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Realizing poly(ethylene oxide) as a polymer for solid
electrolytes in high voltage lithium batteries via simple
modification of the cell setup

Poly(ethylene oxide)-based solid polymer electrolyte
(PEO-based SPE) is believed to be unsuitable for high
voltage cell applications in e.g., in NMC622||Li cells.
However, instead of the frequently believed oxidative
decomposition, the observed failure (voltage noise)

is counterintuitively attributable to short-circuits, which
are even more pronounced with lowering distance
between the electrodes. A simple spacer proofs this
principle as it can suppress this failure and finally
realize a PEO-based benchmark performance.
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Pure, i.e., linear poly(ethylene oxide)-based solid polymer electro-
lyte (PEO-based SPE) as a common benchmark system for Li metal
batteries (LMBs) is frequently assumed to be unsuitable for high
voltage applications e.g., with LiNig gMng 2Cop .0, (NMC622)-based
cathodes. In fact, a destructive failure appears immediately after
cell operation, seen by a random-like "“voltage noise” during
charge, rendering continuous charge/discharge cycling in e.g.,
NMC622||Li cells not possible. Counterintuitively, this failure is a
result of short-circuits in the course of e.g., Li dendrite penetration.
It is shown that the distance between the electrodes plays a crucial
role. This failure is more likely with a lower distance, particularly
when the SPE is mechanically prone to shrinkage, for example at
higher temperatures as systematically revealed by mechanical
compression tests. Additionally, the active mass loading has a
crucial impact on short circuits, and thus the “voltage noise” failure,
as well. An effective and practically simple solution to realize cell
operation with a PEO-based SPE is the incorporation of a spacer
between the electrodes. This modification prevents the detrimental
shrinkage and enables charge/discharge cycling performance in
NMC622||Li cells with a defined and constant electrode distance,
thus without voltage noise, and finally fulfills a reasonable benchmark
for systematic R&D with specific capacities above 150 mA h g~* even
at 40 °C.

Introduction

Solid-state Li metal batteries (LMBs) can outperform the state-of-
the-art (SOTA) Li-ion batteries (LIBs) in terms of specific energy on
cell and pack level via superior capacity characteristics of the Li
metal-based negative electrode (anode) and the possibility of
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bipolar cell-stacking.”” The development of suitable electrolytes
thereby remains the key.” ™

Among the classes for solid electrolyte materials, organic-
based, ie. solid polymer electrolytes (SPEs) are promising
candidates owing to their superior wettability, ability for
large-scale production and low costs.”>™*® The major drawback
of lower ionic conductivities [S cm~ '] compared to inorganic-
based, e.g. sulfidic ceramic-type solid electrolytes, can be prin-
cipally compensated by decreasing the electrolyte membrane
thickness, and thus by increasing conductance [S]."*>*

SPEs based on poly(ethylene oxide) (PEO) are SOTA and have
been investigated since the 70s.'”'%2%24>7 nterfacial stability
with Li metal makes the PEO-based SPE a suitable candidate,
though the frequently believed anodic instability with SOTA
high voltage positive electrodes (cathodes), e.g., with the layered
oxides like LiNiy¢Mn, ,C0,,0, (NMC622),257%7 is supposed to
limit its application to cathodes with lower operation potential,
e.g. LiFePO, (LFP).”>** However, in our recent work, we show
that PEO-based SPEs are more oxidatively stable than believed,
even up to 4.6 V vs. Li/Li*,*® when using application-relevant
composite electrodes and conditions.>® The appearance of
“voltage noise”-failure in NMC622|SPE|Li cells in the early
cycles can be attributed to processes occurring at the Li|SPE
interface, i.e. short circuit via penetrating Li dendrites.>®3%*°
An increase of mechanical integrity via incorporation of the
conventional linear PEO in a semi-interpenetrating network
(s-IPN) proves this understanding of the failure mechanism, as
Li dendrite penetration is suppressed, even though this SPE
also mainly consists of PEO units.*' The long-term oxidative
stability®® of these polymers still needs to be verified, as
capacity fading with an unclear origin still takes place.

