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The Influence of Polyethylene Oxide Degradation in
Polymer-Based Electrolytes for NMC and Lithium Metal

Batteries

Lukas Herbers, Jaroslav Mind¥, Silvan Stuckenberg, Verena Kiipers, Debbie Berghus,

Sascha Nowak, Martin Winter, and Peter Bieker*

A multilayered ternary solid polymer electrolyte (TSPE) is presented. First, the
influence of polyethylene oxide degradation on cell failure, development of
subsequent volatile degradation products, and cell impedance is analyzed. The
low electrochemical stability window/oxidative stability (>3.8 V) results in
side-chain oxidation and loss of active material. Subsequently, electrolyte
stability is improved and a thin-film (<50 pm) TSPE with three functional layers
is developed to match the wide-ranging electrolyte requirements toward Li
metal anodes and different cathode materials like LiNig gMng ,Coo .0, and
LiFePO4 (NCM622, LFP). The high-voltage stability of >4.75 V makes the TSPE
a promising candidate in high-voltage applications. Because of high Coulombic
efficiencies in NMC622||Li metal (99.7%) and LFP||Li metal (99.9%) cells, the
presented electrolyte enables stable long-term cycling with great capacity
retention of 86% and 94%, respectively. The temperature stability of >>300 °C
and the capability to prevent high surface area Li and dendrite formation (even
at an areal capacity utilization of >>40 mAh cm?) contribute to high safety

1. Introduction

The transition from fossil fuels as primary
energy sources to renewable energies leads
to a groundbreaking change in the whole
industry and the way of energy management
in modern societies.! The fluctuation in
energy availability in the grid by renewable
sources and the avoidance of fossil fuels in
vehicles require energy-efficient approaches
for energy storage.”*! Therefore, the demand
for batteries is considered to increase mas-
sively in the 21st century.”*! Due to a diverse
field of stationary and portable battery appli-
cations, requirements for batteries are mani-
fold, and high standards for safety, lifetime
as well as energy density must be fulfilled.”
Li-ion batteries are the most used battery type

under a wide range of conditions.
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in commercialized automotive and con-
sumer electronics batteries but are limited
in regards to specific energy (Wh/kg) in com-
parison to other systems.

Li metal anodes provide a higher specific capacity of
3860 mAh g~ ! in comparison to widely used graphite anodes
(372mAh g ').”# Furthermore, the low standard reduction
potential of —3.04 V versus standard hydrogen electrode of Li
metal in combination with high voltage cathode materials like
lithium nickel manganese cobalt oxides (NMC) makes Li metal
an ideal anode material for Li-based battery technologies with
high voltage and specific energy.”'” Despite its advantages,
the application of Li metal electrodes leads to potential safety
risks due to the formation of reactive high surface area lithium
(HSAL) morphologies, with needle-like (dendritic) morphologies
being the most known ones, which can cause internal short cir-
cuits and generally increase the risk of thermal runaway."
Furthermore, volatile organic liquid electrolytes decrease safety
by potential gas evolution and their flammability.""! To benefit
from the high specific energy of NMC||Li cells and minimize
the safety risks of Li metal conventional organic liquid electro-
lytes can be replaced by solid polymer electrolytes (SPEs).l'%**!

SPEs like polyethylene oxide (PEO) combined with a Li salt,
like lithium bis(trifluoromethanesulfonyl)imide (LiTFSI), are
considered safer because 1) the solid-state avoids electrolyte leak-
age; 2) the high melting and boiling points and/or decomposition
temperature minimize volatility; and 3) of the low flammability
reduces the risk of ignition.!"* Nonetheless, polymer electrolytes
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also have major drawbacks compared to conventional organic lig-
uid electrolytes. While organic liquids ensure sufficient ion
mobility and thereby enable rapid transport of solvated ions, solid
polymers are immobilized and only enable ion mobility to a cer-
tain extent." In the case of PEO, the Li-ions are complexed by
the coordination of ethylene oxide (EO) groups in the polymer
chain. Therefore, the Li salt is dissolved in the PEO by ion dis-
sociation, and ions are shuttled through the polymer matrix by
rearrangement of the EO chains."® As a result, SPEs suffer from
a lower ionic conductivity when compared to liquid electrolytes
because the long polymer chains are immobile and unable to pro-
vide a rapid reorganization.*!

