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ABSTRACT: Magnesium electrolytes based on a polycarbonate
with either magnesium tetrakis(hexafluoroisopropyloxy) borate SN
(Mg(B(HFIP),),) or magnesium bis(trifluoromethanesulfonyl)- W W A ""- -,

imide (Mg(TFSI),) for magnesium batteries were prepared and N W e e, G0 0
characterized. The side-chain-containing polycarbonate, poly(2- L\
butyl-2-ethyltrimethylene carbonate) (P(BEC)), was synthesized o

by ring opening polymerization (ROP) of S-ethyl-S-butylpropane -
oxirane ether carbonate (BEC) and mixed with Mg(B(HFIP),), or
Mg(TFSI), to form low- and high-salt-concentration polymer
electrolytes (PEs). The PEs were characterized by impedance spectroscopy, differential scanning calorimetry (DSC), rheology, linear
sweep voltammetry, cyclic voltammetry, and Raman spectroscopy. A transition from classical salt-in-polymer electrolytes to polymer-
in-salt electrolytes was indicated by a significant change in glass transition temperature as well as storage and loss moduli. Ionic
conductivity measurements indicated the formation of polymer-in-salt electrolytes for the PEs with 40 mol % Mg(B(HFIP),),
(HFIP40). In contrast, the 40 mol % Mg(TFSI), PEs showed mainly the classical behavior. HFIP40 was further found to have an
oxidative stability window greater than 6 V vs Mg/Mg**, but showed no reversible stripping-plating behavior in an MglISS cell.
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B INTRODUCTION

In our digitized world, batteries have taken over a central task for
many electric and mobile devices: energy storage. Batteries
power technologies with a wide range of scale and energy/power
needs, including the artificial cardiac pacemaker, smartphones,
notebooks, and electrical vehicles (EVs)."” Today’s batteries are
predominantly lithium ion batteries (LIBs), but the limited total
global resources of lithium and the nonuniformity of the
geography of lithium resources are drawbacks.” Therefore, other
more common elements, including sodium, potassium, and
magnesium, are being investigated for their use in rechargeable
batteries.* ™

Magnesium is a more abundant material (Sth most abundant)
and has a higher volumetric capacity of 3823 mA h mL™
compared to lithium (2061 mA h mL™').”® Moreover, the
recycling infrastructure for magnesium is more advanced than

Polymer electrolytes (PEs) are generally found to have
relatively large electrochemical stability windows and beneficial
material properties and be low cost, but have limitations in ionic
conductivities."> Magnesium ion batteries (MIBs) employing
poly(ethylene glycol) (PEG), poly(vinylidene fluoride-hexa-
fluoropropylene) (PVAF-HFP), poly(vinyl alcohol) (PVA),
poly(vinyl pyrrolidone) (PVP), or poly(methyl methacrylate)
(PMMA)-based electrolytes have been demonstrated.'®™"’
Additional PE classifications are based on additives such as
plasticizers, room-temperature ionic liquids (RT-ILs), or
inorganic fillers. PEs with plasticizers and RT-ILs are
summarized as gel-polymer electrolytes (GPEs) and those
with fillers as composite polymer electrolytes (CPEs)."
However, the performance of the reported solid polymer
electrolytes for MIBs s still very poor; specifically, the stripping/
plating efficiencies are low."> Polycarbonates are a well-studied

that for lithium, with recycling being a critical parameter for
sustainability.” "' Besides all this, magnesium batteries still
exhibit major drawbacks, including limited cycle life, large
plating-stripping overpotentials, and a limited number of
identified acceptable electrolytes."”™"* The low compatibility
of many electrolytes with magnesium metal anodes due to the
formation of a nonconductive passivation layer that limits
cyclability is arguably one of the main challenges. In addition,
most studied magnesium electrolytes are based on flammable
solvents. Therefore, the continued research of electrolytes for
magnesium batteries, especially safer solid electrolytes, is
warranted.

