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ABSTRACT

Single-ion conducting polymer electrolytes are considered ideal for suppressing dendritic lithium
deposition, but so far suffered instability at elevated potentials and, thus, incompatibility with next-
generation high-energy cathodes such as Ni-rich Li[Ni1-x.yCoxMny]O2 (NCM1-x-y)xy).

Herein, we show that the thoughtful design of electrolytes based on multi-block co-
poly(arylene ether sulfone)s and incorporating suitable “molecular transporters” (such as
propylene carbonate) may, in fact, enable the realization of high-energy lithium-metal batteries
employing, for the first time, NCMg11-based positive electrodes. These batteries can be cycled with
high reversible capacity at various temperatures, including 20 °C and even 0 °C, for more than 500
cycles without substantial capacity fading when applying an optimized charging mode. The careful
electrochemical characterization and ex situ investigation of the electrode/electrolyte interfaces
reveals, moreover, that the use of such single-ion conductor successfully inhibits dendritic lithium
metal deposition, while particular care has to be taken for the interface between the electrolyte and

the NCMs11 cathode.
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1. Introduction

Lithium-ion batteries have achieved great success for powering portable devices and are
increasingly employed also for large-scale applications such as (hybrid) electric vehicles and
stationary energy storage [1-3]. Nonetheless, further improvement is needed — specifically for the
latter applications — targeting enhanced energy and power densities as well as safety [3—6]. For an
increase in energy density, the use of metallic lithium as the negative electrode is considered the
“next big thing” thanks to its very high gravimetric and volumetric capacity of 3862 mAh g and
2047 Ah L%, respectively, in combination with the ultimately low redox potential of -3.04 V vs.
the standard hydrogen electrode (SHE) [7—9]. However, the continuous reaction with common
liquid organic electrolytes, resulting in the formation of a steadily increasing amount of “dead”
lithium and drying-out of the cell, in addition to the severe risk of dendritic lithium deposition [6,
8-10] have so far inhibited the commercial implementation of lithium metal anodes. Differently,
the combination with polymer-type electrolytes based on poly(ethylene oxide) (PEO) has been
commercialized already and found application in electric vehicles [6]. As the ionic conductivity at
ambient temperature is rather low, though, with about 10 to 10* S cm™ (compared with 1073 to
1072 S cm for liquid organic electrolytes), the battery cells comprising such electrolytes have to
be operated (during discharge and charge!) at elevated temperatures of ca. 60 °C [11-13].
Moreover, the relatively low Li* transference number (t.i* = 0.1 to 0.5) of such dual-ion conducting
polymer electrolytes induces severe issues for the long-term stable cycling; specifically, the
formation of an ionic concentration gradient that leads to substantial polarization in case of high
dis-/charge rates and an uneven (dendritic) lithium deposition [14—19]. To overcome such issues,
the immobilization of the anionic charge to the polymer has emerged as a valid strategy, exhibiting

a tii* of (close to) unity, but the ionic conductivity at room temperature remained well below the



conductivity of liquid electrolytes with about 10~ to 10° S cm™ [16, 20-22]. Even though one
has to consider that these conductivity values reflect essentially the mobility of the lithium cation
in contrast to dual-ion conducting electrolytes for which more than 50% of the determined
conductivity are originating from the anion mobility, higher conductivities are required. Recently,
single-ion polymer electrolytes additionally incorporating liquid organic carbonates such as
ethylene carbonate (EC) and dimethyl carbonate (DMC) have been reported with conductivity
values of up to 102 S cm™ at room temperature [13, 23-26]. However, the addition of
mechanically stabilizing polymers like poly(vinylidene difluoride) (PVdF) or its
hexafluoropropylene-copolymer (PVdF-HFP) is required [13, 23, 24, 26]. More importantly with
respect to the achievement of high energy densities, all these studies remained limited to the
utilization of LiFePO4 as cathode active material due to the limited electrolyte stability towards
oxidation. Very recently, some of the authors reported the synthesis and electrochemical
characterization of a single-ion conducting polymer electrolyte based on multi-block co-
poly(arylene ether sulfone) functionalized with lithium perfluorosulfonimide side chains [27].
When doped with EC, which selectively coordinates the ionophilic block, such self-standing
electrolyte membranes (thanks to the mechanical stability of the ionophobic block) provide a
remarkable ionic conductivity of about 10 S cm at 30 °C. Moreover, the chemical design of the
polymer allowed for the stable cycling of Li[Niy3C013Mny3]O2 (NCMz11) cathodes for more than
200 cycles without any significant capacity fading. The specific capacity, however, remained
limited to about 100 mAh g at C/5 and 40 °C due to the anodic cut-off potential of 4.2 V vs.
Li/Li" and, presumably, the limited penetration of the rather rigid polymer into the pores of the

positive electrode.



