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ABSTRACT: Single lithium-ion conducting polymers represent a promising / Polmyer PAES-1 O\
class of electrolytes that potentially enable the utilization of lithium metal
anodes in next-generation batteries. The immobilization of anions within the
polymer’s structure in principle mitigates issues related to localized ion
depletion, resulting in decreased cell polarization when compared to common
dualion conductors comprising poly(ethylene oxide) and lithium salt.
However, the intrinsic rigidity of these materials often necessitates
incorporation of flowable components and blending with other polymers,
such as poly(vinylidene fluoride-co-hexafluoropropylene) (PVdAF-HFP), to
enhance the mechanical flexibility of the resulting polymer membranes. Within 9 o
polymer blends, distinct phases may be present, and the distribution of W(@ 0 g aromatcunit @ i on
plasticizers among these phases is highly crucial as they act as carrier molecules \_ < J - et (EQ) sovent molecuie
for Li* transport. In this study, we thus explored the impact of polymer chain
modification from a rigid aromatic single-ion conducting polymer to a more flexible polymer by introducing ethylene glycol units
into the backbone. Notably, this alteration yielded a substantial decrease of 100 °C of the glass transition temperature and a 6-fold
increase in ionic conductivity (0.5 mS cm™" @ 40 °C) after blending with PVdF-HFP and addition of ethylene carbonate/dimethyl
carbonate. Atomistic molecular dynamics simulations suggest that this enhancement can be attributed to a high concentration of
plasticizer within the Li" containing phase. In symmetric LillLi cells, exceptional performance was achieved, demonstrating operation
at high limiting current density and successful plating/stripping for 1000 h at 0.2 mA cm™> When paired with high-voltage NMC
cathodes, the introduced polymer structures exhibited noteworthy capacity retention after 800 cycles, emphasizing advantages
brought forth by flexible and adapted polymer architecture.

N

o lonic conductivity
o Limiting current density
o Li plating/stripping
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1. INTRODUCTION In cases where the anion is immobilized at the polymer side
chains or directly at the polymer backbone, merely Li* are

Electrification of the mobility sector is currently driving s
mobile thereby enabling ;;+ values of 0.9 up to unity. ~

research efforts to afford cell designs for high-energy density

applications. Lithium (Li) metal anodes comprise a highly Though these materials have demonstrated superior properties
promising approach, benefiting from its gravimetric and regarding lithium ion flux or lithium metal deposition, as well
volumetric capacity,1 though in practice challenges such as as reasonable limiting current densities, according to recent
inhomogeneous lithium metal deposition impairs large-scale reports, their mechanical stiffness often requires the presence
implementations.” Polymer electrolytes are mechanically of plasticizers and/or blending partner(s) to maintain these
robust materials that potentially could withstand lithium desirable Properties_ll’l3_l7 Upon incorporation ofplasticizers,
protrusion, also enabling sufficient electrode contacts while the corresponding Li* conductivity can be boosted to up to

being readily processable.”” Despite commercialization by 16,18,19
Bollore,” the to date most recognized type of electrolyte,
poly(ethylene)oxide (PEO), suffers from insufficient ionic
conductivity at temperatures below 60 °C and challenges from
cell polarization at higher current densities.”” In view of charge
carrier transport, lithium ion transference numbers (;7) below
0.5 are correlated with undesired occurrences of inhomoge-
neous lithium metal deposits, while single lithium-ion
conducting (SLIC) polymer electrolytes could mitigate
localized ion depletion at electrolytelelectrode interfaces.” '

while for solid
1

107 S cm™ even at room temperature,
systems, Li* conductivities in the range of 1077=107° S cm~
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Table 1. Solvent Uptake and Electrochemical Properties of Various SLIC Polymers

ionic conductivity cathode
plasticizer/solvent [mS cm™]/temp material/mass initial capacity [mAh g~']/C-rate/capacity
material uptake [%] [°C] loading [mg cm™] retention [%]/cycle number/temp. [°C] refs
PAES-2/PVdF-HFP EC/DMC/110 0.5/40 NMC532/1.9 149/0.5/94/800/40 this
work
Li-PBPE/PVdF-HFP EC/DMC/116 0.5/70 LFP/0.9 110/1/95/800/r.t. 22
LiPPFE/LAGP/PVdF-HFP EC/DMC/91 0.8/30 LFP/1.9-2.1 138/1/95/800/25 23
LiPHFE/PVdF-HFP EC/DMC/=125 0.4/25 LFP/3-5 ~105/1/95/800/r.t. 24
LiPSI/PVDE-HFP EC/DMC/145 0.7/25 110/1/90/1000/r.t. 17
EVOH-graft-LICPSI/PVdF-HFP EC/DMC/122 0.1/80 LFP/0.8" 100/1/95/500/r.t. 25
PSiO/PVdF-HFP EC/DEC/FEC/130 0.8/40 NMC622/2.3 148/1/87/500/40 26
6FPSE-FPES EC/240 0.7/40 NMC811/2.3 ~140/1/95/160/40 27
SI110-05 PC/240 1/40 NMCS811/2.0 ~160/0.5/80/443/20 14
“Active material mass loading.
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Figure 1. Synthesis scheme for PAES-1/PAES-2 and structural comparison of both polymers. The nonflexible linker of PAES-1 (red) is exchanged

by a more flexible ethylene glycol entity (yellow).

are typically stated.'"””*' Plasticizers, such as ethylene
carbonate (EC), propylene carbonate (PC), dimethyl carbo-
nate (DMC), and flowable oligomers, can be regarded as so-
called transporter molecules that provide major contributions
to the overall achievable charge carrier flux, whereas the
polymer chains often have minor impact on the observable ion
transport. While their long-term stability and robust cycling are
often demonstrated for midvoltage LiFePO, cathodes (Table
1), their compatibility with high voltage materials, such as
LiNi, ,Cog,Mn, ,0, (NMCxyz), for high energy density cells is
investigated less commonly.