However, the realization of a pure PEO-based SPE in LMBs
remains a challenge. Though a significant increase in SPE thick-
ness can suppress failure, the accompanying larger material utiliza-
tion and larger thickness of the SPE during operation render this
approach less practical.*® This work introduces a suitable strategy
to realize for the first time a pure, linear PEO-based SPE as a
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Scheme 1 Cell assembly and respective dimensions of a cell build with (a) spacer and (b) without a spacer.

benchmark in NMC622|SPE|Li cells with reasonable performance
at 60 and even 40 °C.

Experimental
(a) Materials

Poly(ethylene oxide) (PEO, MW 300.000 Da), and 1-methyl-2-
pyrrolidinone (NMP, anhydrous, 99.5%) were purchased from
Sigma-Aldrich, Germany. Lithium bis(trifluoromethanesulfonyl)
imide (LiTFSI, 99.9%) and polyvinylidene difluoride (PVdF, Solef
5130) were purchased from Solvay, France. Super C65 carbon black
was received from Imerys, France. Mylar foil (100 um thickness) was
purchased from DuPont, USA. The active materials LiNij¢Mng -
C0(,0, (NMC 622) and LiNi;sMn, 50, (LNMO) were purchased
from Targray, Canada. Lithium metal (Albemarle) was used as a
counter and reference electrode. Material storage and sample pre-
parations were performed in a dryroom (dew point —65 °C). PEO
was dried under vacuum (10”7 mbar) at 45 °C and LiTFSI at 110 °C
for 2 days before use. All other chemicals were used as received.

(b) Linear PEO-based SPE membrane preparation

PEO-based SPE polymer membranes were prepared by mixing
PEO (1 ) and LiTFSI (0.544 g) (EO: Li ratio of 12: 1) in a mortar.
The obtained mixture was stored in a pouch bag overnight
(60 °C) under vacuum. The resulting gum-like material was
sandwiched between Mylar foil sheets and pressed at 100 °C
with an applied pressure of 15 bar for 10 min. The thickness of
the resulting membrane in the range of 100 + 5 pm was
controlled by the usage of a spacer.

(c) Electrode preparation and cell assembly

NMC622 electrodes consisting of 91 wt% NMC622, 4 wt%
Carbon Black and 5 wt% PVdF were prepared by dissolving
PVdF in NMP followed by the addition of carbon black and
NMC622. The mixture was homogenized using a dissolver. The
slurry was cast on aluminium foil using a doctor blade with a
wet coating thickness of 50 pm. The electrode sheets were dried
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at 80 °C under vacuum for 3 hours, punched into a circular
electrode and dried again at 120 °C over night before use. The
average active mass loading value of the NMC622 electrodes
was ~2 mg cm 2. The cells were prepared in two electrode
setup (coin cell) using an NMC622 based positive electrode,*’
the PEO-based SPE as the polymer membrane and lithium
metal as the negative electrode according to Scheme 1. The
cells without a spacer were assembled with 12 mm discs of
NMC622, PEO-based SPE as the polymer membrane and 16 mm
lithium metal. The additional cells with spacer were assembled
using the polymer membranes (12 mm diameter) inside rings
of mylar foil (outer diameter: 16 mm, inner diameter: 12 mm)
sandwiched between lithium metal (overall 16 mm diameter)
and NMC622 electrodes (12 mm diameter). According to recent
literature, the active area of lithium is only the area covered
with electrolyte.** The LiNigsMn; ;04 (LNMO) was purchased
from Targray, Canada. The average active mass loading of the
NMC622 electrodes was 4.1 mg cm ™2, For the LNMO electrodes,
84 wt% LNMO, 8 wt% Carbon Black and 8 wt% PVdF were used.
The LNMO was prepared using the procedure described above.

The average active mass loading value was 6.3 mg cm™ >,

(d) Electrochemical measurements

All constant current cycling experiments were conducted on a
Maccor Series 4000 battery cell test system at 60 °C or 40 °Cin a
climate chamber (Binder KB400). The used C-rates and corres-
ponding specific currents are mentioned within the text and/or
in the figure captions.

