolytes is often dominated by the anion conduction


https://orcid.org/0000-0002-3779-1315
https://orcid.org/0000-0002-2041-787X
https://orcid.org/0000-0001-9040-8656
https://orcid.org/0000-0003-0177-676X
https://orcid.org/0000-0002-2004-5869
https://orcid.org/0000-0002-9862-7375
https://orcid.org/0000-0003-4293-6328
https://doi.org/10.34133/2021/9895403

Polymer hosts

(@]
o. _O
OWI(V\TL

Poly (e-caprolactone)-poly (trimethylene carbonate)

(PCL-PTMC)

e

Poly(ethylene oxide)
(PEO)

Energy Material Advances

Salts
Lit

F O O F
F —|— g —N~—- g F
FO OF
Lithium bis (trifluoromethanesulfonyl)imide

(LiTFSI)
Mg2+
—|—S N—- S F

F ol

Magnesium blS (tr1ﬂuoromethanesulfonimide)
(Mg (TFSI),)

FIGURE 1: Chemical structures of polymer hosts and salts.

with very limited magnesium conduction due to the strong
coordination of Mg”* with the polar functional groups of poly-
mer hosts [16, 17]. Thus, it is required to characterize magne-
sium conduction separated from the total ion conduction.

It has been reported that poly(trimethylene carbonate)
(PTMC) allows for higher lithium (~0.80) and sodium
(~0.48) cation transference number at 60°C relative to analo-
gous poly(ethylene oxide) (PEO) electrolytes (0.1-0.2) due to
the weaker interaction between the metal ions and the poly-
mer hosts, even though they showed lower total ionic conduc-
tivity (~107Scm™) than PEO analogs (~10*Scm™) [23-26].
The ijonic conductivity was improved by introduction of a
copolymer host poly(e-caprolactone-co-trimethylene carbon-
ate) (PCL-PTMC) (~10*Scm™), where the caprolactone (CL)
units increased the overall chain flexibility and optimization
was achieved at CL : TMC = 80 : 20 in molar ratio [27]. Even
though the lithium transference number was somewhat com-
promised when compared to PTMC (0.66 vs. 0.80 at 60°C), it
is still much higher than for PEO with comparable total ion
conduction, which results in higher net lithium conduction [27].

Here, we report on magnesium SPEs based on magne-
sium bis(trifluoromethane)sulfonimide (Mg(TFSI),) salt in
PCL-PTMC and compare with the PEO analogs. While
Mg(TESI),-containing magnesium electrolytes are often prob-
lematic due to Mg metal surface passivation, this phenomenon
is known to be impacted by TFSI coordination state and could
in the future be avoided by use of an artificial magnesium-
conducting solid electrolyte interphase [28-31]. Hence, it is
worthwhile to understand ion speciation and transport in
polymer electrolytes based on this simple salt. It was observed
that PCL-PTMC readily went from slightly crystalline to fully
amorphous with the addition of magnesium salt. The popula-
tion of TFSI” and polar polymer moieties in different coordi-
nation states were studied via Raman and FT-IR [25, 32, 33].
Investigation of ion conduction mechanisms and Mg conduc-
tion/deposition indicated that the ion conduction likely
occurred in the form of the ion complex (such as [MgTFSI]*
or [Mg,TFSL,]") rather than free Mg**.

2. Materials and Methods

2.1. Materials. Lithium Dbis(trifluoromethane)sulfonimide
(LiTFSI, TCI) salt was dried under vacuum for 24h at

120°C. Mg(TFSI), (Solvionic) salt was dried under vacuum
for 24h at 200°C. Poly(ethylene oxide) (PEO, Sigma, MW =
100,000 gmol_l) was dried under vacuum at room tempera-
ture for 3 days prior to use. The drying of LiTFSI, Mg(TFSI),,
and PEO was conducted in an argon-filled glove box.
Acetonitrile (anhydrous, Sigma) was used as received.
Poly(e-caprolactone-co-trimethylene carbonate) (PCL-PTMC,
80:20 molar ratio, MW = 246,000 - 338,000 gmol ™) was
synthesized by following the previously reported methods
[23, 27]. The molecular structures of each of the polymers
and salts are shown in Figure 1.

2.2. Polymer Electrolyte Preparation. Free-standing polymer
electrolyte films were prepared via solution casting in an
argon-filled glove box. The detailed procedure was reported
previously [27]. In brief, Mg(TFSI), and PCL-PTMC in var-
ious ratios were stirred in acetonitrile for 8 h. The solution
was then cast in a Teflon beaker at room temperature for
24h to evaporate the bulk solvent and then further dried
at room temperature under vacuum for 24h and at 60°C
for 48h, to prepare polymer electrolyte films (thick-
ness~100 ym) with 8-36 wt.% Mg(TFSI), in PCL-PTMC.
Polymer electrolyte films of 8-36 wt.% Mg(TFSI), in PEO
and 20-36 wt.% LiTFSI in PCL-PTMC were prepared with
the same procedure. The molar ratios of metals to the
coordinating groups in the polymers are listed in
Tables 1-3.