Herein, we addressed these issues by modifying the length and ratio of the ionophilic and
ionophobic block and replacing EC by propylene carbonate (PC), which has a relatively lower
melting point (ca. -49 °C vs. 36 °C), targeting an increased flexibility and higher charge carrier
concentration of the polymer to enable facile electrode wetting and suitable charge transfer at the
electrode/electrolyte interface. Moreover, the replacement of EC is considered to be beneficial for
the electrochemical stability towards oxidation [28-30]. As a result, we obtained excellent cycling
stability of high-energy next generation Li[Nio.8C00.1Mno.1]O2 (NCMsi1) cathodes at 40 °C, 20 °C,
and even 0 °C and anodic cut-off potentials as high as 4.5 V. To the best of our knowledge, this is
the first report on a (single-ion conducting) polymer electrolyte with such remarkable performance
and in combination with NMCsg11 cathodes, rendering it a highly promising candidate for the

realization of safe high-energy lithium-metal batteries.

2 Experimental section

2.1 Sample preparation

The general synthesis of the partially fluorinated multi-block co-poly(arylene ether sulfone)
bearing lithium perfluorosulfonimide side chains attached to the ionophilic polyethersulfone (PES)
blocks which form the polymer backbone together with the fluorinated polyethersulfone (FPES)
ionophobic blocks (Fig. 1a) has been reported earlier [27] and is described in brief in the
Supporting Information (see also Fig. S1, Fig. S2, as well as Tab. S1 and Tab. S2). Herein, we
modified the length of these two blocks and their ratio i.e., from 15/15 to 10/5 by simply adjusting
the amount of monomers building up the two blocks, accordingly. Subsequently, the resulting
polymer powder was swollen with 70 wt% PC to obtain a less gum-like material. This compound

was sandwiched between two Mylar foils and pressed in order to obtain translucent thin



membranes (denoted as S110-05-70%PC; see Fig. 1b). The whole processing was performed in a
dry room with a dew point of less than -70 °C. The NCMau1 electrodes were prepared by dispersing
92 wt% of NCMgi1, 4 wt% of Super C65 (TIMCAL) and 4 wt% of poly(vinylidene difluoride)
(PVdF, Solvay) in an appropriate amount of N-methyl-2-purrolidone (NMP, Aldrich) to obtain a
homogeneously dispersed slurry that was subsequently cast on aluminum foil using the doctor-
blade technique. The pre-dried electrodes were punched into disks (& = 12 mm), which were
subsequently dried at 100 °C for 12 h under vacuum, before being pressed at 10 tons for 10 s to
increase the electrode density. The active material mass loading was about 2.0 + 0.2 mg cm2. The

complete processing was performed in a dry room with a dew point well below -60 °C.

2.2 Physicochemical characterization

The ion-exchange capacity (IEC; meq. Li*/g) of the SI110-05 ionomer was determined from
both °F NMR spectra and acid-base titration of the acidified ionomer membranes. Size exclusion
chromatography with multiangle light scattering (SEC-MALS) analysis was performed using a
Waters 590 GPC equipped with a Waters 410 differential refractometer and a Waters 745 Data
Module at ambient temperature using a 1M solution of NaNOs in dimethylformamide (DMF) with
a flow rate of 1 mL min. A 1 wt% solution of the ionomer was filtered through a 0.45 mm
Millipore PTFE filter into the columns. The calibration was performed using polystyrene standards.
A qualitative study of the mechanical properties and elasticity of the polymer membranes
(including PC) was conducted by repeatedly stretching it and subsequently allowing it to relax
(Video S1). For the determination of the transference number (t*), pulsed-field gradient nuclear
magnetic resonance spectroscopy (PFG-NMR) was performed using a 9.4 T Bruker Advance 400

with a diffusion probe of 5 mm and using a stimulated echo sequence. For this purpose, the



S110-05-70%PC membranes were cut into pieces and introduced into the NMR tube (diameter 4
mm), which was sealed inside the glovebox. The determination of lithium-ion transference number
(t*) was based on the measurement the self-diffusion coefficients of Li (Dvi) and F (Dr) at 30 °C.
The thermal stability of the dry S110-05 powder and the S110-05-70%PC membranes was analyzed
via thermogravimetric analysis (TGA; TA Instrument Discovery, Model Q2000). The TGA was
performed at a heating rate of 3 K min~! in a temperature range of 40 to 800 °C under an artificial
air flow of 25 mL mint (N2: 18.75 mL mint; O2: 6.25 mL min™t). The morphology of the fresh
and cycled metallic lithium (Honjo) as well as the fresh and cycled NCMagi1 electrodes was
investigated by scanning electron microscopy (SEM; ZEISS EVOMAL10 microscope). For the ex
situ characterization, the cells were disassembled in a dry room to recover the single electrodes.
To remove the comprised PC, the electrodes were vacuum dried by a mechanical pump and
afterwards a turbo-molecular pump (10-° Bar), before transferring them into the SEM using a self-
designed transfer box to avoid any contact with air and moisture. For a qualitative evaluation of
the safety of the PC-comprising membrane, we subjected these several times to a candle flame
(Video S2). For comparison, we conducted the same experiment with a Whatman glass fiber
separator (thus, avoiding any impact of the separator itself) drenched with a 1M solution of LIiTFSI

(lithium bis(perfluroromethanesulfonyl)imide; 3M) in PC (Video S3).