In addition, poly(vinylidene fluoride-co-hexafluoropropy-
lene) (PVAF-HFEP) is often reported as the blending partner
or as the matrix polymer to both improve the flexibility and
stability of electrolyte membranes and to yield mechanically
“free-standing” membranes.'>'°""***7*! During the mem-
brane casting, domains may be formed with variable contents
of SLIC polymer or PVdF-HFP, among which the plasticizer
may not necessarily be evenly distributed.”” Indeed, PVdF-
HFP is known for uptake of considerable amounts of
plasticizers,”>”* which might reduce the availability of
transporter molecules within the Li* containing phase of the
polymer blends. Previously, we introduced a SLIC fluorinated
poly(arylene ether sulfonimide) (PAES-1) homopolymer
synthesized via polycondensation of two different aromatic
monomers which are linked through an ether bond.*® This
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polymer, when blended with PVdF-HFP and soaked with EC/
DMC, demonstrated very good Li plating/stripping behavior
and stability against Li protrusion as well as excellent cycling
stability in LFPIILi cells. However, the experimentally achieved
ionic conductivity was much lower than that theoretically
expected from atomistic molecular dynamics (MD) simu-
lations. Upon close inspection, it appeared that domain
formation and insufficient flexibility of rigid aromatic polymer
backbones most likely limited the fraction of plasticizers within
the Li* conducting phase.

Here, we demonstrate that tailoring polymer backbones of
single-ion conducting electrolytes with respect to better
flexibility considerably improves the electrochemical properties
of the resulting polymer blend membranes. By replacing stiff
ether linkers between the two aromatic monomers with more
flexible —OCH,CH,O— moieties (Figure 1, PAES-2), the glass
transition of the polymers is considerably decreased, and
beneficial effects of chemical modification on materials
properties, such as the ionic conductivity after swelling with
EC/DMC and EC/PC mixtures, are explored. Notably, much
higher limiting current densities are achieved for polymer
electrolytes with the —OCH,CH,O— linker, demonstrating
enhanced Li" transport. Based on MD simulations, these
observations are attributed to the high availability of
transporter molecules within the Li* conducting phase.
Impressive electrochemical performance of the introduced

https://doi.org/10.1021/acsaem.4c01117
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polymer electrolyte is demonstrated for NMCS32IILi metal
cells, thereby affording a noteworthy capacity retention after
800 cycles at moderate rates of 0.5C.

2. EXPERIMENTAL SECTION

2.1. Materials. 4-Fluorobenzenesulfonyl chloride (97%) and 4-
fluorobenzenesulfonamide (97%) were purchased from Fluorochem
Ltd. and Apollo Scientific. 2,2-Bis(4-hydroxyphenyl)-hexafluoropro-
pane (6F-BPA ) (98%) was received from TCI and recrystallized from
toluene before usage. Sodium hydride (90%), triethylamine (99%),
sodium carbonate (99.5%), sodium hydroxide (98%), lithium
bis(trimethylsilyl)amide (1 M in tetrahydrofuran), tetrahydrofuran
(anhydrous, 99.9%), N,N-dimethylacetamide (DMAc, anhydrous,
99.5%), 1-methyl-2-pyrrolidinone (anhydrous, 99.5%), acetonitrile
(99%), dichloromethane (99.8%), and dimethyl sulfoxide (99%) were
bought from Sigma-Aldrich/Merck and used as received. N-Hexane
(95%, HPLC grade) and diethyl ether (99%) were purchased from
Thermo Fisher Scientific, dried by an in-house solvent purification
system, and stored over molecular sieves. Hydrochloric acid (37% in
water, fuming) was purchased from VWR. The polymers PVdF-HFP
and PVdF were received from Arkema, and EC and PC as well as
DMC (battery grade) were ordered from BASF Germany. Cathode
active materials NMC622-PCr (polycrystalline) and NMC532-SCr
(single-crystalline) were purchased from BASF and CATL,
respectively. Super P was received from Timcal and lithium metal
(500 pm) was taken from China Energy Lithium Co., Ltd., which was
roll-pressed to a thickness of 300 ym prior to usage.

2.2. Synthesis. 2.2.1. Synthesis of Sodium Bis((4-fluorophenyl)-
sulfonyl)imide (FPSI). FPSI was synthesized via the Hinsberg reaction
as described elsewhere.”® Thus, 4-fluorobenzenesulfonyl chloride
(30.00 g, 154.2 mmol) and 4-fluorobenzenesulfonamide (27.01 g, 1
equiv) were dissolved in dry acetonitrile (102 mL) in a 500 mL
Schlenk flask under an argon atmosphere. The solution was cooled to
0 °C followed by quick addition of triethylamine (50.9 mL, 2.37
equiv). After stirring the solution for 12 h at room temperature, the
solvent was removed via rotary evaporation. To the resulting
brownish oil, an aliquot of 30 mL of deionized water was added,
and the mixture was slowly poured into an aqueous solution of
sodium hydroxide (2 M, 600 mL). Thereby, the crude product
precipitated, which was filtered off and washed with dichloromethane
twice. To purify the product and remove residual sodium hydroxide,
the filtered residue was slowly dissolved in acetone, filtrated, and
collected as a fine white powder by titration from dichloromethane
(yield: 39.43 g, 72%) (NMR spectra: Figure S1).