© 2023 The Authors. Published by
American Chemical Society
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class of PEs under study, with most reports focusing on
polycarbonate electrolytes for LIBs and sodium-ion batteries
(SIBs).>°~*° Various structural modifications were investigated,
introducing aromatic moieties to improve the physical proper-
ties, but also side chains, e.g., ether-based or aliphatic side
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chains.”*~** Aliphatic polycarbonates are in focus as solid PEs
due to their amorphous structure, flexible chains, andelec-
trochemical and thermal stability.”” The aliphatic polycarbon-
ates include poly(ethylene carbonate) (PEC), pol(vinylene
carbonate) (PVC), poly(propylene carbonate) (PPC), poly-
(trimethylene carbonate) (PTMC), and poly(2-butyl-2-ethyl-
trimethylene carbonate) (P(BEC)).”**”°°™** Ebadi and co-
workers investigated the effect of aliphatic side chains on the
electrochemical and physical properties by measuring the DSC
and ionic conductivity.”” They reported a reduced glass
transition temperature (Tg) through the incorporation of
aliphatic side chains, whereas the ionic conductivity decreases
because of a reduced percolation of ion coordination sites. Sun
and colleagues reported PTMC-based electrolytes for LIBs to
have lithium transference numbers (t;*) of up to 0.8 and to
support cycling in LiFePO,lILi cells.”” Similarly, a sodium-ion
PTMC electrolyte was reported to have a t;;* of 0.47 at 80 °C and
support the cycling of CMC-NallNa,Fe[Fe(CN),] full cells for
about 120 cycles.”* Studies of polycarbonates in MIBs are in
contrast to LIBs rare, with only a limited number of reports so
far. Schaefer et al. reported on the characterization of poly(e-
caprolactone)-co-poly(trimethylene carbonate) with Mg-
(TFSI),, in comparison with the lithium electrolytes analog,
toward its coordination assessment by impedance spectrosco-
py.”® This electrolyte was not found to support reversible Mg
metal plating and stripping, and identification of the
contribution of the magnesium transport to the total ionic
conductivity by Mg metal passivation. Aziz and colleagues
reported on PEs composed of Mg(TFSI), or magnesium
perchlorate (Mg(ClO,),) in poly(ethylene carbonate) (PEC),
reporting ionic conductivities of up to 5.2 X 107> S cm ™" for 40
mol % Mg(ClO,), and high ion dissociation.™

The choice of magnesium salt has apparently important
implications for the electrolyte performance, especially with
regard to anode and cathode compatibility. Employing Mg-
(TFSI), as salt is disadvantageous due to its propensity to
passivate the magnesium metal anodes, as the MgTFSI" species
will decompose at the magnesium anode during plating,*> ™’
The boron-based salt Mg(B(HFIP),), was developed as an
alternative to Mg(TFSI),. Tuerxun and colleagues showed
lower overpotentials, a higher reduction stability, and a higher
coulombic efficiency for magnesium depositions and dissolution
for a Mg(B(HFIP),),/triglyme solution than for Mg(TFSI),/
triglyme.”® Zhao-Karger and co-workers reported on the
compatibility and performance of the Mg(B(HFIP),),-based
liquid electrolytes for magnesium-sulfur batteries.”” More
recently, Mg(B(HFIP),),-ethereal solvent electrolytes were
found by density functional theory (DFT) simulations to be
sufficient electrolytes.”” The simulations recommended a high
oxidation stability and low interaction energy afforded by the
CF; groups.

Polymer-in-salt electrolytes have recently gained more
research interest. In polymer-in-salt electrolytes the polymer
content is low, while a high salt content (exceeding S0 wt %) is
present.”" Their most prominent property is, for select polymer
and salt combinations, improved ionic conductivity compared
with conventional PEs.*” To explain the relatively high ionic
conductivity, several authors have proposed mechanisms such as
ion transport through percolated ion aggregates (Mishra et al.)
or by infinite cluster formation of aggregates (Bushkova et
al.).*»** Polymer-in-salt electrolytes based on polymers with low
T,’s such as PEC and PAN-based materials have been reported

for lithium ion batteries, but no reports were published for MIBs
as far as we know,">**

Here, we report on magnesium polymer electrolytes based on
P(BEC). P(BEC) was combined with either Mg(B(HFIP),), or
Mg(TFSI), at concentrations of S, 20, 30, and 40 mol %, and the
resulting electrolytes were characterized by Raman spectrosco-
py, DSC, rheology, impedance spectroscopy, and cyclic
voltammetry (CV). We find a polymer-in-salt electrolyte
behavior, particularly in the case of 40 mol % Mg(B(HFIP),),.
Further, an oxidative stability up to 6 V was measured by linear
sweep voltammetry (LSV) next to a reversible stripping-plating
behavior for about S cycles with 40 mol % Mg(B(HFIP),), PE.

B MATERIALS AND METHODS

Materials. All chemicals and solvents, unless otherwise
stated, were used without further purifications. Ethylchlor-
oformate (97%), trimethylamine (>99%), 2-butyl-2-ethyl-1,3-
propanediol (99%), hexylamine (99%), 3,5-bis-
(trifluoromethyl)phenyl isothiocyanate (>98%), and calcium
hydride (95%) were purchased from Sigma-Aldrich. Mg(TFSI),
was dried at 200 °C under vacuum before use and stored under
argon atmosphere. Tetrahydrofuran (THF, anhydrous, 99.9%)
was dried with molecular sieves for at least a day before use. The
solvent for Mg(B(HFIP),), synthesis, 1,2-dimethoxyethane
(DME, 99.5%, inhibitor free), was stored over Na metal for a
week, distilled under N, atmosphere, and then dried with
molecular sieves for a week in the glovebox prior to use.”’