2.3 Electrochemical characterization

The limiting current density of the electrolyte was determined in two-electrode pouch cells,
which were assembled by sandwiching a SI10-05-70%PC membrane between two Li foils (Honjo)
in a dry room. The cells were aged in a temperature-controlled climatic chamber (Binder) at

varying temperatures (-10, 0, 20, and 40 °C) for 6 h prior to the measurements, which were



performed at a sweep rate of 0.02 mV s using a Solatron 1400 CellTest system. The
electrochemical stability window (ESW) was determined as well in two-electrode pouch cells
assembled in a dry room. For these measurements, a nickel and a lithium foils were used, serving
as working and counter electrode, respectively. Fresh cells were used for each experiment. The
cells were aged in a climatic chamber (Binder) at 20 °C for 6 h before conducting linear sweep
voltammetry (LSV) using VMP instrument with a sweep rate of 0.02 mV s*. Additional cyclic
voltammetry tests (sweep rate: 0.5 mV st; temperature: 20 °C; VMP Biologic) of asymmetric
Ni/S110-05-70%PC/Li pouch cells were performed in different voltage ranges, i.e., 0.0 Vto 3.0 V
and 3.0 V to 4.7 V to further investigate the electrochemical stability towards reduction and
oxidation, respectively. Cyclic voltammetry experiments on Li/NCMsu1 full-cells were performed
in two-electrode Swagelok-type cells in a voltage range of 3.0 VV to 4.3 V at a scan rate of 0.02 mV
st for first three cycles, followed by 50 continuous cycles at 0.2 mV s (20 °C; VMP Biologic).
EIS spectra of Li/NCMeg11 full-cells were measured at delithiation state (4.3 V) and lithiation state
(3.0 V) upon galvanostatic cycling (current density: 1C, 180 cycles) in the same VMP instrument
(frequency range: 100 kHz 100 mHz; AC amplitude: 10 mV; temperature: 20 °C). Galvanostatic
cycling of Li/NCMeau11 full-cells was performed using a Maccor 4000 battery tester employing two-
electrode Swagelok-type cells. A dis-/charge rate of 1C corresponds to a specific current of

180 mA g™,

3. Results and discussion

3.1 Characterization of S110-05-70%PC electrolyte
While we kept the general polymer chemistry the same as in our previous study [27], we

intentionally reduced the length of the two blocks and increased the relative share of the ionophilic



block in order to increase the flexibility and ductility of the polymer while simultaneously
increasing the lithium cation concentration. Expressed in Fig. 1a, the average block lengths for the
backbone being composed of the PES block, bearing the lithium perfluorinated sulfonimide
function, and the FPES block were 10 kg mol and 5 kg mol 2, respectively. The resulting ionomer
is hereinafter referred to as S110-05. The lithium concentration was 1.15 +0.03 mol kg™ as
determined by IEC analysis (Supplementary Tab. S2). In total, the mass of the ionomer sums up
to an average molecular weight (My) and number average molecular weight (My) of 362 kg mol™*
and 165 kg mol 2, respectively, with a polydispersity index (lIp) of 2.2 (Supplementary Tab. S3).
The lithium transference number (t*) was determined by PFG-NMR to be 1, based on the recorded
self-diffusion coefficients of lithium (Du = 0.31£0.01x10° m? s?) and fluorine (De: no
measurable diffusion). Fig. 1b displays typical translucent thin membranes of S110-05-70%PC
after swelling with 70 wt% of PC. In Video S1, a piece of SI10-05-70%PC was subjected to
repeated stretching, revealing high elasticity and suitable mechanical properties. Regarding the
thermal stability, in the dry state, the ionomer is stable up to about 350 °C, before a significant
weight loss is observed in the TGA data (Supplementary Fig. S3). The evaporation of incorporated
PC occurs above 100 °C and until about 240 °C. The polymer decomposition, however, remains
unaffected by the introduction of PC, rendering this electrolyte very stable — especially in
comparison with liquid organic electrolytes containing LiPFs as conducting salt, which
decomposition occurs at around 70 °C [31]. In fact, a qualitative evaluation of the flammability
and ignition of such PC-imbibed electrolyte membrane by subjecting it several times to a candle
flame (Video S2) reveals that these membranes do not burn (apart from some (evaporating) PC at
the surface), which is ascribed to the self-extinguishing properties of the (fluorinated)

polyethersulfone backbone [27, 32-34]. Differently, a glass fiber separator drenched with



IM LIiTFSI in PC is easily ignited and keeps burning until all electrolyte has been consumed
(Video S3). This brief comparison highlights the inherent safety of this single-ion polymer

electrolyte.