'H NMR (400 MHz, DMSO-d;) & [ppm]: 7.67 (d, 4H, Ar—H),
7.18 (d, 4H, Ar—H). 3C{H} NMR (101 MHz, DMSO-d,) § [ppm]:
162.88 (d), 142.56 (d), 128.88 (d), 114.76 (d). F{H} NMR (376
MHz, DMSO-dy) § [ppm]: —110.87 (s).

2.2.2. Synthesis of 2,2-Bis(4-(f-hydroxyethoxy)phenyl)-
hexafluoropropane (HEPFP). Synthesis of HEPFP was adapted
from reported procedures.’® 6F-BPA (31.66 g, 94.17 mmol) was
added to EC (16.56 g, 2 equiv) within a Schlenk flask under an argon
atmosphere at elevated temperatures (>40 °C). Then, sodium
carbonate (0.11 g, 0.01 equiv) was added as the catalyst, and a
condenser was attached to the flask, and the solution heated up to 170
°C. The mixture was left stirring for 48 h before being cooled down.
Afterward, the oil was slowly dissolved in dichloromethane (400 mL).
The organic phase was washed with aqueous sodium hydroxide (0.1
M, 200 mL) three times and dried over magnesium sulfate, and
solvents were removed via rotary evaporation. The final product
(32.37 g, 81%) was obtained as a sticky, viscous oil after further
drying at 90 °C under reduced pressure (10~ mbar) (NMR spectra:
Figure S2).

'"H NMR (400 MHz, DMSO-dg) & [ppm]: 7.23 (d, 4H, Ar—H),
7.03 (d, 4H, Ar—H), 491 (t, 2H, —COH), 4.02 (t, 4H, —CH,), 3.72
(m, 4H, —CH,). BC{H} NMR (101 MHz, DMSO-d;) & [ppm]:
159.4 (s), 131.3 (s), 124.5 (m), 124.4 (s), 114.8 (s), 69.9 (s), 63.3
(m), 59.8 (s). F{H} NMR (376 MHz, DMSO-dy) 6 [ppm]: —63.57
(—CFy).
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2.2.3. Polycondensation. Polycondensation was performed by
dissolving HEPFP (1.07 g, 2.53 mmol) in 25 mL of DMAc under an
argon atmosphere, then sodium hydride (0.16 g 2.4 equiv) was
added, and the solution was left stirring for 2 h. Subsequently, FPSI
(0.90 g, 2.53 mmol) was added, and the solution was heated to 80 °C
under strong stirring. After 48 h, the reaction was stopped by cooling
down the solution to room temperature, filtering it, and pouring the
filtrate into aqueous hydrochloric acid (1 M, 500 mL). The
precipitated polymer was collected via filtration, washed with water,
and dried under reduced pressure (107> mbar). To remove oligomers,
dialysis was done with dimethyl sulfoxide/water (3:1) mixture as
solvent. The solvent was changed once after 48 h, and the dialysis
continued for 72 h. Afterward, the polymer was precipitated by
addition of aqueous hydrochloric acid, followed by subsequent
filtration and drying of the polymer powder (yield: 0.91 g, 50%) at 90
°C under reduced pressure (107> mbar) (NMR spectra: Figure S3).

"H NMR (400 MHz, DMSO-d;) & [ppm]: 7.59 (4H, Ar—H), 7.24
(4H, Ar—H), 7.09 (4H, Ar—H), 6.99 (4H, Ar—H), 4.37 (s, 8H, —
CH,). YF{H} NMR (400 MHz, DMSO-d¢) & [ppm]: —63.55
(—CF,).

2.2.4. Lithiation of PAES-2. The polymer from the previous step
was dissolved in tetrahydrofuran, and the solution was cooled down to
—40 °C; then, lithium bis(trimethylsilyl)amide was added dropwise.
After complete addition of the lithium base, the reaction was allowed
to heat up to room temperature and stirred for an additional 12 h.
Then, solvent was removed in vacuo, dry hexane was added, and the
solution vigorously stirred for 1 day. Afterward, the polymer was
filtered off, washed with a small amount of hexane and diethyl ether,
and then dried at 90 °C under reduced pressure (107> mbar) yielding
0.88 ¢ (96%) (NMR spectra: Figure S4).

'"H NMR (400 MHz, DMSO-d)  [ppm]: 7.57 (4H, Ar—H), 7.25
(4H, Ar—H), 7.10 (4H, Ar—H), 6.94 (4H, Ar—H), 4.36 (s, 8H, —
CH,). 'Li NMR (400 MHz, DMSO-dg) & [ppm]: —1.02. “F{H}
NMR (400 MHz, DMSO-dy) 6 [ppm]: —63.55 (—CF;).

2.2.5. Synthesis and Lithiation of PAES-1. PAES-1 was prepared
by polycondensation of FPSI with 6F-BPA followed by lithiation
according to a previously reported procedure® (NMR spectra: Figure
Ss).

'"H NMR (400 MHz, DMSO-dy) 8 [ppm]: 7.71 (4H, Ar—H), 7.39
(4H, Ar—H), 7.11 (8H, Ar—H). F{H} NMR (400 MHz, DMSO-d,)
& [ppm]: —63.42 (—CF;).

2.3. Membrane Preparation. PVdF-HFP was dissolved in 6 mL
of DMAc, and then PAES-1 or PAES-2 was slowly added to the
solution under stirring (ratio of PVAF-HFP/PAES is 1:3). The
suspension was cast into a polytetrafluoroethylene dish and dried at
80 °C for 24 h. To remove residual solvents inside the polymer
membranes, they were dried under reduced pressure (10~ mbar) at
80 °C for another 24 h. Finally, the membranes were swollen with an
EC/PC or EC/DMC mixture (1:1 v/v), resulting in overall
membrane thicknesses of ~80—90 um. The solvent uptake was
calculated based on the equation

- w,
—— X 100%
"o

w,
SU = —
(1)
with w, and w, denoting the weight of the swollen and dry
membranes, respectively. Before the solvent uptake was measured, the
membranes were carefully dabbed with a tissue to remove droplets on
the surface of the membrane.