General Considerations. Monomer Synthesis (2-Butyl-2-
ethyltrimethylene Carbonate (BEC)). 1 equiv 2-butyl-2-ethyl-
1,3-propanediol (25 g, 156 mmol) was dissolved in 400 mL of
dry THF at 0 °C under inert gas. After adding 2 equiv
ethylchloroformate (29.8 mL, 312 mmol) to the mixture, 2
equiv triethylamine (43.2 mL, 312 mmol) in 200 mL of THF
was added and the solution was stirred for 16 h at room
temperature. The solution was filtered, concentrated, and
redissolved in 400 mL of ethyl acetate. The organic layer was
washed twice with 400 mL of 1 M HCl and twice with deionized
water. The resulting product was purified by fractionated
distillation under reduced pressure, resulting in a colorless
liquid. Yield: 71%. '"H NMR (400 MHz, CDCl,) § 0.63—1.05
(m, 6H), 1.05—1.54 (m, 8H), 4.1 (s, 4H).

Synthesis of 1-(3,5-Bis(trifluoromethyl)phenyl)-3-cyclo-
hexylthiourea (TU). TU was synthesized as described in a
previous report.** Yield: 85%. 'H NMR (400 MHz, CDCL;) &
8.32 (s, 1H), 7.73 (m, 3H), 6.09 (s, 1H), 4.19 (s, 1H), 2.06 (m,
2H), 1.82—1.55 (m, 3H), 1.55—1.30 (m, 2H), 1.20 (m, 3H).

Mg(B(HFIP),), Synthesis. Mg(B(HFIP),), was synthesized as
reported in the literature, and the product was obtained in the
form of Mg(B(HFIP),),-3DME solids.*” Yield: 87%. 'H NMR
(400 MHz, DMSO-d) 6 4.70 (s, CH3), 3.47 (s, CH,), 3.28 (s,
CH).””F NMR (376 MHz, DMSO-d,, H-decoupled) & -74.3 (s,
CF,).

Poly(2-butyl-2-ethyltrimethylene carbonate) (P(BEC)) Syn-
thesis. BEC (2 g, 10 mmol) was dissolved in dry DCM (S mL)
with TU catalyst (185 mg, 0.5 mmol) under inert gas. CaH, was
added and the mixture stirred for 16 h. The solution was filtered
afterward to remove solids and heated up to 30 °C before 1,8-
diazabicyclo[5.4.0]Jundec-7-ene (DBU) (74.7 uL, 0.5 mmol)
and benzyl alcohol (20.7 L, 0.2 mmol) were added. After 24 h,
the reaction was quenched by 1 mL of acetic acid and the
polymer was precipitated into cold methanol two times. The
polymer was dried for 24 h at 80 °C inside a glovebox before film
preparation. '"H NMR (400 MHz, CDCl;) § 7.34—7.26 (m,
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Figure 1. (A) Synthesis of P(BEC). Conditions: (i) ethylchloroformate, NEt;, THF, 0 °C, 16 h. (ii) Benzyl alcohol, TU, DBU, DCM, 30 °C. (B)

Structures of the cocatalysts DBU and TU.

1H), 3.93 (s), 1.33—1.06 (m), 0.90—0.72 (m). GPC M, = 6100
gmol™ (D = 1.13).

General Polymer Electrolyte Film Preparation. Mg(B-
(HFIP),),-3DME and Mg(TFSI), were combined with
P(BEC) in THF at concentrations of S, 20, 30, and 40 mol %
magnesium salt to repeating unit, and electrolytes were prepared
by solution casting under argon atmosphere. After the bulk
solvent appeared to have evaporated, the electrolytes were dried
for 24 h at room temperature under vacuum in an argon-filled
glovebox, followed by 48 h at 80 °C.

Nuclear Magnetic Resonance Spectroscopy (NMR). NMR
data were recorded with a Bruker Ascend 400 MHz NMR. The
chemical shift for '"H NMR spectra was reported in parts per
million (ppm) referenced to the characteristic solvent signal of
CDCl; at 7.26 ppm or DMSO-d, at 2.49 ppm.

Gel Permeation Chromatography (GPC). The samples were
prepared in an THF eluent at a concentration of I mg mL ™" and
analyzed over PSS SDV S ym columns and an IR detector with a
Tosoh EcoSEC pump at 35 °C and an acquisition time of 35
min. PMMA reference material was used to estimate the
molecular weight.

Differential Scanning Calorimetry (DSC). DSC measure-
ments were conducted on a DSC Q2000 V24 in the range from
—100 to 125 °C, with a scan rate of 10 K min™! for all
measurements (preheating step to 130 °C and precooling step to
—100 °C before performing the measurement).