2.3. Differential Scanning Calorimetry (DSC). Samples (3-
7mg) were hermetically sealed in aluminum pans in an
argon-filled glove box. The samples underwent a heating-
cooling-heating cycle from -80°C to 130°C at a scan rate of
10°Cmin’" under nitrogen purge at 50 mLmin". The glass
transition temperatures reported were obtained from the
second heating scan. DSC experiments were performed on
a DSC Q2000 (TA Instruments).

2.4. Ionic Conductivity and Dielectric Analysis. Sample films
were punched and sandwiched between two brass elec-
trodes along with glass fiber spacers to maintain the inter-
electrode distance as 53 um. The conductivity cell was
assembled and then aged at 120°C for 2h to improve the
contact with the electrodes, cooled to room temperature,
and aged for another 24h (to stabilize the polymer phase
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TaBLE 1: Molar ratio of polar functional groups to Mg®" and positive charge ([1/2 Mg]*) in Mg(TESI), in PCL-PTMC electrolytes

investigated.

Salt concentration (wt.%)

Ratio of functional groups

Mg(TESI), CL:Mg** TMC: Mg** [CL+TMC] : Mg** [CL+TMC] : [1/2 Mg]*
8 47.1 13.2 60.3 120.6
12 30.0 8.4 38.4 76.9
16 215 6.0 275 55.0
20 16.4 46 21.0 41.9
28 10.5 29 13.5 27.0
36 7.3 2.0 93 18.6

TaBLE 2: Molar ratio of coordinating groups to Mg>* and positive
charge ([1/2 Mg]") in Mg(TFSI), in PEO electrolytes investigated.

Salt concentration (wt.%) Ratio of functional groups

Mg(TFSI), EO:Mg™ EO:[1/2 Mg]*
8 152.6 305.2
12 97.3 194.6
16 69.7 139.3
20 53.1 106.2
28 34.1 68.3
36 236 472

TaBLE 3: Molar ratio of coordinating groups to Li* in LiTFSI in
PCL-PTMC electrolyte investigated.

Salt concentration (wt.%) Ratio of functional groups

LiTFSI CL:Li" TMC:Li* [CL+TMC]:Li"
20 8.0 2.2 10.3
28 52 1.4 6.6
36 3.6 1.0 4.6

and to allow for possible crystallization). Ionic conductivity
and permittivity of samples were measured on a broadband
dielectric spectrometer with an Alpha A analyzer and Quatro
temperature control unit with a cryostat (Novocontrol Tech-
nologies, Montabaur, Germany). The measurements were
conducted over a frequency range of 10’-10"' Hz with an
amplitude of 0.1V over a temperature range from -20 to
120°C in 20°C intervals. The temperature was stabilized at
each point for 10 min within 0.5°C before each measurement.

2.5. Raman Spectroscopy. Samples were sealed in quartz
cuvettes, followed by aging at 120°C for an hour before
measurement. All sample cuvettes were prepared in an
argon-filled glove box. Raman spectra were obtained using
Jasco NRS-5100 with excitation laser with a wavelength of
532nm. The signal was calibrated with a silicon wafer at a
wavenumber of 520.7cm™'. Raman spectra were obtained
with 5-10 scans for 1-2 min, which sums up to total scan
time of around 10 min. The spectrum of the TESI" stretching
peak around 740cm™ was deconvoluted with Gaussian
functions using a home-made Python program.

2.6. Fourier-Transform Infrared (FT-IR) Spectroscopy. The
FT-IR spectroscopy was measured using a Tensor II FT-IR
spectrometer equipped with a liquid nitrogen-cooled
mercury-cadmium-telluride detector (Bruker). Each sample
film was attached to an aluminum disk holder, which was
sealed in an airtight cell equipped with zinc selenide view-
ports for optical access, in an argon-filled glove box. Data
were obtained in a transmission mode with a resolution of
4cm™ and 64 scans.

2.7. Coordination Assessment by FT-IR Spectroscopy in
Solution. The FT-IR spectroscopy was performed using a
Bruker Vertex 70v FT-IR spectrometer with a liquid
nitrogen-cooled MCT detector. The samples were prepared
with a constant Mg(TFSI), concentration of 100 mM in pro-
pionitrile as a function of the polymer concentration in the
range 0 M to 2 M. The measurements of each polymer con-
centration were made in triplicates. In air, the samples were
injected into an Omni transmission cell from Specac with
calcium fluoride (CaF,) glass windows separated by a
0.012 mm mylar spacer. The measurements were performed
in transmission mode with a resolution of 1cm™ and 256
scans. The Omni transmission cell compartments were
cleaned with acetone and ethanol between each sample
injection and measurement. Spectra were obtained for solu-
tions containing different ratios of coordinating oxygen to
Mg** cations (n). The apparent coordination number
(CN,,,p) was calculated as CN,,, = x x n, where y is the ratio
of the coordinated nitrile peak area to the area of the non-
coordinated nitrile peak.