FPES block ~ 5 kg/mol

(@)

0O

PES block ~ 10 kg/mol

> FZC\
/CFZ F,C
Perfluoroalkyl side chain o)
\
/CFZ F,C
3 F,C
\ o,
O‘S/ S
LiTFSI functional group \N' Li* *Li'N
o./
Ss.
S /0 0o

Fig. 1. a) Molecular architecture of the S110-05 ionomer with the ionophilic PES block highlighted
in green and the ionophobic FPES block highlighted in blue. b) Photographs of the S110-05-

70%PC ionomer membranes after the pressing between two Mylar foils.

3.2 Physicochemical and electrochemical properties of S110-05-70%PC electrolyte

The ionic conductivity of the SI10-05-70%PC electrolyte in the temperature range of -30 °C
to 90 °C is presented in Fig. 2a. The plot reveals a typical Vogel-Tammann—Fulcher (VTF), which
indicates that the Li* cation transport is related to the solvent-coordinated transport, meaning that
the PC solvent molecules are serving as a kind of “molecular transporter”, presumably supported
by the mobility of the ionic side chains. Remarkably, the ionic conductivity exceeds 1 mS cm at
40 °C, which is comparable to or even higher than earlier reported single-ion conductors
comprising organic solvents [35-40]. At 20 °C, the conductivity is rather high (about 0.6 mS cm™)
considering that this value originates solely from the mobility of the Li* cation. In order to get the

full picture for the charge transport within the electrolyte membrane, the limiting current density
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(Jo) was also determined at various temperatures (Fig. 2b). As anticipated, the obtained value is
substantially higher than in our previous work for the S115-15-55%EC electrolyte system (i.e.,
1.2 mA cm2at 50 °C) [27] with 1.32 mA cm 2 and 1.57 mA cm 2 at 20 °C and 40 °C, respectively,
due to the increased Li* concentration and the ratio of the conducting phase. Also at 0 °C and even
-10 °C, the limiting current density is still rather high with about 0.41 mA cm~2 and 0.33 mA cm?,
respectively, suggesting for decent to good performance even at relatively low temperatures.

In a next step, we evaluated the electrochemical stability of the SI10-05-70%PC electrolyte
system. The results are presented in Fig. 2c—f with the determination of the electrochemical
stability window shown in Fig. 2c. The peak at around 1.3 V during the cathodic scan is assigned
to the reductive decomposition of PC [41], potentially including a minor contribution from residual
DMSO from the synthesis [42]. In fact, conducting cyclic voltammetry in the cathodic sweep range
of 0.0 V to 3.0 V (Fig. 2e) shows that this initial peak disappears after the first cathodic sweep
(note a slight shift to lower voltage due to the faster sweep rate) vanishes, indicating a stabilized
electrode/electrolyte interface. From the second cycle onwards, however, two very minor new
peaks are observed at about 1.4 V and 0.5 V, which have probably been superimposed earlier by
the solvent decomposition. According to a study by Kim et al. [43], these reduction peaks can be
assigned to the reaction of Li* and NiOx on the surface of the Ni foil, as also suggested by the
accompanying oxidation peaks at around 1.0 V and 2.4 V, which are stabilizing after three CV
cycles. The anodic sweep in Fig. 2c reveals two small oxidation peaks at around 4.5V to 4.6 V,
well evident in Fig. 2d, which are as well assigned to the decomposition of PC and potentially

remaining DMSO [44, 45].
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Fig. 2. a) lonic conductivity of the S110-05-70%PC electrolyte as a function of temperature. The
ionic conductivity was recorded upon heating and cooling to confirm the reversibility of this
analysis. b) Determination of the limiting current density at various temperatures. ¢) Determination
of the electrochemical stability window of the S110-05-70%PC electrolyte membranes via linear
sweep voltammetry (sweep rate: 0.2 mV s2). d) Magnification of the anodic sweep as indicated
by the dotted green frame in panel c¢) with an exemplary determination of the oxidative stability
by choosing 15 HA cm™ as the maximum evolving current. e,f) Cyclic voltammetry studies
towards e) reduction in a voltage range of 0.0 V to 3.0 V and f) oxidation within a voltage range
of 3.0 Vto 4.7 V (sweep rate: 0.5 mV s1; note the different scale compared to panel c), especially