2.4. Cathode Preparation. Electrodes were prepared by wet
casting of electrode paste containing 90 wt % active material
(NMC532-SCr as received and NMC622-PCr with a 0.5 wt %
LiNbO;-coating as reported previously’’), 7 wt % conductive agent
(carbon black, Super C65), and 3 wt % PVdF. First, PVAF was
dissolved in 1-methyl-2-pyrrolidinone, then the other components
were added and mixed with a Thinky planetary mixer at 1500 rpm for
20 min. The electrode paste was cast onto aluminum foil (20 ym)
using a doctor blade (Zeiss) set to a wet-film thickness of SO ym,
dried at 80 °C, and were then calendered to a porosity of 30%. The
average mass-loading of the electrodes was 2.1 mg cm™ for the
NMC622 electrodes and 1.9 mg cm™ for the NMCS532 electrodes.

https://doi.org/10.1021/acsaem.4c01117
ACS Appl. Energy Mater. 2024, 7, 5893—5904
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To further enhance contacts between cathode particles and the
polymer, the electrodes were spin-coated using 30 uL of PAES-2
solution (10 wt % in DMAc). The solution was added dropwise onto
electrode discs while increasing rotation speed stepwise to 120 rps
and holding it for 120 s. Finally, the electrodes were dried again to
remove the residual DMAc.

2.5. Material Characterization. 2.5.1. Gel Permeation Chro-
matography. Measurement of the molecular weight from polymers
was performed with an Agilent 1260 Infinity (Agilent Technologies)
instrument equipped with PolyPore columns and a differential
refractive index (RI) detector. DMAc containing 0.03 wt % lithium
bromide was utilized at 50 °C with a flow rate of 1 mL min™"; the gel
permeation chromatography (GPC) system was calibrated using
linear poly(methyl methacrylate) standards ranging from 800 to
2.2X10° g mol™". Typically, 100 L of a 1.0 mg mL™" sample solution
was injected into the columns.

2.5.2. Thermogravimetric Analysis (TGA)/Differential Scanning
Calorimetry (DSC). For DSC, a DSC2500 under nitrogen from TA
Instruments was used with a heating rate of 10 K min™' between —75
and 325 °C (2 ramps). TGA was conducted on a TGASS00
instrument from TA Instruments under helium with a heating rate of
10 K min~",

2.5.3. SEM. SEM investigations were performed on a Carl Zeiss
AURIGA CrossBeam workstation with a Schottky field emission gun.
Images were obtained with a secondary electron detector at an
acceleration voltage of 3 kV and a working distance of 3 mm.

2.6. Atomistic MD Simulations. Atomistic MD simulations were
performed using Atomistic Polarizable Potentials for Liquid, Electro-
lytes, and Polymers (APPLE&P) force fields developed by Wasatch
Molecular Incorporated (WMI-MD).** ** It was shown in previous
investigations, that the considered force fields accurately predict the
behavior of solid polymer electrolytes.*'~** A Nosé—Hoover
thermostat (frequency of 0.01 fs™') and Anderson—Hoover barostat
(frequency of 0.0005 fs™*) were exploited to control both temperature
and pressure of the system.***> Each atomic center was assigned
isotropic polarizability, and to avoid polarization catastrophe at short
distances, a Thole screening parameter of 0.2 was used. With the
SHAKE algorithm (tolerance of 107'*) all chemical bonds were
constrained.*® For a cost-efficient simulation, a multiple time-step
integration scheme was incorporated.””** Three time steps were
chosen: 0.5 fs for bonds, bends, and improper torsional motions, 1.5 fs
for dihedrals and short-range (<8.0 A) nonbonded interactions, and 3
fs for all other nonbonded interactions. A 3 fs time step was also
employed for the reciprocal part of the Ewald summation. With the
Ewald summation technique, the electrostatic interactions were
computed (cutoff: 15 A; inverse Gaussian charge width: 0.23 A™;
k-vectors: 7 X 7 X 7).* The same cutoff of 15 A was used for van der
Waals interactions.

2.7. Electrochemical Measurements. Ionic conductivities were
derived based on electrochemical impedance spectroscopy (EIS) with
an Autolab PGStat302 N potentiostat equipped with the frequency
analyzer FRA32 (Deutsche Metrohm GmbH&Co. KG) at temper-
atures ranging from 0 to 70 °C (10 °C steps) and in the frequency
range of 1 MHz—1 Hz, applying a voltage amplitude of 10 mV. A
polymer membrane of known dimensions was placed between two
polished stainless-steel electrodes in coin cells. The cells were initially
heated to 70 °C to improve interfacial contacts between the
electrodes and electrolyte. Limiting current density, t;;+ and Li plating
experiments were conducted on VMP3 multichannel potentiostats
(Bio-Logic Science Instruments) by sandwiching the polymer
membrane between two Li metal discs in coin cells with symmetric
(two) electrode configuration. Determination of the limiting current
density was conducted by increasing the current density at steps of 1
4A ™" at 40 °C until a cutoff voltage of 5 V was reached or the cells
were shorted. The t;+ was measured by applying the method
proposed by Evans et al,;** prior to and after applying a polarization
voltage AV of 10 mV, the impedance of the cells was measured and
ty;+ derived according to the expression
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+ _ Iss(AV - IORO)

a IO(AV_ ssRss) (2)

where I, and I denote the initial and steady state current, while R,
and R are the initial and steady state resistances of the interface. The
electrochemical stability window was measured in a three-electrode
configuration (Swagelok)®' using copper or platinum as working
electrodes and lithium metal as both counter and reference electrodes
at a scan rate of 0.1 mV s™'. Cycling investigations were performed
with a LBT20084 battery cycler (Arbin Instruments) in the voltage
range of 3.0—4.3 V at 40 °C. Long-term cycling starts with the
formation procedure, consisting of cell charge/discharge at slow rates
of 2 X 0.05C and 2 X 0.1C, respectively, followed by stepwise increase
of rates from 0.05C to 0.5C (assuming a theoretical specific capacity
of 180 mAh g™' for NMC532-SCr/NMC622-PCr).