2.8. Electrochemical Measurements. Electrochemical polari-
zation tests were conducted using a PARSTAT MC1000
(Princeton Applied Research) potentiostat. Two-electrode
coin cells (CR2032) were assembled as follows. Sample films
(28 and 36wt.% Mg(TFSI), in PCL-PTMC, 16wt.%
Mg(TESI), in PEO) were punched and sandwiched between
working (Cu foil) and counter (Mg foil) electrodes (Cu|Mg
cells). Coin cells with a Li foil counter electrode (CulLi cells)
were also prepared with 28 and 36 wt.% Mg(TFSI), in PCL-
PTMC for comparison. The polarization tests were con-
ducted at 80°C. The cells were rested for 24h and then
polarized at -0.8V vs. Mg (Cu|Mg cells) or -0.1V vs. Li
(CulLi cells) for 20 hours. Electrochemical impedance spec-
troscopy (EIS) was conducted before and after polarization
at 80°C at the same DC voltage as the polarization step, an
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amplitude of 0.1 V, and the frequency range between 10° and
10" Hz.

2.9. Scanning Electron Microscopy (SEM) and Energy-
Dispersive X-Ray Spectroscopy (EDS). The Cu electrodes after
polarization were sealed in a Pelco SEM pin stub vacuum
desiccator in an argon-filled glove box and then transferred
to the instrument to minimize air exposure. The surface
morphology of the copper (working) electrodes was
obtained with a FEI Magellan 400 at an accelerating voltage
of 5kV and current of 13 pA at a working distance of 4 mm.
A Bruker energy-dispersive X-ray spectrometer (EDS) was
used for elemental analysis of the electrode surfaces. In order
to obtain an adequate signal, the current was increased for
EDS measurements.

3. Results and Discussion

3.1. Thermal Properties. Figure 2 and Figure S1 show the
results of the DSC second heating scan and the
differentiated heat flow curves of magnesium polymer
electrolytes containing different Mg(TFSI), concentrations
in either PCL-PTMC or PEO. For nearly all samples, the
glass transition temperature (Tg) increased with increased
salt concentration. This is due to more physical crosslinking
formed by Mg** interaction with the polar groups in the
polymers, which results in less flexibility of the chain
segments.

In PEO, the melting peak was observed at all concentra-
tions of Mg(TFSI),, which indicates the existence of crystal-
linity. T, increased linearly with increased salt concentration
up to 28 wt.%, showing a transition width of about 10°C. T,
then decreased with an increase in concentration to 36 wt.%
Mg(TFSI), in PEO. This composition also exhibited a cold
crystallization peak upon heating in lieu of crystallization
upon cooling (Figure S2), likely due to slowed dynamics of
the crystallization from strong interactions between Mg>*
and EO at this higher concentration of 36 wt.% Mg(TFSI),.
Lower T, with 36wt% Mg(TFSI), in PEO can be
explained by this absence of crystallinity, resulting in lower
T, as the chains are not locked in rigid crystalline

structures (Table S1).

In PCL-PTMG, a cold crystallization and a melting peak
were observed in the pure polymer, which disappeared with
the addition of the Mg(TFSI), salt, as expected based on the
previous studies with LiTFSI salt [27]. More amorphous
phase is beneficial for ion conduction via segmental motion,
which is the main ion conduction mechanism for polymer
electrolytes where strong coordination of polymer with cat-
ions is observed [34]. Overall, T, was lower in PCL-PTMC
than in PEO except at 36 wt.% Mg(TFSI), (Figure 2(c)),
which is an indication of weaker ion—polymer interactions
in the PCL-PTMC system. Two types of glass transitions
were observed over the range of salt concentration in PCL-
PTMC. At low salt concentration (8, 12 wt.%), the thermal
transition was observed at a low temperature (<-50°C) with
a narrow width (~5°C) and the dependence of the glass tran-
sition temperature on salt concentration was weaker. At high
salt concentration (28, 36 wt.%), the thermal transition was
observed at a higher temperature (>-40°C) with a broad
width (~30°C) and the increase of the transition temperature
with salt concentration was large. At intermediate salt con-
centration (16, 20 wt.%), both types of glass transitions were
observed. This implies that there is phase segregation,
formed through spinodal decomposition, in the range of
16-20 wt.% total salt concentration. Since the narrow glass
transition at lower temperature is similar to that of the pure
polymer, we assume that the narrow transition may be
attributed to a “lower salt concentration phase.” As such,
the broad glass transition at higher temperature is a transi-
tion in a “higher salt concentration phase” [35-37]. The
steep increase of the “higher salt concentration phase” glass
transition temperature with increased salt concentration
indicates that the interactions between ions and the polymer
chains were reinforced by the salt addition.