To enhance mobility of EO chains as well as to ease the rear-
rangement necessary for ion transport, the PEO can be plasticized
by adding liquids to the SPE.”! To avoid the safety risks of organic
solvents, room temperature (RT) ionic liquids (ILs) are considered
advantageous.""”! Despite their higher price than organic electro-
Iytes, they have a negligible vapor pressure and are more thermally
stable, allowing for maintaining the high safety granted by
SPEs."® The IL-based SPEs are also referred to as ternary solid
polymer electrolytes (T'SPE) and consist of three major compo-
nents (polymer, IL, and Li salt, see Figure 1). For example, the
addition of the IL 1-butyl-1-methyl-pyrrolidinium-bis- (triftuorome-
thylsulfonyl)imid (Pyr;4TFSI) to a PEO-LITFSI SPE increases the
RT ionic conductivity by orders of magnitude.!"”!

Despite the advantages of TSPEs, Zhang et al. reported that
TSPEs may suffer from low mechanical strength leading to
HSAL growth through the electrolyte, increasing the risk of a cell
failure by short circuits.*” They developed a composite TSPE
using as Celgard 2500 (Cg) separator with high modulus domain,
which is coated with a PEO-based ternary solid polymer electro-
lyte (—CgPEO). While the TSPE grants a high ion conduction
across the Cg, HSAL growth is suppressed by the mechanical
strength of the extra CgPEO in comparison to the pure TSPE.
Additionally, this approach enabled thin electrolyte films
(<50 pm) to be used in cells with high areal capacity utilization
(5 mAh cm™?). Nonetheless, despite the mentioned improve-
ments in regards to ionic conductivity and reduction of safety
concerns when cycling a Li metal electrode, also the require-
ments of electrolytes toward the cathode have to be adjusted.

In this work, the CgPEO electrolyte is further improved to
empower enhanced cycling of both the Li metal anode as well
as state-of-the-art cathodes containing active materials like
NMC622 (LiNigpMng,C09,0;) or lithium iron phosphate (LEP,
LiFePO,). While most components in the TSPE, like Pyr;,TFSI
and LiTFSI, are considered stable in the applied voltage ranges
of NMC622||Li cells (3.00—4.25 V), PEO is slowly oxidized above
3.80 V.[2'"23 These parasitic reactions can result in the formation
of a thick cathode electrolyte interphase (CEI**), increased cell
resistance and thereby overvoltage, the loss of active Li by
NMC degradation, and the formation of volatile small-chain
PEO decomposition products, causing a potential safety risk.!*>!

To minimize electrolyte degradation on the cathode side,
Cg-reinforced multilayer electrolytes (CgPVDF, CgPVDF+) are
presented in this work. They were manufactured by coating
two different ternary electrolytes on each side of a Cg separator
to address the different electrochemical stability requirements of
the anode and cathode (see Figure 2a,b).*® A cross-linked
PEO-based ternary electrolyte is used facing the anode side,
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Figure 1. Evolution of ternary electrolytes in this work. Improvement of
electrolyte properties by addition of Pyry,TFSI, Celgard 2500, PVDF-HFP,
and increase in Pyry4TFSI ratio. Electrolytes sketch from top to bottom: solid
polymer electrolyte (SPE), ternary solid polymer electrolyte (TSPE), Celgard
2500 coated with a PEO-based ternary solid polymer electrolyte (CgPEO),
and Cg-reinforced multilayer electrolytes (CgPVDF, CgPVDF+).

providing great connectivity toward Li metal and high ion
conduction. To improve the oxidation stability of the electrolyte
facing the cathode side, PEO in the ternary electrolyte is
replaced by an equivalent mass of poly(vinylidene fluoride-co-
hexafluoropropylene) (PVDF-HFP) as a more oxidation-
stable polymer (see Figure 2c).*”?® A cross-section of the
CgPVDF+  electrolyte is shown in the Supporting
Information, see Figure S1, Supporting Information.