3. RESULTS AND DISCUSSION

3.1. Synthesis and Polymer Characterization. To
increase the flexibility of the highly aromatic PAES-1, the
ether moiety —OCH,CH,O— was incorporated as the bridging
group into the polymer backbone by reaction of 6F-BPA with
EC (Figure 1).*° A successful condensation polymerization is
demonstrated by disappearance of 'F NMR signals from
FPHSI at —110.87 ppm, and the merging of the two 'H signals
at 4.02 and 3.72 ppm from the —CH,— groups in the ether
chain due to similar chemical environments after polymer-
ization (Figure S3).

Deprotonation of an aliphatic alcohol requires strong bases,
such as sodium hydride, thereby limiting the accessible
reaction temperature for the condensation polymerization
and thus resulting in lower molecular weights of PAES-2
compared to PAES-1. For better comparability, the smaller
oligomers were removed by dialysis, yielding an increase of the
molecular weight from 14.9 to 30.6 kDa and a more uniform
weight distribution (Figure 2a). Though the existing difference
in polymer molecular weights of PAES-1 and PAES-2 (M, of
65> vs 30.6 kDa) may have an effect on the corresponding
polymer and membrane properties, it is assumed that the
impact is much smaller than that from modifying the chemical
structure. The glass transition temperature, T, was measured
to get insights into the polymer chain mobility. A decrease of
T, of 277 °C for PAES-1 to 147 °C in the case of PAES-2
(Figure 2b), suggests lower crystallinity of the polymer after
modification. The Fory—Flox equation

K

T, =T
oM, (3)
describes the dependence between T, and M, with T, being
the glass transition temperature at theoretical infinite
molecular weight and K being an empirical parameter related
to a “free volume” in the polymer sample.””"* Note that T, can
change distinctly at low M, values but often rises quickly
toward a plateau value with higher M,.>*> Therefore, it can be
assumed that the measured difference in T, between PAES-1
and PAES-2 is mainly caused by modification of the chemical
structure and is not due to differences in the molecular weight.
The thermal stability is also affected by the structural
modification as PAES-2 decomposition starts at an onset
temperature of 360 °C, thus earlier than in the case of PAES-1,
reflecting the presence of linear ether chains in the polymer
backbone (Figure 2c). Nevertheless, the threshold for thermal
decomposition remains sufficiently high to permit its
application as quasi-solid electrolytes in lithium metal batteries.

https://doi.org/10.1021/acsaem.4c01117
ACS Appl. Energy Mater. 2024, 7, 5893—5904


https://pubs.acs.org/doi/suppl/10.1021/acsaem.4c01117/suppl_file/ae4c01117_si_001.pdf
www.acsaem.org?ref=pdf
https://doi.org/10.1021/acsaem.4c01117?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Energy Materials

www.acsaem.org

(a)

after dialysis
before dialysis
)
8,
2
)
c
2
£
(=]
1%
1000 10000 100000 1000000
Molecular weight [g/mol]
PAES-1
—— PAES-2

T, 277°C

Normalized heat flow [a.u]

-100 -50 0 50 100 150 200 250 300 350
Temperature [°C]

—_—
(2
~—

100f  —— 1

o]
o
T
1

Weight [%]
3

N
o
T
L

[% I °C]

o o
o u o wu
T
1

Deriv. Weight

e P |
500 600

1 T L

0 100 200 300 400
Temperature [°C]

Figure 2. (a) Molecular weight distribution of PAES-2 before and
after dialysis in DMSO/H,0, measured via gel permeation
chromatography; (b) DSC thermograms of the second heating
ramp for PAES-1 and PAES-2 and (c) the corresponding TGA curves.

3.2. lonic Conductivity. PAES-2, with its high glass
transition temperature, requires blending with a flexible
polymer, such as PVAF-HFP, to form stable self-standing
membranes. In analogy to other reported SLIC polymers, a
weight ratio of 3:1 was established as a good compromise
between achieving membrane stability and maintaining high
ionic conductivity, as further increasing the PVdJF-HFP
content would lead to a decrease of ionic conductivigy due
to the absence of Li* in the PVAE-HFP phase.'”*> The
membranes obtained via solvent-casting have an average
thickness of 80—90 um (Figure 3a,b) and are denoted as
PAES-1b and PAES-2b. After immersing the membranes for at
least 48 h in EC/DMC (1:1 v/v) and EC/PC (1:1 v/v),
flexible membranes were obtained that simultaneously retain
the solvent inside the polymer matrix.