3.2. Ionic Conductivity. Figure 3 shows the total ionic con-
ductivity (o), containing the contributions of both anion
and cation mobilities, of PCL-PTMC-based magnesium
electrolytes (Mg(TFSI), in PCL-PTMC) and PEO-based
magnesium electrolytes (Mg(TFSI), in PEO) as a function
of temperature. The PEO-based magnesium electrolytes dis-
played typical behavior for semicrystalline electrolytes where
a drop-oft in conductivity is observed at temperatures below
the crystallization temperature [13]. Here, the ionic
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conductivity of the PEO-based magnesium electrolytes did
not vary much as a function of salt concentration. In con-
trast, the PCL-PTMC-based magnesium electrolytes dis-
played typical behavior for amorphous electrolytes where
Vogel-Tammann-Fulcher (VTF) behavior was observed,
indicative of ion dynamics coupled to polymer segmental
dynamics [13]. While the ionic conductivity of the PCL-
PTMC-based magnesium electrolytes was almost identical
up to the salt concentration of 8-28 wt.%, low ionic con-
ductivity was observed with a more significant tempera-
ture dependence. The difference in the ionic conductivity
was substantial at low temperature (decreased ~24 times
from  28wt%  (2.52x107%Scm™!) to  36wt%
(1.06 x 107 Scm™!) Mg(TFSI), in PCL-PTMC at 25°C).
The total ionic conductivity of the PCL-PTMC-based mag-
nesium electrolytes was higher than that of the PEO-
based magnesium electrolytes at below room temperature
and lower at above room temperature, although it should
be noted that it is unclear from these data what the rela-
tive contribution of the magnesium cations to the conduc-
tivity is for the different polymer electrolytes.

The ionic conductivity was also plotted versus temper-
ature normalized by the glass transition temperatures
(Tg/T) (Figures 3(c) and 3(d)). Since two glass transitions
were observed in the PCL-PTMC-based magnesium electro-
lytes at the salt concentration of 16 and 20 wt.%, the ionic
conductivity was normalized by each of them, where the
empty markers indicate the ionic conductivity normalized
by the “higher salt concentration” transition. The ionic
conductivity of the PCL-PTMC-based magnesium electro-
lytes was separated into two groups, showing higher ionic
conductivity with the “higher salt concentration” transition
(228 wt.%) and lower ionic conductivity with the “lower salt
concentration” transition (£12wt.%). While normalization
of the ionic conductivity of 16 and 20 wt.% by the “lower salt
concentration” transition temperature results in a clear over-
lap with the “lower salt concentration” group, normalization
with “higher salt concentration” transition temperature does
not result in a clear overlap with the “higher salt concentra-
tion” group. In summary, we can say that scaling of the
temperature-dependent ionic conductivity by the glass tran-
sition temperatures does not result in a master curve, which
suggests that the magnitudes of the total ionic conductivity
of the electrolytes are impacted by more than the segmental
relaxation dynamics of the polymers; ion clustering may play
a role in impacting the effective mobile ion number concen-
tration and ion transport mechanism.

3.3. Dielectric Relaxation Analysis. Dielectric relaxation
analysis was conducted to investigate the ion transport
mechanism. The dielectric loss derivative (sfier) was derived
from Kramers-Kronig relationship using the dielectric
constant (¢') [38]:

dhul) =~ 2951, 0

A representative & vs. In w plot is shown in Figure S3.
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Here, the curve in the high-frequency region is related to
the dielectric relaxation process and the slope at mid-low-
frequency region is related to the electrode polarization
(EP) process. Then, the dielectric relaxation time was
extracted via fitting eaer to the Havriliak-Negami (HN)
equation, which gives the HN relaxation time (7)) [38, 39]:

A n
o b — 4 (— 7 ) +Aw™S,  (2)
(1+ (iwrgy)*)P  \iwgg

where ¢, is the dielectric constant at infinite high frequency,
At is the dielectric relaxation strength, & and f3 are shape
parameters, o is the conductivity, ¢, is the permittivity of
vacuum, and n, A, and S are constants.

The maximum dielectric relaxation time (7,
calculated using the relation between 7y and 7

) was then

max*

] (XﬁT[ la ) o -1/«
Tiax = T | SID 3+ 28 sin 5— 2B )]

Toae Was plotted vs. inverse temperature for Mg(TFSI),
in PCL-PTMC and PEO (Figures 3(e) and 3(f)). It should
be noted that 7., peaks for PEO electrolytes above the
melting point (>60°C) were not present within the frequency
measurement range of the spectrometer (maximum of
10" Hz). 7,,,, of Mg(TFSI), in PEO did not change with salt
concentration, which is the same trend as the ionic conduc-
tivity. 7., of Mg(TFSI), in PCL-PTMC has reduced activa-
tion energy compared with PEO and the value did not
change up to 28 wt.% Mg(TFSI),, which is similar to the
trend of the ionic conductivity. 7, of 36 wt.% Mg(TFSI),
PCL-PTMC had VTF-type temperature dependence with
much lower values than the other Mg(TFSI), concentration.
At room temperature, the segmental relaxation became 2600
times slower from 28wt% (9.19x107%s) to 36wt%
(2.39x107%s) Mg(TFSI), in PCL-PTMC. On the other
hand, the ionic conductivity decreased only 24 times from
28 wt.% (2.52x 1078 Scm™) to 36 wt.% (1.06 x 107 Scm™!)
Mg(TFSI), in PCL-PTMC. This implies that the ion conduc-
tion was partially decoupled from the segmental relaxation
in 36 wt.% Mg(TFSI), in PCL-PTMC, which is due to the
ion conduction via a hopping mechanism through the con-
nected “higher salt concentration” phase [40, 41].