(e) Mechanical measurements

The compression behavior of the prepared SPE membranes was
investigated using an Instron 5965 dual column universal
testing machine (Instron, USA) with 50 mm compression
plates. The samples were prepared by punching 18 mm discs
of the SPE membranes with a thickness of approximately 2 mm.
The measurements were performed with a speed of 20 um min "
at 40 and 60 °C.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Charge/discharge cycling of NMC622]|Li cells with PEO-based SPE within a voltage range of 4.3 — 3.0 V and a specific current of 15 mA g% (~0.1C) at
(@) 60 °C and (b) 40 °C. The noisy voltage response during charge points to short circuits, whereby the onset of this failure tends to postpone at 40 °C.

Results and discussion

A typical scenario for PEO-based SPEs in NMC622|SPE|Li cells
during charge/discharge cycling is depicted in Fig. 1. An irrepro-
ducible, time-, current- and voltage independent cell-failure
appears already in the initial cycles at 60 °C (Fig. 1a).*® This noisy
voltage response can be attributed to short circuits and can be
seen for example in the 3rd cycle, where the voltage even
decreases below 3 V despite the charging process.*® Interestingly,
application at 40 °C (Fig. 1b) tends to postpone the onset of this
failure and demonstrate milder progression after the onset.
Penetration of Li dendrites to the opposite electrode is more
likely when the distance between the electrodes is shorter.*®
Given mechanical susceptibility to external pressure, the SPE
can shrink and indeed decrease the electrode distance. The
relation of the different failure onsets at different temperatures
(Fig. 1) with the proposed SPE shrinkage was investigated by
means of compression tests at 40 and 60 °C. The resulting
curves of the compression tests are depicted in Fig. 2(a). At both
temperatures, the SPEs are elastic up to a compressive strain of
~1%. However, more compressive stress is required at 40 °C
compared to 60 °C, which is 1.2 and 0.2 MPa, respectively.*’
Hence, at a given pressure within a coin cell, less compression
(shrinkage) of the PEO-based SPE at 40 °C can be concluded,

also indicated by less “thinning/squeezing” of the SPE after
24 h storage in a coin cell, as visualized in Fig. 2(b). Conse-
quently, the SPE can more resist pressure at 40 °C compared to
60 °C, and thus, can better retain its distance when sandwiched
between the electrodes (Fig. 2b).

Obviously, susceptibility towards SPE compression and shrink-
age renders voltage noise, and thus short circuits more likely.
Additionally, the accompanying changes in thickness during
operation make a systematic assessment of SPEs difficult. Thus,
proper modification of the cell design is necessary, i.e. by use of a
conventional spacer as shown in Fig. 3(a). The spacer can main-
tain a defined distance and significantly better prevent and/or
postpone penetration of Li dendrites. This cell set-up as a reason-
able performance reference can contribute to a more systematic
assessment of SPEs (Fig. 3c). Even at 40 °C, high specific capacities
(>150 mA h g~ ") with good capacity retention are obtained. A
reasonable benchmark system is essential for systematic and
valuable R&D,* and can be realized this way.

The less mechanical stability of the linear PEO-based SPE
implies susceptibility to both shrinkage in thickness and Li
dendrite penetration.”' However, a spacer can only counteract
shrinkage. To address dendrite penetration, the cells are
charged with varying (active) mass loadings of NMC622, which
is depicted in Fig. 4(a). A higher mass loading of NMC622
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(a) Curves of compressive stress as a function of compressive strain for the PEO-based SPE at 60 and 40 °C. The limit of elastic compression (linear

relation) is marked. For a similar compression (~ 1% compressive strain), more force is necessary at 40 °C compared to 60 °C (0.12 vs. 0.02 MPa, respectively).
(b) Hence, the PEO-based SPE within a coin cell is less prone to compression at 40 °C, and thus can retain higher distances between the electrodes than at
60 °C. This can be visually confirmed after disassembling the cells after 24 h of storage, where the SPE undergoes less thinning/squeezing at 40 °C. Higher
electrode distances render short circuits less likely and may be related to the postponed onset of short circuits in NMC622||Li cells (Fig. 1).
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Fig. 3 (a) Modified cell design. A spacer in the cell set-up can retain a constant distance, and thus prevent hazardous shrinkage in SPE thickness. (b)
Voltage as a function of time at 60 and 40 °C of an NMC622|SPE|Li cell. The charge—discharge cycling proceeds without short circuit failure and voltage
noise. (c) Specific capacity as a function of cycle number of an NMC622SPE|Li full cell. The modified cell set-up with the spacer can realize reasonable
charge/discharge cycling performance at 60 and 40 °C, and thus can serve as a reasonable benchmark SPE system and benchmark cell configuration.