The determined ionic conductivities of PAES-2b in the
temperature range of 0—70 °C are higher than the data
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Figure 3. (a) Image of the dry polymer membrane after solvent
casting. (b) SEM cross-section of the polymer membrane.

obtained for PAES-1b in the case of both solvent mixtures
(Figure 4a). In combination with EC/DMC, the maximum
conductivity of PAES-2b reaches 0.73 mS cm™' at 70 °C,
whereas merely 0.11 mS c¢m™' is achieved for the
corresponding PAES-1b membranes, demonstrating enhanced
ion transport properties within the PAES-2b membranes. At
temperatures <10 °C, the ionic conductivity for membranes
swollen in EC/DMC decreases considerably due to crystal-
lization of EC and DMC and, thus, restricted Li* transport.
The high standard deviation at 10 °C arises from differences in
impedance between cooling and heating runs as the residual
electrolyte may remain crystallized at this temperature step
during the heating run. The absence of this effect in
membranes containing PC is attributed to its lower melting
point, highlighting the suitability of solvent combinations of
EC/PC at low temperatures. Clearly, the plasticizer combina-
tion EC/DMC vyields higher overall ionic conductivities
compared to EC/PC (e.g, 0.51 £ 0.16 vs 0.33 + 0.07 mS
cm™ @ 40 °C), consistent with a slightly higher solvent
uptake and a lower viscosity of this plasticizer (Figure 4b).>°
However, the high vapor pressure of DMC induces its
evaporation, as demonstrated by the TGA curves in Figure
4¢c, even when mixed with EC. This can lead to EC
crystallization at the membrane’s surface if the membrane is
exposed to unsealed environments for a prolonged duration
(Figure S7). As this phenomenon might occur in other gel
polymer electrolytes, it is strongly advised to carefully handle
polymer membranes when utilizing plasticizers such as EC/
DMC. The Li" concentration in the PAES-2b membrane is
estimated to be approximately 1.4 mol/L, based on the weight
of the dry membrane and the dimensions of the swollen
membrane. A comparison with a liquid electrolyte of similar
concentration, 1.4 M LiTFSI in EC/PC or EC/DMC (1:1 v/
v), soaked in a PVdF-HFP membrane (Figure S8), shows that
the ionic conductivities are of a similar magnitude. Therefore,
the use of the PAES-2 polymer as a Li* source instead of a
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Figure 5. SEM images of a dry (a) PAES-1b membrane and (b) PAES-2b membrane; (c) snapshot of the box applied in MD simulations
containing PAES-2, PVdF-HFP, Li*, and solvent (EC/DMC or EC/PC mixture), (d) Li*—O RDFs (solid line) and coordination number (dashed
line) of PAES-2b with 140 wt % EC/DMC, and (e) comparison of the coordination numbers of PAES-2b systems with different solvent

compositions and contents.

traditional lithium salt does not negatively affect the ionic
conductivity.

3.3. Membrane Morphology and Polymer Arrange-
ment. Besides solvent uptake of the polymer membrane,
morphology, polymer arrangement, and solvent distribution
within the polymer blend membrane impact Li* transport
properties. The PAES-2b membrane has micropores in the
range 1—5 pum, while for PAES-1b only nanometer sized pores
are visible in SEM images (Figure Sa,b), elucidating the slightly
higher solvent uptake shown in Figure 4b. It should be noted
that according to literature, blending of aromatic polymers
with PVAF-HFP often results in a formation of pores,”>’ >
while aliphatic polymers tend to yield denser structures.”>*"®!
However, functional groups at the backbone can greatly affect
the porosity by changing the miscibility with the PVdF-HFP
blend partner despite being highly aromatic.*’ Notably, to
unravel Li* coordination, actual solvent distribution, and
polymer arrangement within the blend membranes, atomistic
MD simulations of the two polymers with overall solvent

5898

uptakes of 70 and 140% EC/DMC and EC/PC were
performed. A snapshot of such a simulated box is displayed
in Figure Sc, with further details regarding aspects of the
structure, number, and molecular weight of polymer
constituents as well as the total number of plasticizer molecules
listed in the appendix. Through the analysis of the radial
distribution function (RDF), information regarding the general
coordination and the composition of the first Li* coordination
shell can be obtained. The main contributors to Li* interaction
and coordination are atoms with negative partial charges,
including double bounded O atoms in EC, PC, DMC, and the
—$(0),N=S(0),— group of the SLIC polymer, as exemplified
in Figure Sd for a system containing 140% EC/DMC. From
the SLIC polymer, only the oxygen of the anionic group
contributes to the coordination, while the negatively charged
nitrogen atoms and the ether oxygens of the —OCH,CH,O—
linker are not participating. The coordination numbers within a
2.7 A radius (first minimum after defined peaks in RDF plots)
around Li* are examined to determine the composition of the
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Nyquist plots before and after polarization of a LillLi cell with the PAES-2b membrane, and (c) determination of the electrochemical stability
window with a scan rate of 0.1 mV s™".

first coordination shell for Li". Regardless of solvent molecules are randomly distributed around PAES-2 (RDF
composition (EC/PC or EC/DMC) and content (70 and value of ~1) but are less present around PVdF-HFP (RDF
140%), the total coordination number amounts to ~4, similar value of <«1). Note that in previous work regarding blend
to bulk solutions of EC with LiTFSL,°” from which the major membranes of polymer PAES-1 and PVdF-HFP, an accumu-
contributor is Oy, followed by Ogyene (Figure Se). An lation of solvent molecules within the PVdF-HFP membrane
increase of solvent molecules within the simulated box results was assumed due to the unfavorable high stiffness of polymer

in slightly higher coordination numbers as more Oy, atoms PAES-1.° For the newly introduced polymer PAES-2, the
can interact with Li*, while the amount of O, atoms of the opposite effect is observed in the MD simulations, which could
polymer group remain constant. explain the experimentally determined higher ionic conductiv-

Besides Li* coordination, the overall distribution of PAES-2 ities of PAES-2b compared to PAES-1b (Figure 4a) and
and PVdF-HFP within the box can be analyzed too, to see highlights the benefits of the more flexible linker in the

whether the polymers are homogeneously mixed or if certain polymer backbone.