3.4. FT-IR Spectroscopy in Propionitrile. The FT-IR spectra
of Mg(TFSI), in propionitrile were collected with addition
of different concentrations of the polymers (PEO or PCL-
PTMC). Depending on the strength of the coordination,
the ratio of the coordination of Mg~* with the nitrile relative
to the polar polymer moieties will vary with addition of
polymers [26]. If the fraction of Mg”" coordinated to the
polymer increases due to the addition of the polymer, then
the fraction of Mg®" coordinated to propionitrile will
decrease. The relative coordination of the propionitrile
population is displayed as a function of the concentration
of the coordinating moieties of the polymers (Figure 4).
The relative coordination for each concentration was calcu-
lated from the integrated area of the coordinated and
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FIGURE 4: (a) FT-IR spectra of solutions of Mg(TFSI), in propionitrile with different concentrations of PEO (given as the ratio of
coordinating oxygen to Mg>" cations), compared to pure propionitrile. i. indicates the nitrile:Mg>" coordinating peak and ii. indicates the
noncoordinating nitrile peak. (b) Apparent coordination number CN,,, as a function of n. The values are averages of triplicate
measurements with error bars representing the standard deviation of the mean. Lines represent exponential fits as described elsewhere [26].

uncoordinated nitrile peak for propionitrile together with
the molar ratios of the Mg(TFSI), and propionitrile in the
solution, respectively. As PEO was added to the propionitrile
solutions of Mg(TFSI),, the population of the coordinated
propionitrile significantly decreased due to the strong coor-
dination of EO groups. As PCL-PTMC was added to the
propionitrile solutions of Mg(TFSI),, the population of coor-
dinated nitrile groups decreased to a lesser extent, which
implies a weaker coordination of C=0 than EO with Mg>*.

3.5. Vibrational Spectroscopy of SPEs. Raman spectra were
collected on Mg(TFSI), in PCL-PTMC, LiTFSI in PCL-
PTMC, and Mg(TFSI), in PEO (Figure 5, Figure S4). A
strong peak around 740cm’ is related to the expansion-
contraction modes of the TFSI™ anion [33, 42, 43]. As the
TFSI anion interacts with cations, its stretching peak shifts
to higher wavenumbers.

For Mg(TFSI),, there are three coordination states
depending on the number of oxygen atoms on TFSI™ that
are coordinating with Mg”: 2 O (bidentate) TFSI" (752 cm’
! Peak 1), 1 O (monodentate) TESI" (746 cm™', Peak 2),
and free TFSI™ (739-742 cm™, Peaks 3-4) [33, 42-44]. Each
coordination/conformation state can contribute to the peak.
Thus, the peaks were deconvoluted and the values of the
normalized area of each peak are plotted in Figures 5(a)-
5(c). Interestingly, we observed two peaks around 739-
742 cm’™, interpreted as a free TFSI” peak. It was reported
that the free TFSI” can show two different Raman peaks with
different conformation states [44]. Thus, we assume that the
two peaks are from free TFSI” with two conformation states.
The peak area is correlated to the population ratio of the

coordination state, assuming that the Raman signal intensity
is equivalent for each state [33, 42]. An example of the
deconvolution and the peak assignments is shown in
Figures 5(d) and 5(e).

For Mg(TFSI), in PCL-PTMC electrolytes, the free TFST’
peak area was the majority (ca. 0.8 fraction) at 8wt.%
Mg(TFSI), and decreased to around a 0.6 fraction at 12-
20 wt.% Mg(TFSI),. The free TESI" peak area fraction again
decreased to around 0.4 at 28-36wt.% Mg(TFSI),. The
bidentate peak area increased linearly from 16wt.% to
36 wt.% Mg(TFSI),, where the “higher salt concentration”
transition was observed in DSC. A significant monodentate
peak fraction (ca. 0.4) was observed with 28 wt.% Mg(TFSI),,
whereas there was more bidentate peak intensity with
36 wt.% Mg(TESI),. In 36 wt.% Mg(TFSI),, the molar ratio
of CL:TMC:Mg is 7.28:2.04:1 (Table 1). The ratio of
C=0 (CL+TMC):Mg is around 9:1, which is the same
EO : Mg ratio where the contact ion pair (CIP) was identified
in PEO in a previous report [45]. Even though the coordina-
tion could be different in ester (in CL) and carbonate (TMC)
from EO, this molar ratio can be related to the CIP
formation.