implies a higher total charge current. As a consequence, higher
current densities lead to higher overpotentials and Li dendrite
growth.”*™*® The spacer cannot avoid voltage noise failure at
high mass loadings, as schematically illustrated in Fig. 4(b).
The linear PEO-based SPE is mechanically not able to suppress
dendrite penetration when the amount of dendritic Li deposi-
tion is high. Such intrinsic issue limits applicability to lower
mass loadings. It is worth noting that the observed overpoten-
tial can also be impacted by insufficient wetting of NMC622 by
the SPE, hinting at an additional limit of application of high
mass loadings. It is also worth noting that analysis of

a
( ) 24 NMC622 | PEO,,LiTFSI|Li
10 mg cm™
4.2} 6 mgcm?
2 mgcm?
> 40
g
8 3.8
°
>
3.6
34F 60 °C
32 i i i i
0 50 100 150 200 250

Specific capacity / mAh g”'
Fig. 4

overvoltage can be complex,’® as high surface area lithium

(HSAL) e.g. dendrites can additionally affect overvoltage.
Finally, this modified cell setup can also improve the quality
of other methods and techniques, e.g., determination of the
electrochemical stability window (ESW). Given the arbitrary
appearance of short circuits and voltage noise, the number of
experiments needs to be enhanced in order to obtain a distinct
anodic decomposition plateau on e.g., LiNiy sMn; 50, (LNMO)
electrodes. A “successful” experiment is shown in Fig. 5, where
the plateau at 4.6 V vs. Li|Li" is obtained, before the appearance
of a short circuit. However, a more effective and reproducible

(b)

Mass loading

(a) Voltage as a function of specific capacity for varying active mass loadings at 60 °C of an NMC622|SPE|Li cell. Higher mass loading leads to

increased overvoltage, and thus poorer kinetics. Mass loading of 10 mg cm™2 reveals a voltage noise despite the usage of a spacer. (b) Schematic relation
of mass loading and Li dendrites. Higher mass loading implies a higher total current, which leads to more Li plating during charge, and thus more Li
dendrites, which finally renders short circuits via penetration more likely.
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Fig. 5 Determination of anodic stability of PEO-based SPE in LNMOJ|Li cells. Given the decreased risk of short circuits, the spacer-based setup reveals a

more efficient and effective way to obtain data also for other methods.

strategy can be obtained via the incorporation of a spacer. As References

shown in Fig. 5, this setup reveals a similar anodic plateau, but
without the risk of short circuits, thus offering a significantly
more efficient and effective way for R&D. Also, the spacer can
realize measures and techniques where a defined thickness of the
SPE is essential, e.g. measurement of Li" transport properties.”’>

Conclusion

Noisy voltage responses as an indication for short circuit failure are
typically observed for poly(ethylene oxide)based solid polymer
electrolytes (PEO-based SPEs) in Li metal batteries (LMBs) with high
voltage/high energy electrodes e.g:, LiNij sMn, ,C0y,0, (NMC622).

It is demonstrated that this failure onset happens earlier
during cycling at higher temperatures. By compression tests,
this can be related to mechanical differences. It is shown that
the PEO-based SPE is mechanically more prone to shrinkage at
60 °C compared to 40 °C. In an assembled cell this results in
SPE membrane thinning/squeezing and a more pronounced
decrease in electrode distance, which is concluded to render
short circuits via e.g., Li dendrite penetration more likely.

Incorporating a spacer as a proper modification of the cell
setup can retain a defined distance between the electrodes and
enables a reasonable charge/discharge cycling performance
without short circuits for moderate mass loadings at 60 and
40 °C and finally realizes a practical benchmark cell system of a
PEO-based SPE for systematic assessment of SPEs in high
voltage LMBs.
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