species accumulates. Hence, the RDFs of O, yerpagsa— 3.4. Electrochemical Features of the Electrolyte. The
Octherpars2 representing PAES-2 and Fpgpyme—Fpolymer repre- critical current density, which was measured by application of a
senting PVdF-HEP are compared (Figure 6a). Atoms from the current sweep in symmetric LillLi cells and simultaneous
same and separate molecules are differentiated from each other observation of the voltage response, can also give further
with the solid line representing inter- and intramolecular insights into the Li* transport properties of the electrolyte. For
atoms, while the dotted line only represents intermolecular PAES-1b, an increase in overvoltage during the current sweep
atoms. For inter- and intramolecular atoms, both RDFs show leads to approach of the cutoff threshold of 5 V at current
high peaks at well-defined distances due to spatial proximity of densities of 1.4 and 2.0 mA cm™* for EC/PC and EC/DMC,
functional groups within the same polymer chain. However, if respectively (Figure 7a). Meanwhile, the PAES-2b membranes
only intermolecular atoms are taken into consideration, the demonstrate a much slower linear increase of the cell voltage,
RDF of Operparsa—Oetherparsa is & 1, indicating random resulting in cell shorting at impressively high current densities
distribution of PAES-2 within in the box. A RDF > 1 for of 3.7 mA cm™* (EC/PC) and 4.0 mA cm™> (EC/DMC) due
Fpolymer—Fpolymer SUggests the occurrence of aggregation and to Li protrusion. Cell shorting was confirmed by measuring the
formation of PVAF-HFP rich domains. These results can also impedance after linear sweep voltammetry (Figure S10a).
be observed in snapshots from the simulated box (Figure 6b), Comparing these results with liquid electrolyte 1 M LiTFSI in
where PAES-2 seems to be randomly distributed, and PVdF- EC/DMC (1:1 v/v) (Figure S1la), cell shorting occurs at
HEFP aggregates at certain spots. In order to obtain information almost the same current density (4.3 mA cm™2) even though
regarding the solvent distribution within these polymer the applied separator (250 pm) is much thicker than the
structures, the RDFs between the center of masses of the PAES-2b membrane. The high applicable current densities and
polymers (Cgpic/Cpvarurp) and the solvent molecules (Cgg, low overvoltage indicate very good Li" transport within the

Cpe, and Cpyc) are analyzed (Figure 6¢c). The solvent PAES-2b membranes. It should be noted that for SLIC
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Figure 8. (a) Li plating/stripping of PAES-1b and PAES-2b in LillLi cells with 0.2 mA cm™ for 1 h (0.2 mAh cm™2) each cycle and (b) voltage
profiles of selected cycles during long-term plating/stripping. (c) Li plating/stripping with stepwise increase of the applied current density for 1 h
each cycle and (d) zoom into the voltage profiles at current densities of 0.66 and 1 mA cm™> (black inlet).

polymers, in contrast to dual-ion conducting polymers, no
strong concentration polarization is expected since immobi-
lized anions cannot move to the opposite electrode, so that
actually no Li* depletion occurs.”’ Therefore, a nearly linear
voltage increase is observed, representing the Ohmic response
of the system. Figure S11b displays linear sweep voltammetry
of cross-linked PEO with LiTFSI where upon Li* depletion,
the observable cell voltage increases exponentially. In the case
of PAES-1b, a nonlinear response is observed, probably due to
small amounts of residual other ions (anions), resulting in
minor ion depletion and polarization. It should be noted that
the measurement results are impacted not only by the
membrane properties but also by external factors such as the
applied pressure within the cells, which can enhance contacts
to the Li metal electrodes.’* To confirm the SLIC properties of
PAES-2b, the f;;+ was measured via methods proposed by
Evans et al.”’ The current response during polarization, along
with the Nyquist plots before and after polarization, is depicted
in Figure 7b for the membrane containing EC/DMC and in
Figure S9 for the membrane containing EC/PC. A value of #;*
= 0.92 was calculated for both solvent combinations (EC/
DMC and EC/PC), which is slightly lower than the
theoretically anticipated value of 1 but is in the range of
other reported SLIC polymer electrolytes and corroborates
SLIC behavior."" In addition, the electrochemical stability
window was determined via linear sweep voltammetry against
copper and platinum working electrodes (Figure 7c). An
exponential increase in current density that started at
potentials of 4.2—4.3 V vs LilLi* (inlet of Figure 7c) during
the anodic scan signals the onset of polymer electrolyte
degradation. Even though the oxidative stability of the polymer
materials is just inside the operation window of high-voltage
cathode materials, such as LiNij,Mng,Co,,0, or Li-
Niy,Cop,Aly;O,, the material could be feasible for this
application, especially after the formation of a cathode

5900

electrolyte interphase. The reductive scan reflects electrolyte
decomposition of EC, PC, and DMC or minor traces of
solvent from the casting process at 1.5—0.5 V vs LilLi*
followed by lithium plating at ~0 V vs LilLi*.””* For PAES-
2b, the decomposition peak appears to be larger, probably
because of the higher solvent uptake of the membrane and,
thus, higher electrolyte exposure at the electrode surface.

Long-term stability against Li metal was further investigated
by continuous Li plating/stripping (Figure 8a,b) at a current
density of 0.2 mA cm™ for 1 h (0.2 mAh cm™2). The polymers
PAES-1b and PAES-2b with EC/DMC exhibit robust
electrochemical cycling performance for hundreds of hours,
with overpotentials of 152 and 52 mV, respectively, before
degradation reactions of the organic carbonates and the
polymer, along with changes at the interphases lead to
overpotential growth. In the case of PAES-2b, the increase in
overpotential is less pronounced and starts only after 600 h,
demonstrating superior cycling stability. Over the duration of
one cycle, the voltage profile of PAES-2b remains flat, while for
PAES-1b, an arching of the overvoltage is monitored. Even
during a stepwise increase of the current density, the voltage
profile of PAES-2b does not reflect any arching up to 0.66 mA
cm™? and results only in minor polarization at 1 mA cm™>
(Figure 8c,d). Meanwhile, PAES-1b is affected by strong
polarization and a rather noisy voltage profile at such current
densities, indicating decomposition reactions at the Li metal
interface and formation of SEI layers with poor Li" transport
properties.® It should be noted that the limiting current
density determined through Li plating/stripping varies
considerably from that derived by linear sweep amperometry
as higher amounts of Li are stripped/plated back and forth,
hence causing larger stress for the polymer membranes.