For Mg(TESI), in PEO electrolytes, the peak area
fraction associated with free TFSI” was around 0.9 at all salt
concentrations, which indicates that the Mg(TFSI), salt was
mostly dissociated and existing as free (solvent-separated)
ions. This is supported by the fact that all salt concentrations
tested for PEO (highest at 36 wt.%, where EO : Mg =24 : 1)
are below the contact ion pair forming concentration
(EO : Mg=9:1) [45]. Thus, most Mg2+ was coordinated
with EO rather than TFSI, unlike in the PCL-PTMC
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FIGURE 5: Peak area ratio of the deconvoluted TFSI™ stretching peak of (a) Mg(TFSI), in PCL-PTMC, (b) MgTFSI, in PEO, (c¢) LiTFSI in
PCL-PTMC, (d) one example of Raman curve fitting and (e) the associated Raman peak assignments, (f) FT-IR of Mg(TFSI), in PCL-
PTMC, and (g) schematic representations of ion conduction and coordination in PEO and PCL-PTMC electrolytes.

electrolytes. This can be explained from the stronger coordi-
nation of Mg>* to EO than C=0, as shown via the solution
FT-IR experiments discussed in the previous section.

For comparison with the divalent magnesium PCL-
PTMC electrolytes, Raman spectra of LiTFSI in PCL-PTMC,
which exhibits high Li* transference number [25, 26], were

also collected. For LiTFSI electrolytes, the peak shifts with
the number of O on TFSI” coordinating with Li*: TFSI” coor-
dinating with more than 3 O (748-753 cm™, Peak 1), 2 O
(745-748 cm’!, Peak 2), 1 O (744-746 cm™", Peak 3), and free
TEST (739-742 cm’", Peak 4) [46]. In LiTFSI in PCL-PTMC,
the peaks were shifted to higher wavenumber than
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Mg(TFSI), in PCL-PTMC, which indicates higher number
of O on TFSI" coordinating with Li*. For the entire salt con-
centration range investigated the free TFSI" peak was low
(~0.1). The Raman spectrum of 36 wt.% LiTFSI in PCL-
PTMC indicated that most of TFSI” were coordinated with
Li" on more than two O. This result supports the previously
observed significant jon pair formation in LiTFSI in PCL-
PTMC [25]. Also, the increased number of cations compared
to Mg(TESI), resulted in more coordination with TESI” anion.
This is reasonable since the number of Li" is nearly twice the
number of Mg”" at the same wt.% salt. It can be concluded that
higher cation transference numbers are possible when Raman
spectroscopy indicates enhanced coordination of TFSI” with
the cation, and here with the magnesium polymer electrolytes,
the PCL-PTMC electrolytes support more TFSI” coordination
than the PEO electrolytes (Figure 5(g)).

FT-IR spectra were obtained from Mg(TESI), in PCL-
PTMC, as the vibration of the polar moieties in this polymer
is sensitive to coordination (Figure 5(f)). The peak around
1730 cm™ in the FT-IR spectra is related to C=0 stretching:
symmetric carbonyl stretching C=O in the carbonate of
PTMC at 1735cm™ and in the ester of PCL at 1726 cm™
[25]. It was reported that those stretching peaks shift to
lower wavenumber when coordinated with cations, for
example, a shift to 1700cm™ when coordinated with Li*
[25] and 1720 cm™ with Na* [24]. Assuming that the shift
of the C=0 stretching is proportional to the charge density
of the coordinated cation, the shift of the stretching of the
C=0 coordinated with Mg’ is estimated to be about
1659 cm™ (Table S2). Thus, the peak around 1660 cm™ can
be related to the C=0 coordinated with Mg”*. Unlike the
previously reported FT-IR spectra of LiTFSI in PCL-PTMC
[25], the peaks cannot be deconvoluted to be analyzed in
a quantitative manner due to (1) overlap of many peaks
and (2) the limitation in the measurement condition
(transmission mode on a substrate rather than ATR mode).

Here, we instead compare the intensity of the peak to
qualitatively analyze the population change. While the
intensity of the stretching peak around 1660cm™ did not
change with increased salt concentration up to 28 wt.%,
the peak intensity was increased with 36 wt.% Mg(TFSI),.
Thus, C=0 participates more so in the coordination with
Mg** above a threshold salt concentration. It is noted that
these results mirror the calorimetry, ionic conductivity,
and dielectric spectroscopy results as a function of salt
concentration in PCL-PTMC, whereas at 36wt.%
Mg(TFSI), there are significant differences from lower salt
concentration electrolytes. We hypothesize that increased
coordination of Mg”* with the PCL-PTMC segments at
36 wt.% Mg(TFSI), produces a slowing of chain relaxation
that results in a significant reduction in jonic conductivity,
despite the enhanced decoupling of ion conduction.