Thermogravimetric Analysis (TGA). TGA measurements
were performed using TGAS500 from Waters, TA Instruments,
with a temperature ramp of 10 °C per minute from 50 to 500 °C.

Raman Spectroscopy. Samples were prepared in an argon-
filled glovebox and sealed in quartz cuvettes. Raman spectra
were obtained using Jasco NRS-5100 with excitation laser with a
wavelength of 532 nm. The signal was calibrated with a silicon
wafer at a wavenumber of 520.7 cm™'. Raman spectra were
obtained with 5—10 scans for 1—2 min, which sums up to a total
scan time of around 10 min.

Rheology Measurements. The rheological experiments were
performed using a strain-controlled ARES-G2 rheometer (TA
Instruments). For small-amplitude oscillatory shear (SAOS)
measurements, parallel plates with a diameter of 13 mm were
used, with temperature control using a Peltier at 20 °C.
Oscillatory strain sweeps (y, = 0.01—100%) at a constant
angular frequency of @ = 6.28 rad s~ were conducted to
determine the linear viscoelastic regime (LVE), followed by
oscillatory frequency sweeps. Strain amplitudes between y, =
0.02 and 10% were chosen for the frequency sweeps, depending
on the LVE of the blend.

23512

lonic Conductivity Measurements. Ionic conductivity was
measured using a broadband dielectric spectrometer with an
Alpha A analyzer, outfitted with a cryostat and a Quatro
temperature control unit (Novocontrol Technologies, Mon-
tabaur, Germany). The previously prepared PE samples were
sandwiched between two stainless-steel electrodes using a Mylar
foil spacer ring (thickness | = 100 ym, inner diameter = 8 mm).
Coin cells (CR2032) were assembled and aged at 120 °C
overnight before measurement to improve contact between the
electrodes and the electrolyte. Ionic conductivity was measured
over a frequency range of 10’—107" Hz with an amplitude of 10
mV, with a gradual increase in temperature from —10 to 120 °C
in 10 °C steps and with a following reverse heating procedure
cooled down to —10 °C. The temperature was stabilized at each
point for 10 min within 0.5 °C prior to each measurement. For
each polymer, at least three coin cells were measured to derive
the average ionic conductivity.

Electrochemical Measurements. Electrochemical measure-
ments were conducted using a PARSTAT MC1000 (Princeton
Applied Research) potentiostat. Coin cells (CR2032) were
assembled with the same spacer used for ionic conductivity
measurement, wherein SS and Mg electrodes were used as
working and counter electrodes.

Cyclic voltammetry (CV) measurements were performed
between —2 to 2 Vvs MglMg** for five cycles at 80 °C and a scan
rate of 0.1 mV s'. Electrochemical impedance spectroscopy
(EIS) measurements were conducted before and after CV
measurements over a frequency range of 10°~107" Hz with an
amplitude of 10 mV at 80 °C.

Linear sweep voltammetry (LSV) measurements were
performed at 20 °C between 0 and 6 V vs Mgl[Mg*" at a scan
rate of 0.1 mV s™".

B RESULTS AND DISCUSSION

P(BEC) as aliphatic polycarbonate was taken due to its low T,
and high chain flexibility.”” It was synthesized by anionic ring
opening polymerization (ROP) as schematically shown in
Figure 1A, using the cocatalysts DBU and TU. Using 'H NMR
spectroscopy, the degree of polymerization (average number of
repeating units per chain) was calculated to be 22, by integrating
and comparing the peak from the CH, of the benzyl alcohol at
5.07 ppm with the peak from the CH, groups of the repeating
units at 3.93 ppm. Based on GPC measurements, an M, = 6100 g
mol™!, equivalent to a degree of polymerization of 32, was
estimated. Considering PMMA standards were used for
calibration of the GPC, the GPC results confirmed the 'H
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NMR result of about 22 repeating units per polymer. Next, PEs
were prepared by incorporating 5, 20, 30, and 40 mol %
Mg(TFSI), (TFSIS to TESI40) or Mg(B(HFIP),),-3DME
(HFIPS to HFIP40) into the polymer matrix by the solution
casting method. All PEs were solid and/or gum-like materials.
Differential Scanning Calorimetry and Thermogravi-
metric Analysis. The polymer P(BEC) had a decomposition
temperature (Ty) of 166 °C (Figure S9), which was in a similar
range to that previously reported for polycarbonates.”* The
physical properties of the P(BEC) and the corresponding PEs
were analyzed by DSC (Figure 2, Figures S6, S7 and Table 1),

0
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Figure 2. Glass transition temperatures of the studied P(BEC)
electrolytes as a function of varying concentrations of magnesium salt

measured for Mg(TFSI), and Mg(B(HFIP),),.