The transition from a PEO-based CgPEO to an improved mul-
tilayer CgPVDF+ is analyzed and discussed. First, the influence of
PEO degradation at high cell voltages is analyzed and the positive
effects of implementing PVDF-HFP in this regard are discussed.
Second, the composition of the PVDF-HFP-based CgPVDF is opti-
mized for electrochemical performance and the long-term cycling
stability of the resulting CgPVDF+ is shown.

1.1. Chemicals

PEO (Dow Chemical, molecular weight 4 000 000) was dried at
60 °C for at least 48 h under reduced pressure <1073 mbar, fol-
lowed by 48h at 60°C under reduced pressure <10~/ mbar.
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Figure 2. Electrolyte processing and design. a) Top view of a stretched 50 pm-thick CgPVDF+ electrolyte; b) processing of multilayer electrolytes by 1.
coating, 2. coating, drying, and cross-linking; c) sketch of the side view of a CgPVDF+ electrolyte.

Benzophenone (BP) (Merck, 99%), acetonitrile (ACN) (Carl Roth,
>99.9%, ROTIDRY, <10 ppm H,0), and 1-methyl-2-pyrrolidi-
none (NMP) (Thermo Fisher Scientific, 99.5%, AcroSeal, over
molecular sieve) were used as received. Pyry4TFSI (Solvionic,
99.9%), LiTFSI (TCI, >98%) and PVDF-HFP (Sigma-Aldrich,
molecular weight 400000) were dried for at least 48h at
110°C under reduced pressure <10~>mbar, followed by 48h
at 110 °C under reduced pressure <1077 mbar. NMC622 sheets
(experimental capacity 180 mAh g™') and LFP sheets (LiFePO,,
NANOMYTE BE-60E, experimental capacity >170 mAh g~ ', NEI
Corporation) were dried for 48 h at 100 °C under reduced pres-
sure <10 > mbar.

1.2. Preparation

The electrolyte films were prepared in a dry room, as described
by Zhang et al.”?” The PEO-based electrolytes were prepared by
dissolving PEO, LiTFSI, Pyr;,TFSI, and BP in ACN (0.22 g PEO
per 10 mL ACN). The PVDF-HFP electrolytes were prepared by
dissolving PVDF-HFP, LiTFSI, and Pyr,4TESI in NMP (1.67 g
PVDE-HFP per 10 mL NMP). A molecular ratio of 10:2:1:0.12
(EO:Pyr 4, TFSLLITFSI:BP) for CgPEO, a molecular ratio of
10:2:1 (EOcquiv.:Pyr14TFSLLITFSI) in which PEO was replaced
by an equivalent mass of PVDF-HFP for CgPVDF and a molecu-
lar ratio of 10:4:1 (EOcqyy.:Pyr14TFSI:LiTFSI) for CgPVDF+ was
used for the electrolytes. CgPEO/CgPVDF (50:50) was prepared
by preparing a 50:50 mixture of CgPEO and CgPVDF in NMP.
The electrolyte pastes were applied using a doctor blade. One side
of the Cg was coated with the PEO-based paste and dried in the
dry room (relative humidity <0.05%). Afterward, the second side
of the Cg was coated with the PVDF-HFP-based paste and dried
at 60 °C under reduced pressure <10~ > mbar for 48 h. The mem-
branes were cross-linked from both sides by UV curing
(UVACUBE 100, 100 W lamp, Dr. Honle AG) for 10 min. The
process is summarized in Figure 2b.

Electrochemical measurements were conducted in CR2032
two-electrode cells, which were assembled with two electrode discs
(12 mm diameter) in stainless steel (SST)||Li, symmetric Li||Li,
LFP||Li, and NMC622||Li cells in a dry room. All measurements
were performed at 60°C. Linear sweep voltammetry (LSV)
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measurements (0.5mVs™', from open circuit voltage (OCV) to
5.6 V) were obtained in SST]|Li cells and single charge measure-
ments (0.05mAcm ™ from OCV to 4.00, 4.25, 4.50, 4.75, or
5.00 V) in NMC622||Li metal cells. The long-term electrochemical
cycling stability (0.05 mA cm ™2, 1h OCV before and after imped-
ance measurement after each cycle, 10 mHz to 1 MHz) was per-
formed in NMC622||Li metal cells. The galvanostatic discharge
polarization (0.10mA cm™2) in symmetric Li||Li cells, charge
pulse measurement/amperometry for limiting diffusion current
rate determination (>0.8 mA cm™?, cut-off voltage 1V) in sym-
metric Li||Li cells, and voltammetry for limiting diffusion current
rate determination (0.01 mA cm™?) in were obtained in symmetric
Li||Li cells. All these electrochemical measurements were per-
formed on a VMP potentiostat (Bio-152 Logic). Galvanostatic
polarization studies (0.10 mA cm™2, 2.5-4.0 V) with LFP||Li metal
cells and galvanostatic polarization studies (0.10 mA cm™2,
3.0-4.25V) with NMC622||Li cells were performed on a
MACCOR battery cycler (MACCOR Series 4000).