for the current density).
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Also in this case, the further investigation via cyclic voltammetry in the voltage range of 3.0 V
to 4.7 V (Fig. 2f) indicates that the electrode/electrolyte interface is stabilizing upon cycling, as
the evolving current is steadily decreasing to essentially 0 mA cm=2 up to 4.5 V. Setting an
exemplary limit of 15 pA cm2 for the evolving current for the determination of the anodic stability
would mean that it is as high as 4.96 V (Fig. 2d), even though such a value must be taken with care
given the fact that it is determined on a flat Ni electrode. Overall these results support for the

implementation of the electrolyte in lithium-metal batteries comprising Ni-rich NCM cathodes.

3.3 Electrochemical behavior of S110-05-70%PC electrolyte in Li/NCMasu1 full-cells

To start with, we evaluated Li/NCMeau1 cells via cyclic voltammetry (Fig. 3). The initial three
CV cycles at a sweep rate of 0.02 mV s in a voltage range of 3.0 V to 4.3 V are shown in Fig. 3a.
Three typical redox pairs are observed associated to the hexagonal and monoclinic (H1 < M),
monoclinic and hexagonal (M < H2), and hexagonal and hexagonal (H2 < H3) phase transitions
[46, 47]. The two, high-voltage pairs are perfectly overlapping upon cycling, indicating for the
high reversibility of the associated phase transitions. Regarding the first redox couple (associated
with the H1 < M phase transition), a slight shift of the anodic peak towards lower potentials is
noted, resulting in a decreasing separation of the redox peaks (AV) from 0.134 V to 0.085 V and,
eventually, 0.066 V in the third cycle. It is worth mentioning that the AV in the third cycle is
approaching the theoretical value of 0.059 V for a reversible electron transfer reaction [48, 49],
which is very impressive for a polymer electrolyte cell. In a subsequent step, the same cell was
subjected to 50 continuous CV cycles at a higher sweep rate of 0.2 mV s (Fig. 3b). At such

relatively higher sweep rate, the redox peak couples for the second and third phase transitions
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(e, M < H2 and H2 < H3) are less distinguishable. Furthermore, we observed a slightly
increased polarization, evidenced by the higher redox peak separation. Nevertheless, the redox
peak separation (AV) of H1 «> M gradually decreased and maintained stable after about 25 cycles.
In addition, the redox peak intensity remained almost unchanged after the initial three cycles,

confirming the good reversibility of the electrochemical reactions occurring.
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Fig. 3. Cyclic voltammetry conducted in a voltage range from 3.0 V to 4.3 V: a) Three cycles at a

sweep rate of 0.02 mV s*; b) 50 consecutive CV cycles at a sweep rate of 0.2 mV s,

3.4 Galvanostatic cycling and rate capability

Keeping the voltage range constant, we evaluated in a next step the rate capability and long-
term constant current cycling performances of Li/NCMeg11 cells comprising the S110-05-70%PC
electrolyte at 20 °C and 40 °C (Fig. 4). In the first cycle, at 0.05C and 20 °C, the Li/NCMsg11 cell
delivered a reversible discharge capacity of 201 mAh g (Fig. 4a), which is very close to the
reversible discharge capacity of about 203 mAh g at 0.1C and 20 °C obtained for the same
electrode combination with a standard liquid organic electrolytes (Supplementary Fig. S4). An

even higher discharge capacity of around 206 mAh g was recorded for the Li/SI110-05-
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70%PC/NCMegu1 cell at 0.05C and 40 °C (Fig. 4b), presumably due to the enhanced kinetics at
such elevated temperature. On the contrary, the first-cycle Coulombic efficiency was higher at
20 °C than at 40 °C with 90.6% vs. 81.1% as a result of extended irreversible side reactions at
elevated temperatures. Indeed, as apparent already from the first cycle, the enhanced kinetics are
advantageous for the achievable capacity — specifically at elevated dis-/charge rates — but
disadvantageous in terms of Coulombic efficiency — also upon continuous cycling (Fig. 4a—). At
40 °C the reversible specific capacity is 196 mAh g at 0.1C, 183 mAh gt at 0.2C, 177 mAh g
at 0.5C, 165 mAh gt at 1C, 148 mAh g* at 2C, and 91 mAh gt at 5C. At 20 °C it is somewhat
lower with 191 mAh gt at 0.1C, 180 mAh g* at 0.2C, 162 mAh g* at 0.5C, 139 mAh g at 1C,
106 mAh gt at 2C, and 38 mAh g at 5C. The subsequent long-term cycling stability, however,
is better at 20 °C with 80% capacity retention after 443 cycles at 0.5C compared to 320 cycles at
0.5C and 40 °C thanks to the higher average Coulombic efficiency of 99.8% (20 °C) compared to
98.8% (40 °C). The superior cycling stability is also well reflected by an additional test, for which
we cycled fresh cells constantly at 1C for 180 cycles after the formation at 0.05C and 0.1C (Fig. 4d).
The Li/S110-05-70%PC/NCMeg1; cell cycled at 20 °C revealed an exceptional capacity retention
of 97.2% after this test compared to 80.4% for the cell cycled at 40 °C. While the latter cell showed
a higher initial capacity of about 165 mAh g at 1C compared to 153 mAh g at 20 °C, the cell
cycled at lower temperature outperformed the one cycled at 40 °C after around 60 cycles. After
180 cycles, the cell cycled at 20 °C maintained a capacity of ca. 147 mAh g%, which is 15 mAh g*