3.6. Polarization Test. To investigate the conduction and
deposition of magnesium, polarization tests were performed
on Cu|Mg cells at 80°C. Currents (i) and currents normal-
ized by initial currents (i/ij) were plotted as a function of
time (Figure 6). The initial current (i), steady-state current
(i), and the steady-state current/initial current ratio (i /i,)
obtained from the polarization tests are given in Table S3.
The contribution of Mg** conduction out of the total ion
conduction can be roughly estimated by the i /i, ratio for
the CulMg cells for the case of facile Mg metal
electrodeposition/dissolution. It should be noted that this
analysis cannot be used for quantitative conclusions
regarding the Mg transference number here due to the
interface issues described later. The i /i, ratio of 36 wt.%
Mg(TFSI), in PCL-PTMC in the Cu|Mg cell was about
twice higher than that of 28wt.% Mg(TFSI), in PCL-
PTMC. This difference might be due to the partially
decoupled ion conduction mechanism and the increased
coordination of C=0 with Mg**. The i /i, ratio of 36 wt.%
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Mg(TESI), in PEO was close to that of 36 wt.% Mg(TEFSI), in
PCL-PTMC.

Polarization tests on the magnesium polymer electro-
lytes were also performed on CulLi cells, which were used
as a mechanism to circumvent the potential difficulties of
stripping magnesium metal with the polymer electrolytes
in the event of passivation of Mg by the Mg(TFSI),
(Figure S5). The initial current was lower for Cu|Mg cells
than Cu|Li cells. This lower initial current with Cu|Mg
cells implies the difficulty of Mg stripping.

3.7. EIS before/after Polarization. Impedance spectra were
obtained before and after the polarization test on Cu|Mg
cells and CulLi cells (Figure 7). The impedance spectra
showed two semicircles, one in a smaller scale (R,
<10*Q) in the high-frequency range and one in a larger
scale (R,, >10°Q) in the low-frequency range.

The resistance of the first semicircle (R;) is related to
the ionic conductivity, as can be determined via calculation
(Table S4). The values of R, on CulMg cells slightly
decreased after polarization, which might be due to
improved contact between the electrode and the polymer
electrolyte or a decrease in thickness due to the compres-
sion. The decrease of R, is more significant (decreased by
1/2) and became smaller on CulLi cells than Cu|Mg cells,
which indicates that the Mg>" in the polymer electrolyte
was exchanged with the Li" stripped from the Li metal
counter electrode during the polarization.

The resistance of the second semicircle (R,) is related to
the charge transfer process and the interfacial resistance
between the electrode and the polymer electrolyte
(Figures 7(a) and 7(d)). For the cells containing PCL-
PTMC polymer electrolytes before polarization, the imped-
ance spectra showed a semicircle (R,) followed by a rough
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FiGure 8: SEM-EDS image of Cu substrate after polarization of Cu|Mg cells containing 36 wt.% Mg(TFSI), in PCL-PTMC.

horizontal line at low-frequency range, which might be
due to the presence of multiple interfaces with different
resistances (i.e., overlapping of multiple small semicircles
in the impedance spectrum). The horizontal line disap-
peared after the polarization and merged to the large sec-
ond semicircle. The formation of the large second
semicircle indicates the buildup of decomposition species
or the densified interface. The second semicircles were
fitted to the equivalent circuit, and the R, values are
shown in Table S5. Since the low-frequency impedance
spectra of Mg(TFSI), in PEO on CulMg cells show a
slope rather than a semicircle, those spectra were not
fitted to the equivalent circuit. The slope was lower than
a Warburg diffusion (i.e., 45" slope), which was observed
under limited ion diffusion condition [47]. It might be
related to the limited diffusion of the Mg** in PEO due
to the strong interaction between Mg>" and PEO. Also,
the second semicircle of Mg(TFSI), in PEO on CulMg
cells (in a very low frequency if possible) appears to be
much larger than that of Mg(TFSI), in PCL-PTMC in
CulMg cells. This indicates that the Mg deposition/
stripping was not favorable with Mg(TFSI), in PEO even
with the higher ionic conductivity than Mg(TFSI), in
PCL-PTMC.

The values of R, of the Cul|Li cells were much smaller
than those of the Cu|Mg cells, which indicates that (1) the
Li deposition/stripping was much easier than that of the
Mg and/or (2) the interface formed on Li counter electrode
was more ion conductive than that on the Mg counter
electrode. Unlike in Cu|Mg cells, the second semicircle
of Mg(TESI), in PEO was much smaller than that of
Mg(TFSI), in PCL-PTMC in Cu]|Li cells.

Figure S6 compares the impedance spectroscopy before
the polarization on Cu|Mg and CulLi cells to investigate
the resistance related to metal deposition/stripping process
(i.e., the interfacial resistance, R,). For all three investigated
electrolytes, R, was larger on Cu|Mg cells than CulLi cells.
In CulLi cells, the deposition/stripping process on the Cu

electrode is Mg/Mg”*, which is the same on Cu|Mg cells.
The difference comes from the Li electrode, where the
deposition/stripping process is Li/Li". Thus, the large R,
on Mg|Cu cells was due to the Mg deposition/stripping on
the Mg electrode.