3.5. Cycling Performance in NMCIILi Cells. Among
current high-energy-density lithium metal batteries, NMC
stands out as a favored cathode material. After replacing the
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Figure 9. (a) Cycling performance of PAES-2b membranes in NMC622-PCrlILi cells with corresponding (b) voltage profiles at different current
densities and (c) voltage profiles of selected cycles (only with EC/DMC); (d) cycling performance of PAES-2b membranes in NMC532-SCrlILi
cells with corresponding (e) voltage profiles at different current densities and (f) voltage profiles at selected cycles (only with EC/DMC).

commonly employed polycrystalline NMC (NMC-PCr) with
single-crystalline NMC (NMC-SCr) variants, rather superior
electrochemical cycling performance was reported in case of
ceramic and polymer electrolytes, attributed to faster Li*
diffusion within the cathodes.”’~® Hence, the performance
of PAES-2b with both cathode active materials is evaluated in
the present work. As the oxidative stability of the polymers was
only determined at upper charge potentials between 4.2 and
4.3 V vs LilLi*, the NMC622-PCr particles were covered by a
LiNbO; coating,’” while the commercial NMC532-SCr
particles are provided with a Y,0; coating. Prior to cycling,
as previously reported, PAES-2 was drop-coated into the
cathodes to enhance internal contacts and Li" transport
properties.7o’71

In NMC622-PCrllLi cells, the initial discharge capacity for
membranes containing EC/DMC is 152.0 mAh g™' at 0.5C
(cycle 11), surpassing that of membranes with EC/PC, which
yield an initial discharge capacity of ~140.0 mAh g~' (Figure
9a). The higher ionic conductivity of PAES-2b with the
plasticizer EC/DMC diminishes polarization phenomena and,
consequently, augments the discharge capacity. PAES-2b with
EC/DMC delivers specific discharge capacities of 173 mAh g™
at 0.05C, 169 mAh g~' at 0.1C, 164 mAh g~ at 0.2C, and 151
mAh ¢! at 0.5C (Figure 9b), showcasing adequate capacity
retention at higher C-rates. Membranes operated with
NMC622-PCr cathodes, however, suffer from capacity fading
upon cycling and a growing voltage hysteresis (Figure 9c),
resulting in SOH80% after 145 cycles (121 mAh g™') and 210
cycles (112 mAh g™') for EC/DMC and EC/PC, respectively.
When PAES-2b is being paired with NMC532-SCr cathodes,
the cells provide an initial discharge capacity of 149 mAh g™!
with EC/DMC and 138 mAh g~' with EC/PC as plasticizers at
rates of up to 0.5C (Figure 9d). Impressively, the capacity
retention remains above SOH80% after more than 800 cycles.
Especially, cells containing PAES-2b EC/DMC deliver a high
capacity retention of 141 mAh g~' (94%) after 800 cycles, with
good discharge capacities at various C-rates (Figure 9e). Only
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with robust interphases between the electrolyte membrane and
the active materials are such high capacity retentions attained,
as evidenced by a minimal increase in voltage hysteresis upon
cell operation (Figure 9f). It should be noted that the mass
loadings of the NMCS532-SCr electrodes are marginally lower
compared to those of NMC622-PCr electrodes, which also
enhances cycling stability due to lower applied current
densities and reduced charge transport during each cycle.
Overall, utilizing NMCS32-SCr as cathode active material
substantially enhances the long-term cycling performance in
full cells. To boost electrode mass loadings, novel approaches,
such as incorporation of oligomers within the cathodes, to
facilitate higher ion conduction should be considered in the
future.

4. CONCLUSIONS

By systematically tuning the chemical structure of an aromatic
SLIC polymer PAES-1, general properties of the blend
membranes (with PVdF-HFP), such as the ionic conductivity,
could be increased 6-fold to 0.5 mS cm™ at 40 °C. The
introduced flexible —OCH,CH,O— linker (compared to a
simple —O— linker) decreases the T, of the newly synthesized
polymer PAES-2 considerably, indicating an improved mobility
of the polymer chains. Since the solvent uptake of EC/DMC
for PAES-2 and PAES-1 blended with PVAE-HFP increases
only slightly (109 vs 104 wt %), the improved properties
suggest a more uniform distribution of solvent molecules in the
Li* containing phases of the SLIC polymer compared to PVdF-
HFP-rich phases. MD simulations are employed to further
analyze the Li* coordination, the structural arrangement of
PAES-2/PVdF-HFP, and the distribution of the solvent within
these phases. The results indicate that upon chemical
modification, the solvent prefers the environment of PAES-
2b over PVAF-HFP, which favors overall Li* transport
properties. The designed SLIC polymer electrolytes can be
cycled against high-voltage NMC cathodes, where especially in
NMCS32-SCrlILi cells, high capacity retention of up to 94%
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after 800 cycles with an initial discharge capacity of 152 mAh
g ' at 0.5C is achieved. These results strongly suggest that the
chemical structures and domain formation of SLIC polymer
electrolytes containing blending partners, such as PVdF-HFP
and plasticizers, need to be designed carefully.
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