higher than for the cell tested at 40 °C (132 mAh g™).
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Fig. 4. Comparative rate capability test and constant current cycling of Li/SI110-05-
70%PC/NCMegu1 cells at 20 °C and 40 °C. a,b) Selected dis-/charge profiles at varying C rates at
a) 20 °C and b) 40 °C; c) Comparison of the rate capability (0.05C, 0.1 C, 0.2C, 0.5C, 1C, 2C, and
5C) and subsequent long-term cycling performance at 0.5C at both temperatures; d) Comparison
of the constant current cycling performance at 1C for 180 cycles at 20 °C and 40 °C (the cut-off
voltages were set to 3.0 V and 4.3 V).
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3.5 The evolution of electrode kinetics upon cycling

In order to investigate the reason for this fading — though very limited at 20 °C, but pronounced
at 40 °C — we conducted the same test again (i.e., constant current cycling at 1C and 20 °C) and
included electrochemical impedance spectroscopy (EIS) measurements after selected cycles in the
discharged (i.e., at 3.0 V) and charged (i.e., at 4.3 V) states (Fig. 5). Since this test was conducted
in two-electrode Swagelok-type cells (due to the difficulty to introduce a suitable reference
electrode), the contribution of the Li metal anode is unavoidable. In the discharged (Fig. 5a) as
well charged (Fig. 5b) states, the Nyquist plots for the selected cycles reveal a semicircle at higher
frequencies. Considering that this feature varies upon cycling, but does not change with the cell’s
SOC (state of charge), and that lithiated NCMg11 electrode generally exhibits a very small charge
transfer impedance [50], we may assign the semicircle to the lithium metal/electrolyte impedance,
which includes contributions from the charge transfer as well the solid electrolyte interphase [51].
For the first 10 cycles, this resistance is slightly increasing, presumably due to the reorganization
of the lithium metal surface (solid electrolyte interphase) upon cycling [51]. For the subsequent
cycles, however, it is continuously decreasing and eventually stabilizing after about 100 cycles,
indicating a highly beneficial interface (and potentially an interphase) between the polymer-based
electrolyte and the lithium metal electrode. At lower frequencies, a straight, but inclined line with
a fixed frequency turning point of 17.5 Hz, is observed for the measurements performed on the
cell in the discharged state (Fig. 5a), which is related to a diffusion process in the positive electrode
(NCMg11) bulk. In the charged state (Fig. 5b) a second semicircle is observed instead, which is
expected since the charge transfer resistance at the NCMsui1 electrode is not negligible in the
delithiated state [50]. Different from the charge transfer resistance at the lithium metal electrode,

this contribution to the overall impedance is increasing upon cycling until eventually stabilizing
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after about 100 cycles. These results suggest that the critical point for further improvement is the

stabilization of the interface (and potentially the interphase) at the positive electrode.
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Fig. 5. Nyquist plots of the EIS data obtained for Li/S110-05-70%PC/NCMsu: full-cells cycled for
180 cycles at 1C and 20 °C in the a) discharged state (3.0 V) and b) charged state (4.3 V).

3.6 Morphology analysis of pristine and cycled electrodes

Nonetheless, the main goal of this study — the homogeneous wetting of the NCMsi1 active
material particles and infiltration of the porous electrode — has been achieved, as apparent from
the SEM/EDX analysis presented in Fig. 6. While the pristine electrodes generally show a good
dispersion of the NCMgy1 active material, the PVVdF binder, and the conductive carbon, they still
provide several pores (indicated by the yellow circles in Fig. 6a,b) despite the pressing. These
pores can be effectively filled by the optimized SI110-05-70%PC electrolyte, thus, achieving an
intimate contact between the polymer-based electrolyte and the NCMasi1 active material particles
without interfering with the percolating electronically conductive network of the carbon
nanoparticles (Fig. 6¢-1). In detail, Fig. 6¢c shows the bottom layer of the positive electrode after
peeling off the aluminum current collector, revealing substantial amounts of the polymer-based