3.8. Postmortem SEM-EDS Analysis. After the polarization
tests, the copper electrode surface was analyzed by
SEM-EDS.

The copper surface from the Cu|lMg cell was mostly
clean with very sporadic particles, which were difficult to
find. We analyzed the chemical composition of the parti-
cles on the copper electrode via EDS to determine if the
particles were Mg deposits (Figure 8, Table S6). The
deposits from the cell containing 36 wt.% Mg(TFSI), in
PCL-PTMC contained Mg, C, O, and F as shown in the
EDS map. Atomic percentages of each element and the
F/Mg ratio in the particle as determined via EDS are
given in Table S6. Those numbers were compared to
those of Mg(TFSI), in PCL-PTMC polymer electrolytes.
Firstly, the particle has 9 times higher Mg atomic ratio
than 36wt% Mg(TFSI), in PCL-PTMC electrolyte,
indicating Mg deposition with a lot of decomposition
products. Also, the F/Mg ratio of the particle was around
3 (ie, Mg* :TFSI"=2:1), while the F/Mg ratio in
Mg(TFSI), is 12 and that of a [MgTFSI]* contact ion
pair is 6. The TFSI ligand in the [MgTFSI]" contact ion
pair is known to be labile to decomposition upon charge
transfer [28]. The copper surface of the CulLi cells in
Mg(TFSI), in PCL-PTMC after polarization contained
sharp Li-rich deposits (Figure S7) with higher Mg atomic
ratio than the Mg(TFSI), in PCL-PTMC polymer
electrolyte (Table S7). This implies that the Mg*" in the
polymer electrolyte was exchanged with Li" from the Li
electrode. In this case, Mg>" might be conducted in
either the Mg”* or complex ([MgTESI]* or others) form
and deposited/decomposed on the Cu electrode.
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4. Conclusions

Mg-conducting  polymer electrolytes composed of
Mg(TFSI), in PCL-PTMC were investigated and compared
to Mg(TFSI), in PEO. Via calorimetry, it is observed that
PCL-PTMC became amorphous with a small amount of
magnesium salt (8 wt.%), while PEO had crystallinity within
the studied salt concentration range (up to 36wt.%), as
observed previously with lithium salts. PCL-PTMC-based
magnesium electrolytes show two types of glass transitions
attributed to a lower salt concentration phase and a higher
salt concentration phase, respectively. Both phases were
observed in 16 and 20 wt.% Mg(TFSI), in PCL-PTMC, and
at higher salt loadings, only the higher salt concentration
phase transition was observed. PCL-PTMC with 36 wt.%
Mg(TFSI), displays a lower total ionic conductivity than at
lower salt loadings, even though the ion conduction appears
to be partially decoupled from the polymer segmental relax-
ation. The interfacial resistance in Cu|Mg cells was much
larger for Mg(TFSI), in PEO electrolyte than Mg(TFSI), in
PCL-PTMC electrolyte, which might be due to the difficulty
of Mg deposition/stripping and the interfacial resistance
buildup between Mg(TFSI), in PEO and the electrodes.

It is inferred from FT-IR and Raman spectroscopy that
Mg** ions in high salt concentration PCL-PTMC electro-
lytes exist as ion complexes (Mg, TFSI) rather than Mg
free ions. As previously reported with lithium salts, the inter-
action between the polar moieties of PCL-PTMC with Mg**
was weaker than for PEO, which is expected to improve cat-
ion conduction. However, polarization of cells containing
the magnesium PCL-PTMC electrolyte resulted in highly
dispersed, F- and Mg-rich, particle-like deposits. A possible
scenario is that the electrochemically more reducible
[MgTFSI]" ion pairs were conducted and decomposed on
the copper electrode to passivate the interface, inhibiting
further deposition. It is expected that current generation
salts that form ion pairs that are not reducible on the inter-
face, such as carborane- or borate-based salts, may display
better Mg deposition/stripping. Future use of an artificial
solid electrolyte interphase to protect the Mg metal anode
could also help to mitigate the electrodeposition/stripping
issues. Furthermore, due to the interface issues, it was
challenging to quantitatively compare the Mg>* conductivity
or cation transference number between the electrolytes. As
future work, methods to overcome the interfacial issues
and quantify the Mg conduction are being studied.
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PCL-PTMC electrolytes. Figure S2: DSC cooling scans of
0-36 wt.% Mg(TFSI), in PEO. Table SI: crystallinity and
weight fraction of amorphous phase of Mg(TFSI), in PEO.
Figure S3: an example of the dielectric fitting. Figure S4:
Raman spectra of Mg(TFSI), in PCL-PTMC (a, b), LiTFSI
in PCL-PTMC (c, d), and Mg(TFSI), in PEO (e, f). Table
S2: calculation of estimated shift of the C=O coordinated
with Mg>" using charge densities and the C=0 shifts from
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