detecting for the pure polymer a glass transition temperature
(Ty) of =10 °C. The addition of 5 mol % Mg(TFSI), (TFSIS)
to the polymer matrix led to a slight increase in T, to about —7
°C. For TFSI20 to TFSI40 the T, decreased to about —17 °C,
reaching a plateau, which indicated the formation of a stable
phase being salt content independent. The decrease in T, might
be caused by the plasticizing effect of the TESI™ anion, as already
reported elsewhere.””*” The addition of Mg(B(HFIP),), led to
a similar observation, where HFIPS, HFIP20, and HFIP30
showed only a slight decrease in T, from —9 to —12 °C but a

sudden drop for HFIP40 to —42 °C. This rapid change in T,
hinted at a significant change in phase, suggesting the formation
of polymer-in-salt electrolytes for HFIP40. In previous studies, a
significant decrease in T, was already reported for PEs with salt
contents larger than 50 wt %, which is traced back to the
suppression of salt crystallization through the polymer-salt
interaction.”® Furthermore, no Mg(B(HFIP),),-3DME com-
plexes remained after the PE preparation due to the absence of
any melting point corresponding to the salt complex (Table 1).

Raman Spectroscopy. The anion coordination behavior
was characterized by Raman spectroscopy. For Mg(TFSI),, we
focused on analyzing the changes in the C—F vibrations between
740 to 760 cm ™" and the polymer C—H vibrations between 2800
to 3000 cm™" (Figure 3).”" The polymer was inactive in the area
of 750 em™, and therefore these signals belonged only to the
TESI™, where a shift toward higher wavenumbers and energies
can be seen by an increase in Mg(TFSI), concentration. Two
overlapping vibrations were suggested with maxima at 744 and
752 cm™! corresponding to free TFSI™ at 740 cm™' and Mg**-
coordinated TFSI™ at 752 cm™" as previously reported.”’ By
fitting the curves to Gaussian functions, an increase of Mg**-
coordinated TFSI from 35.1 to 76.0% can be seen (Table S1 and
Figure 4) with increasing salt concentration from S to 40 mol %
Mg(TFSI),. For the C—H vibrations, a slight shift toward higher
wavenumbers (2964—2998 cm™") was also observed, indicating
an increasing Mg—polymer interaction with increasing Mg-
(TFSI), concentration.

An explanation considering both observations could be that in
the first step, the complexation of Mg*" by the polymer was
preferred, leading to a higher salt dissociation for TFSIS and
therefore less ion pairs or aggregates. With further increase in
Mg(TFSI), content, the formation of ion pairs or aggregates
increased because the coordination sites on the polymer chains
were occupied. Thus, the preferred coordination number of 6 for
Mg** could not be fulfilled by P(BEC), promoting the formation
of aggregates and ion pairs.”” Therefore, the higher T, for TESIS
was caused by a higher quasi-ionic cross-linking of the polymer
by a higher number of polymer-Mg complexes due to higher
Mg(TFESI), dissociation. With further increase in Mg(TFSI),
content, the formation of ion pairs and aggregates occurred,
reducing the quasi-ionic cross-linking and leading to a decrease
in Tg.49 Compared to a PEC-based magnesium PE published in
2018, the ratio of free TFSI™ is significantly lower in P(BEC),
where instead of 24% free TFSI~, at 40 mol % 87% free TFSI™
was reported.”* This difference might be caused by the higher

Table 1. Salt Concentration, Glass Transition Temperature (T,), and Ionic Conductivity (¢) at 20 °C of TFSIS to TFSI40 and

HFIPS to HFIP40

Mg/repeating unit [mol %]

P(BEC) 0

Mg(TESI), a

TFSIS 5

TESI20 20
TFSI30 30
TESI40 40
Mg(B(HFIP),), 3DME a

HFIPS 5

HFIP20 20
HFIP30 30
HFIP40 40

“Assigned to not measured. “Not detected.

salt concentration [wt %]

23513

glass transition temperature T, [°C]  6at 20 °C [S cm™']

a

0 -10
a b a

13.6 -7 2.7 X 1077

38.6 -18 6.4 %1077

48.5 -17 1.0 X 107°

55.7 -18 54 %1071
“ T,, at 51 and 96 “

27.1 -9 1.3 X 10712

59.8 -12 24 %1072

69.0 -12 23%x1078

74.8 —42 92x 1078
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Figure 3. Raman spectra of (A, B) TFSIS to TFSI40 and (C, D) HFIPS to HFIP40.
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aliphatic character and therefore smaller dipole moment of In contrast to Mg(TFSI),, no significant shifts in the Raman
spectra between 2800 to 3000 cm™' were observed for the
Mg(B(HFIP),),-containing PEs. Mg(B(HFIP),),-3DME was
and aggregates.> Raman active in the area of 700 to 900 cm™" (Figure 3), where