18



electrolyte, apparently in contact with the aluminum foil and homogeneously surrounding the
NCMeg11 particles. An “inner” layer (i.e., a layer closer to the lithium metal negative electrode, but
not the outermost one, which we could not recover due to the intimate contact with the electrolyte)
is presented from different perspectives and at different magnifications in Fig. 6d—f, confirming
that the NCMau1 particles are well embedded in and surrounded by the S110-05-70%PC electrolyte.
This homogeneous distribution of the polymer electrolyte is also evidenced by performing EDX
analysis of a representative region (Fig. 6g) of the top layer of a cycled NCMgi1 electrode.
Specifically, the sulfur mapping in Fig. 6l, which can solely result from the SI110-05-70%PC
electrolyte, reveals a homogeneous distribution of the ionomer across the complete electrode
surface. To further investigate the penetration of the polymer electrolyte into the NCMg11 electrode,
we also performed an EDX analysis of a representative region of the bottom layer of a cycled
NCMau1 electrode by removing the aluminum current collector (Fig. S5a). The elemental mapping
of N (Fig. S5e), S (Fig. S5f), and F (Fig. S5g) reveals a high intensity for all these elements,
indicating that the S110-05-70%PC electrolyte has been successfully introduced into the porous
electrode down to the bottom of the NCMasu1 electrode.

For the same cell, we managed also to recover the lithium metal electrode and conducted a
comparative SEM analysis of the pristine lithium metal electrode and the cycled one (Fig. 7).
While the former shows a very clean and smooth surface (Fig. 7a,b), the latter one reveals some
surface roughening — without, however, any indication of dendritic lithium deposition (Fig. 7c,d).
This is in very good agreement with the EIS results, suggesting a stabilized interface between the
ionomer-based electrolyte and the lithium metal electrode after some initial surface reorganization
and an increase in the total surface area; the latter is presumably causing the decrease of the charge

transfer resistance.
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Fig. 6. Investigation of the NCMsi1 electrode morphology by SEM at different magnifications
a,b) in the pristine state (i.e., prior to the infiltration of the S110-05-70%PC electrolyte) and
c-f) after cycling at 20 °C (see Fig. 4c) comprising the SI110-05-70%PC electrolyte; note that c)
shows the bottom layer of the NCMau1 electrode after peeling off the aluminum current collector,
while d) presents a view from the side at an “inner” layer of the electrode, which is moreover
shown in the bird’s eye view in e) and f) at different magnifications. g) SEM micrograph and h-1)
EDX mapping of a cycled (top layer) NCMzgi: electrode (Fig. 4c at 20 °C) with the mapping of h)
carbon in red, i) oxygen in green, j) nickel in purple, k) fluorine in yellow, and I) sulfur in turquoise.
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Fig. 7. Comparative SEM analysis at different magnifications of a,b) pristine lithium metal

electrodes and c,d) cycled lithium metal electrodes (Fig. 4c at 20 °C).

3.7 Investigation of rate capability and long-term cycling performance under exertive
conditions
Following this careful evaluation of the different interfaces and the infiltration of the NCMau1
electrode by the S110-05-70%PC electrolyte, we extended the electrochemical characterization of
such Li/S110-05-70%PC/NCMsu1 full-cells. In particular, to investigate the impact of the charging
mode on the electrochemical performance, we added a constant voltage (CV) step (with a current
cut-off of one tenth of the applied specific current) at the end of the constant current (CC) charging

process (except for the initial formation cycles at 0.05C), commonly referred to CCCV cycling.
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The comparative results for both temperatures (i.e., 20 and 40 °C) are presented in Fig. 8a and
Supplementary Fig. S6a,b. This modification of the charging mode allowed for achieving
substantially higher capacities at all C rates, especially for dis-/charge rates above 0.5C. At 5C, for
instance, the capacity increased from 38 mAh g* to 94 mAh g at 20 °C and from 83 mAh g to
135 mAh gt at 40 °C (Fig. 8a and Supplementary Fig. S6a,b). The relatively lower increase in
case of 40 °C reflects the relatively lower impact of the additional CV step when the kinetics and
Li* conductivity in the polymer electrolyte are already faster and the overall polarization is lower
(Supplementary Fig. S6a,b). However, this improvement in rate capability is accompanied by a
slightly inferior 80% capacity retention limit for the subsequent constant current cycling at 0.5C
of 311 and 418 cycles at 40 and 20 °C, respectively (Fig. 8a).