The temperature stabilities of the electrolytes were studied
using thermogravimetric analysis (TGA, A QS5000IR by TA
instruments) with a heat rate of 10 Kmin™" from 30 to 600 °C
under nitrogen.

Fourier-transform infrared spectroscopy (FT-IR) measure-
ments were performed on a BRUKER ALPHA II. The samples
were placed on the attenuated total reflection crystal and a wave-
number range from 1900 to 1525 cm ™' was measured.

The samples for solid-phase microextraction gas
chromatography-mass  spectrometry measurements (SPME-
GC-MS) were prepared by disassembling coin cells in a dry room
and transferring the solid electrolyte and cathode into separate
20 mL headspace vials. GC-MS measurements were carried out
using Shimadzu QP2010 Ultra single quadrupole (SQ), equipped
with AOC-5000 autosampler. For the sample extraction, a divinyl-
benzene-polydimethylsiloxane fiber (65 um, Restek) was exposed to
the headspace for 10's at RT to prevent thermal decomposition of
solid polymer electrolytes. The analytes were further desorbed in
the heated split-splitless injection unit (250 °C) of GC for 1 min ata
split of 1:10. The compound identification was validated with
NIST 11 and by comparison of mass spectrum and retention time
with analytical standard. The measurement was performed as
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described elsewhere.?” The SPME fiber was conditioned after each
measurement at 260°C for 5min and was checked by blank
measurement.

2. Results and Discussion

2.1. Oxidative Stability of CgPEO versus CgPVDF

As will be discussed in this work, at high potentials PEO suffers
from oxidative degradation toward the cathode—electrolyte inter-
face which comes along with NMC capacity fading by active
material reduction.”>?°*! This redox reaction has multiple
causes, which diminish cell capacity and shorten the longevity
of the battery. The following effects are of interest: 1) loss of
active material by rock salt generation, 2) formation of volatile
degradation products, 3) NMC corrosion by the formation of
HTFSI, 4) increase in cell resistance e.g., through CEI formation,
and 5) PEO degradation by ester formation and chain scission
(see Figure 3).

The voltage range in which the electrolyte remains stable is
often expressed by the electrochemical stability window
(ESW). At voltages outside the ESW, the electrolyte is reduced
(reductive stability at lower ESW) or oxidized (oxidative stability
at the upper ESW). Especially the oxidative stability is of interest
to understand the compatibility of an electrolyte toward high volt-
age cathode materials.

To analyze the oxidative stability of an electrolyte, the LSV
technique can be used. Hereby the electrolyte is sandwiched
between a Li metal electrode and a blocking auxiliary electrode
like a SST electrode, see Figure 4c(i). The voltage between the
electrodes is increased with a constant scan rate (0.5mVs™?)
while the current is monitored. Because the SST interface is con-
sidered electrochemically inactive, no major current is observed

www.advenergysustres.com

unless the electrolyte is stable. Only a steady low increase in cur-
rent is observed due to ion migration within the electrolyte in the
low voltage region, see Figure 4a,c(ii).*”! As soon as the ESW of
the electrolyte is exceeded, a current response will be noticeable
indicating an electron transfer between cathode and anode, see
Figure 4a,c(iii). This is caused by electrolyte oxidation at the SST
interface and a simultaneous reduction reaction at the Li metal
interface by Li deposition.