P(BEC), compared to PEC enhancing the formation of ion pairs
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vibration at 718 cm ™! and further vibrations at 804 and 880 cm™!

were detected. Based on previous reports, the vibrations at 880
cm ™ were C—O—C vibrations of DME, whereas the peaks at
804 and 718 cm™" were assigned to B—O and C—F vibrations.*®
Overall those three signals only appeared for HFIP40 without
any shifting, but were missing for the electrolytes with less than
40 mol % Mg(B(HFIP),),, suggesting a complete solvation of
the salt below 30 mol %. Because no shifts of the signals at 880,
804, and 718 cm ™! were seen, it is inferred that a precipitation of
the Mg(B(HFIP),),-3DME salt occurred in HFIP40. The
precipitation of salts was already observed in the literature for
lithium salts, e.g., in poly(acrylonitrile-co-butyl acrylate) (P(AN-
co-BuA)) at high salt contents.*> However, the overall amount of
DME and therefore Mg(B(HFIP),),-3DME in HFIP40 is still
suggested to be low due to the absence of any DME signals in 'H
NMR (Figure S10) or any further T, or T,, by DSC. Moreover,
the Raman results underline the combination with the DSC
results the suggestion of a polymer-in-salt electrolyte for
HFIP40.

Rheology. The given samples TFSIS to TFSI40 and HFIPS
to HFIP40 were analyzed by the dynamic strain sweep test
(SST) and dynamic frequency sweep (DFS) to determine the
storage (G’) and loss (G”) moduli, representing the elastic and
viscous parts of the materials as functions of oscillation strain (y)

23515

and angular frequency (). DFS studies were performed in the
linear viscoelastic regime (LVE) with strain amplitudes between
Yo = 0.02 and 10%. The PEs showed overall a complex
rheological response, with the salt concentration and magne-
sium salt type being frequency dependent.

For SST measurements (Figure SA,B), the loss modulus G”
was mostly dominant over the storage modulus G’ for all PEs
regardless of magnesium salts or concentrations, indicating
more viscosity than elastic materials.”*

Based on these results, complex viscosities (#*) (Figure 6)
were calculated at @ = 0.32 rad s™* and y, = 10% to compare the
different blends. The complex viscosity #* increased constantly
with increasing Mg(B(HFIP),), concentration, reaching its
maximum for HFIP30 and then slightly decreasing again for
HFIP40. Earlier polymer-related publications, i.e., poly-
(ethylene-co-methacrylic acid), explained the increasing vis-
cosity by an increase in ionic interaction, in this case as quasi-
ionic cross—linking.ss’56 The increase in * can therefore also be
related to the increasing quasi-ionic cross-linking for HFIPS to
HFIP30. The decrease in #* for HFIP40 is attributed to the
precipitation of salt and decrease in T, of HFIP40. Similarly, the
n* trend of TFSIS to TFSI30 can be explained, where n*
decreased due to a higher number of ion pairs and
agglomerations and lower salt dissociation, as discussed before.
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The large discrepancy between TFSI40 and TFSI30 may also be
attributed to the formation of a polymer-in-salt situation, despite
the lack of a sharp decrease in T,

Further structural information can be found by interpreting
the DFS experiments (Figure SB,D), where the corresponding
slopes of linear fits for the parallel regime are given in Table S2.
For an ideal cross-linked system, a linear behavior between
angular frequency and storage and loss moduli with a slope of —1
would be expected; however, with slopes ranging between —0.67
and —1.50 in the parallel area, a nonideal behavior seems to be
present. For the PEs containing Mg(TFSI),, in the frequency
range mentioned before, G’ and G” cross each other with
increasing salt concentration, resulting in a close parallel
behavior, which is indicative of a structured material.”” The
crossover appearir_1§ for TESI40 at the highest frequency hints at
entangled chains.™ A parallel behavior of G’ and G” can also be
seen by incorporating Mg(B(HFIP),), instead of Mg(TFSI),,
where parallel regimes can be seen for HFIP20 and high salt
concentrations. Those (HFIP20, HFIP30, and HFIP40)
showed crossovers of G’ and G” at 452 rad s™', indicating
dominantly elastic properties at higher frequencies, which were
salt concentration independent. Moreover, for HFIP20 a
second low-frequency crossover of G’ and G” was found,
whereas for the other samples, as e.g, HFIP30, a further
crossover was indicated to occur at lower frequencies outside of
the experimental frequency window. In the literature, such

observations were explained by the formation of supramolecular
dendritic aggregates of hydrogen-bonded supramolecular
polymer networks.”” Transferring this explanation to our
system, a supramolecular ordered structure of Mg®* coordinated
and elongated polymers may be present. The observation of the
second crossover of G’ and G” for HFIP20 at the highest
frequency of all samples next to the assumption of entangled
polymers by parallel G’ and G” leads to the suggestion that for
HFIP20 the strongest interactions between the entangled
polymers were present. The interactions related to this second
crossover were assumed to be based on ionic interactions,
including quasi-ionic cross-linking, and would therefore be
reduced with increasing Mg-anion coordination or increasing
distances between the elongated polymers. The quasi-ionic
cross-linking was lower for HFIPS due to lower Mg** ion
content, whereas for HFIP30 and HFIP20 the quasi-ionic cross-
linking was decreased by the increasing separation of the
polymers due to the higher salt content.