An alternative approach to overcome the capacity decrease at elevated C rates, resulting from
the increased polarization, is the increase of the anodic cut-off voltage. Moreover, performing a
comparative investigation (20 °C) at elevated cut-offs, i.e., 4.3V, 4.4V, and 4.5 V (Fig. 8b), allows
us to explore the limits of the S110-05-70%PC polymer-based electrolyte system. For the first
cycle at 0.05C, the capacity increased slightly from 201 mAh gt (4.3 V; Supplementary Fig. S6¢)
to 204 mAh g* (4.4 V; Supplementary Fig. S6d) to 209 mAh g (4.5 V; Supplementary Fig. S6e).
The initial Coulombic efficiency, however, showed a reversed trend and decreased from 90.6%
(4.3V)1088.1% (4.4 V) t0 86.3% (4.5 V). The latter value, though, is still higher than for the first
cycle at 40 °C with an anodic cut-off of 4.3 V, rendering such elevated cut-offs a viable strategy
in general. When stepwise increasing the C rate, the capacity remains the highest for the anodic
cut-off of 4.5 V until 0.5C (Fig. 8b and Supplementary Fig. S6f). At further increased C rates,
however, it is only slightly superior compared to the anodic cut-off of 4.3 V, while the cell with

an upper cut-off of 4.4 V clearly outperforms the latter two. The subsequent constant current
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cycling reveals that the cell with the lowest anodic cut-off (4.3 V) provides the highest cycling
stability with about twice the cycle number when the 80% capacity retention limit is reached (443
cycles vs. 226 cycles vs. 205 cycles for 4.3V, 4.4V, and 4.5 V, respectively). There is apparently
an optimum to be found between the two goals of high rate capability and long-term cycling
stability that would have to be implemented in the battery management system, i.e., elevated cut-
offs and potentially a CV step at elevated dis-/charge rates and lower cut-offs for the continuous
cycling at relatively lower rates — depending also on the ambient temperature.

To further explore the latter also in the opposite direction, i.e., towards lower temperatures, we
subjected Li/S110-05-70%PC/NCMegu1 full-cells to a rate capability test and subsequent constant
current cycling at 0 °C (Fig. 8c). Due to the lower limiting current density at such low temperature
(see Fig. 2b), we applied a maximum C rate of 2C, followed by 500 consecutive cycles at 0.5C
(the latter is the same as for the previous tests). Remarkably, the Li/SI110-05-70%PC/NCMay1 cell
delivered rather high specific capacities also at 0 °C — specifically at C rates up to 0.5C —i.e.,
176 mAh gt at 0.05C, 161 mAh gt at 0.1C, 142 mAh g* at 0.2C, 109 mAh gt at 0.5C, 66 mAh
glat1C, and 9 mAh g?at 2C. At least as remarkable is the subsequent long-term cycling stability
at 0.5C for 500 cycles without any significant fading, accompanied by a high average Coulombic
efficiency of 99.6%. This performance is, in fact, comparable to graphite/NCMa24 full-cells
comprising a standard liquid electrolyte composed of LiPFs and organic carbonates [52].

Finally, we conducted some mechanical deformation/abuse tests for the readily assembled
Li/S110-05-70%PC/NCMa11 pouch cells by folding them and even cutting part of it (Video S4).
The connected blue LED light does not stop working under such rather severe conditions,

underlining the high reliability of such cells.
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Fig. 8. a) Comparative investigation of the impact of a modified charging mode by introducing an
additional constant voltage step (i.e., CCCV cycling) on the rate capability and constant current
cycling at 20 and 40 °C for Li/SI110-05-70%PC/NMCs:1 full-cells. b) Investigation of the effect of
extending the upper cut-off voltage from 4.3V to 4.4V and 4.5 V on the rate capability and long-
term constant current cycling of Li/S110-05-70%PC/NCMagu: full-cells. ¢) Investigation of the rate
capability and long-term cycling performance of Li/SI110-05-70%PC/NCMsy; full-cells at 0 °C
(cut-off voltages: 3.0 V and 4.3 V).

24



4. Conclusions

Employing the optimized single-ion conducting multi-block copolymer electrolyte S110-05-
70%PC in LI/NCMsu1 cells allows for an excellent electrochemical performance of such next-
generation lithium battery chemistry thanks to its high ionic conductivity, limiting current density,
advanced de-/lithiation kinetics, and excellent stability towards oxidation and reduction as well as
the successful infiltration of the NCMs11 electrodes. While the cathode/electrolyte interface might
be further stabilized in future studies — especially with regard to the elevated temperatures and
anodic cut-off potentials as high as 4.5 V — these cells provide a remarkable rate capability and
long-term cycling stability from more than 500 cycles even at 20 °C and 0 °C for carefully
optimized charging modes. As this is, to the best of our knowledge, the first report on Li/NCMsg11
cells employing a single-ion conducting polymer electrolyte, we may anticipate that this work will
trigger a further expanding interest in the development of safe high-performance and high-energy

lithium-polymer batteries.
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