An abrupt current increase is notable in all samples from
~5V, indicating the upper limit of the ESW with threshold cur-
rents of 10 pA cm ™2 at 4.93 V (CgPEO), 5.21 V (CgPEO/CgPVDF
(50:50)) and 5.28 V (CgPVDF) indicating a high oxidation stabil-
ity for both CgPEO and CgPVDF. However, the upper ESW can
be overestimated by only considering the high currents of
>10pAcm™ In the low current region, the upper ESWs of
the electrolytes differ visibly, see Figure 3b. For cell voltages
>3.8V, the cell containing CgPEO shows a higher current
response compared to the cell with CgPVDF, indicating a degra-
dation of PEO.2"*? At low voltages PEO, is oxidized to form ter-
minal carboxyl groups (>4.05V in NMC532||Li®") and ester
groups (>3.9V in LiCO,||Li®?), while at higher voltages, PEO
is degraded by chain scission (4.5 V in LiCO,||Li’**)), forming vol-
atile degradation products. As shown in Figure 4b, the current in
SSTI|Li cells is reduced (at 4.5V currents of 7.0pAcm 2
for CgPEO and 1.1pAcm 2 for CgPVDF) by increasing the
PVDF-HFP content of the TSPE at the cathode-side.

In summary, the current response at <5V is likely related to
PEO degradation at the cathode side of the electrolyte. A replace-
ment by PVDF-HFP enables a higher voltage stability of up to
4,75V (<1.5 pA cm~?) for CgPVDF, making it applicable toward
high-voltage cathode materials of the 4V category. The results
are further supported by voltage stability measurements using
delithiated active cathode material (Figure S3, Supporting

Formation of
Volatile Degradation Products

Loss of Active Material
by Rock Salt Formation
red

M+IV02 — M+IIO

(M = Ni, Co, Mn)

H* NMC Corrosion
K, by Formation of HTFSI

H* + TFSI- = HTFSI

NMC622

Increase in Cell Resistances
e.g. through CEl Formation

\Rn

int

NMC
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PEO Degradation
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Figure 3. lllustration of the consequences of PEO oxidation and NMC reduction at the PEO-NMC interface.
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Figure 4. LSV of CgPEO and CgPVDF in SSTJ|Li metal cells with a sweep rate of 0.5 mV's™' at 60 °C. a) LSV from 3.5 to 5.8 V; b) enlargement of figure with

a current <15 pAcm™% ¢) processes during LSV.

Information). Additionally, the results highlight that even low
current responses are not negligible for determining the ESW.
This agrees with the conclusion made by Cabafiero et al. who
reviewed the oxidative stability of PEO/LITFSI electrolytes deter-
mined by LSV.*”) The results varied in a wide range from 3.8 up
to 4.9 V. As a root cause for the broad span they assumed the
subjective choice of the onset point of degradation in the LSV
curves. If all current responses before the abrupt current increase
(=5 V) are neglected, the oxidative stability can be overestimated.

To determine the oxidative degradation of CgPEO, NMC622||Li
cells are swept with a constant current (0.05 mA cm™?) in a linear
sweep amperometry (LSA) or single charge measurement, see
Figure 5a. LSA is applied with different upper cut-off voltages
in a range from 4.00 to 5.00 V and kept at this voltage for 2h.
With higher cut-off voltage, the cathode material is delithiated
increasing the specific capacity and the state of charge (SOC) of
the NMC622. Furthermore, the PEO is exposed to a stronger oxi-
dative environment at the cathode interface caused by two driving
forces. First, as discussed previously, when the voltage exceeds the
upper limit of the ESW of 3.8 V of CgPEO, the rate of electrolyte
decomposition increases rapidly. Second, during charging/
delithiation of NMC622, the metal (III)-oxides in (LiM™O,,
M=Ni, Co, Mn) convert into metal (IV)-oxides (M""V0,), which
are all strong oxidation agents providing a chemical driving force
for electrolyte oxidation. After LSA experiment, the cells are dis-
assembled and the electrolyte degradation is analyzed optically, by
FT-IR and SPME-GC-MS.