Impedance Spectroscopy. Ionic conductivity (¢) meas-
urements were performed between —20 to 120 °C and further
analyzed by fitting to the Vogel-Tammann—Fulcher (VTF)
equation, presented as eq 1, where the A, factor is related to the
number of mobile charge carriers and B is the pseudo activation
energy of segmental mobility. T, is the Vogel temperature and
can be estimated for a nonideal glass as T = T, — 50 °C. The
VTF equation is commonly found to fit the temperature-
dependent ionic conductivity for polymer electrolytes, where
the ion mobility is influenced by the segmental motion of the
polymer host.*’

)
R(T - T,) (1)

For VFT analysis, the results were plotted as In(c) against (T
— T,)~", as presented in Figure S12 and Table 2. For TFSIS to

c=A, exp[—

Table 2. Parameters T, A,, and B from the VTF Plot for
TESIS to TFSI40 and HFIPS to HFIP40

Ty [K]  Ag[Sem™' K]
TFSIS 216.35 0.003 =+ 0.0006

B [J mol™ K™!/eV]
5 872/0.14 + 158/0.002

TESI20 205.05 0.2 + 0.0 12 487/0.15 + 246/0.003
TESI30 205.75 0.04 £+ 0.02 12 511/0.15 =+ 324/0.003
TESI40 205.35 0.08 £ 0.04 13 247/0.17 £ 508/0.005

HFIPS 214.15
HFIP20 211.15
HFIP30 211.5S
HFIP40 181.15

0.0007 + 0.0002

0.003 + 0.0006

0.000S + 0.0002
2.78 £ 0.24

13 319/0.06 + 202/0.002
14 330/0.13 + 217/0.002
14 746/0.13 + 98/0.001
16 223/0.14 + 98/0.001

TFSI40, the ionic conductivity measurements resulted in
maxima values of 2.7 X 1077 S cm™' for TFSIS at 20 °C
followed by TESI20 with 6.4 X 107%, TESI30 with 1.0 X 107%,
and TFSI40 with 5.4 X 1071° S cm™ at 20 °C. At 120 °C, the
maxima ionic conductivity changed its order toward TFSI20
followed by TFSIS, TFSI40, and TFSI30 (107> S cm™). The
decreasing ionic conductivity with increasing Mg(TFSI),
concentration at 20 °C might be traced back to the aggregation
of ions and the formation of ion clusters, as reported for PEO-
based PEs before.”’ An explanation of the higher ionic
conductivity of TFSI20 and TFSI40 over TFSIS and TFSI30
at 120 °C is suggested by B and A,. TFSI40 and TFSI20 were
indicated to have a higher number of mobile charge carriers,
leading to higher ion conductivities at 120 °C. In contrast to this,
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Figure 7. Temperature-dependent conductivity measurements between —20 to 120 °C of (A) TFSIS to TFSI40 and (B) HFIPS to HFIP40.
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Figure 8. (A) Cyclic voltammetry of HFIP40 in asymmetric MglISS cell at 80 °C and 0.1 mV s~ between —2 to 2 V. (B) Electrochemical stability
window in MglISS cell of HFIP40 and TFSI40 at 0.1 mV s~' between 0 to 6 V.

the activation energy for segmental motion B seems to be more
dominant at lower temperatures, explaining the higher ionic
conductivity of TFSIS and TFSI20.

On changing the focus from Mg(TFSI), to Mg(B(HFIP),),,
the ionic conductivity increased for the PEs with increasing salt
concentration, where HFIPS to HFIP20 exhibited ionic
conductivities in the same order of magnitude. In contrast,
HFIP40 exhibited substantially higher (about 3 orders of
magnitude higher) ionic conductivity over the complete
temperature range of —20 to 120 °C, between 1.8 X 107'* and
2.5 X 107* S cm™'. The significant difference in ionic

23517

conductivity for HFIP40 again hints at the formation of a
polymer-in-salt electrolyte. The curvature can be observed in
Figure 7 for all of the temperature-dependent ionic conductivity
data, so VTF plot analysis was conducted for all samples as
shown in Figure S12. For the linearization of the VTF plots, only
points for T > 10 °C were considered because at T < T,
immobilization of polymer chains hinders ion mobility
segmental motion. Overall, HFIPS to HFIP20 showed in the
VTEF plots similar values for B and A, explaining the overall
similar performance. But in the case of HFIP40, A, was several
orders of magnitudes higher than for HFIP30 (2.78 S cm™' K™

https://doi.org/10.1021/acsomega.3c00761
ACS Omega 2023, 8, 23510-23520


https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c00761/suppl_file/ao3c00761_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00761?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00761?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00761?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00761?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00761?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00761?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00761?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00761?fig=fig8&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c00761?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

compared to 0.0005 S cm™' K™'). Such an increase in the
number of mobile charge carriers could be explained by the
lower T, of HFIP40 being 30 °C below HFIP30. The high
number of mobile charge carriers was also reported in a
publication dealing with polymer-in-salt electrolytes, where for
PAN copolymers a dramatic increase in ionic conductivity was
described.®” Furthermore, on comparing Mg(B(HFIP),), to
Mg(TFSI),-based PEs, the higher ionic conductivity for the
Mg(TESI), electrolytes, except in the case of HFIP40, can be
seen, explained by their lower r*.

The ionic conductivity of TFSI40 was in a similar range as the
PCI-PTMC electrolytes containing Mg(TFSI),, with a max-
imum of 10™*to 107 S cm™" (36 mol % Mg(TFSI),) at 120 °C
or PEC with 6 X 107 S cm™ (40 mol % Mg(TFSI),) at 90
°C.**** The higher ionic conductivity of HFIP40 compared to
the Mg(TFSI),-based electrolytes could enable higher plating
and stripping efficiencies and was therefore of major interest in
the following plating and stripping experiments.

Electrochemical Measurements. For the 40 mol %-con-
taining PEs, TFSI40 and HFIP40, the electrochemical stability
window was tested against the magnesium metal by LSV on
asymmetric MglISS cells. The results in Figures 8 and S13 show a
much lower oxidative stability for TFSI40, which decomposed
already at 3.6 V vs Mg/Mg** compared with HFIP40 that did
not show any decomposition behavior up to 5.5 V vs Mg/Mg**.
The low stability of TFSI40 might be because of the ionic
aggregates and ion pairs, which are unstable against magnesium
metal.”>** Wu and colleagues reported in 2021 for an LiTFSI-
rich PE based on PEG ([EO/Li] = 0.5) also a decline in
oxidation stability compared to lower concentrations.”* The
stability window of HFIP40 was also larger than the reported
potential for | M Mg(B(HFIP),), in DME solution reported in
2018 (4 V).” Further, a higher stability for Mg(B(HFIP),),
over Mg(TFSI),-containing electrolytes was expected based on
a prior publication.”® Therefore, cyclic voltammetry measure-
ments were performed for HFIP40 on an asymmetric MglISS
cell between —1 and 3V, as presented in Figure 8. A decrease in
current with cycle number and a lack of stripping-plating peaks
were observed, attributed to the formation of a passivation layer
on the magnesium surface. The growth and formation of the
passivation layer was also detected by impedance spectroscopy
before and after cyclic voltammetry, where an increase in surface
resistance (R;) was measured (Figure S13). Moreover, Ry, seems
to be quite high, being an argument for the low cyclability and
the strong decrease in current. Therefore, and because of the low
cyclability, our results do not support the idea of an enhanced
performance of the Mg(B(HFIP),),-based polymer-in-salt
electrolyte with regard to Mg plating or stripping efficiency.

B CONCLUSIONS

Here, we prepared and characterized polycarbonate-based PEs
containing P(BEC) as the polymer matrix and either Mg-
(TFSI), or Mg(B(HFIP),), salt. We showed the differing
impact of anion character on the ion pair dissociation and
agglomeration behavior and the polymer-Mg coordination,
especially at high concentrations of 40 mol % magnesium salts
(TFSI40 and HFIP40). The incorporation of Mg(TFSI), led to
the formation of mainly polymer-Mg complexes at low
concentrations, followed by a substantial increase of polymer-
Mg-TFSI complexes with increasing Mg(TFSI), concentration.
Nevertheless, outside of the rheological measurements, the
overall behavior of TFSI40 was like that of a salt-in-polymer.

The incorporation of Mg(B(HFIP),), led to salt-in-polymer
electrolyte behavior at lower concentrations but polymer-in-salt
behavior at 40 mol %. HFIP40 exhibited the highest ionic
conductivity (2.5 X 107* S cm™" at 120 °C) among all samples
and was found to have a higher oxidative (>5 V) stability than
TFSI40 (4.7 V). Still, HFIP40 was not found to reversibly plate
and strip magnesium metal. Therefore, use of this electrolyte
with a magnesium anode may require use of artificial SEI to
prevent anode passivation.
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