All electrolytes showed a color change to yellow to some
degree (see Figure 3b), indicating polymer degradation even at
low voltages. Hereby, the intensity of color increases slightly
from 4.00 to 4.50V, followed by turning completely brown for
cut-off voltages >4.50V. This effect is also reflected in FT-IR
measurements, which indicates the formation of ester C=0
groups after LSA with the characteristic bands at 1642 and
1729 cm™'.B% The bands intensify with an increased cut-off volt-
age supporting the severe visible oxidation. Furthermore, the
1729 cm™" band shows a side shoulder at 1740 cm™" for cut-
off voltages >4.50V, which could be related to an even more
severe oxidation and the formation of carboxylic acids or carbo-
nates, the C=0 stretching band is shifted in comparison to
esters. In comparison, no degradation is observed for
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CgPVDF and CgPVDF+, compare Figure S9, Supporting
Information. In addition, the PEO degradation is further evalu-
ated by SPME-GC-MS. Four volatile decomposition
products are identified: 1,4-dioxane, 2-methoxy-1-propanol,
1,2-ethylene glycol diformate, and 1,3,6-trioxocane, see
Figure 3 and S2, Supporting Information. The main volatile
decomposition product 1,4-dioxane, known to be formed upon
PEO oxidation, is monitored.?***! With increasing cut-off volt-
age, the amount of 1,4-dioxane increases exponentially from
4.00 to 4.50'V, see Figure 4e. Different from the C=0 group for-
mation, the amount of 1,4-dioxane remains at comparable levels
from 4.50V, indicating most of the volatile species is formed by
sweeping to 4.50V with a 2h hold.

It also has to be noted that the cells with a cut-off voltage
>4.50V show intensive degradation and cell failure at ~4.6V,
which could potentially limit the amount of degradation occur-
ring above this voltage, see Figure 3a. The cell failure is visible in
the LSA curves by a voltage drop caused by increased cell resis-
tances as well as a current flow from electrolyte degradation. The
strong electrolyte degradation is most likely a result of two ampli-
fying effects. First, as shown, CgPEO is oxidized when the volt-
age exceeds the ESW, and the oxidation is accelerated with
increasing voltage. As Nie et al. showed in their work, at
~4.50 V versus Li|Li* the degradation of PEO/LiTFSI electrolytes
(without Pyr;,TFSI) is intensified causing severe PEO chain scis-
sion.”! Second, the degradation of the electrolyte cannot be
viewed as a single phenomenon, instead, the electrons trans-
ferred from oxidative degradation simultaneously can lead to a
reduction reaction. As shown by Homann et al. the reduction
of Li* to Li metal to form dendritic HSAL can potentially lead
to a short circuit.?*! For the electrolytes presented in this work,
HSAL formation is noncritical, because as will be shown later the
implementation of Cg prevents short circuits. A much more
severe redox reaction takes place between the electrolyte (oxidized)
and the cathode material (reduced), see Figure 5. During charging,
the strong oxidant M0, is formed in NMC622. Furthermore,
as reported by Jung et al. NMC622 is nonstable when exceeding a
SOC of ~81% at ~4.6 V of NMC622.%>*¢! At high SOC, reactive
oxygen (e.g., singlet oxygen) is released from the materials. Both
effects can lead to rapid NMC622 reduction by the formation of
rock salt as well as electrolyte oxidation. As rock salt does not
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Figure 5. Degradation of NMC622||Li cells containing CgPEO and CgPVDF. a) LSAs in NMC622||Li cells containing CgPEO at 60 °C with 0.05 mA cm ™2
and varying the cut-off voltages from 4 to 5 V; b) photographs of the corresponding electrolytes after LSA; c) IR spectra of the CgPEO electrolyte surface
after LSAs from 1900 to 1525 cm™"; d) SPME-GC-MS measurements of the NMC622 electrodes and CgPEO after LSAs; e) comparison of the LSAs in
NMC622||Li cells containing CgPEO and CgPVDF at 60 °C with 0.05 mAcm ™2 and a cut-off voltage of 5V.

contribute to the cycling process of Li*, active material is lost,
decreasing cell capacity and increasing cell resistances by electro-
lyte and NMC degradation products.*>*% The voltage drop and
buildup of resistances of CgPEO is further evaluated by staircase
cyclic amperometry coupled with impedance spectroscopy, see
Figure S4, Supporting Information.

In summary, an oxidation of PEO is detected from 4.00 V on,
supporting the results from LSV measurements. Therefore, the
upper ESW of the CgPEO electrolyte is below the applied
cut-off voltage of 4.25V in NMC622||Li cells, supporting the
replacement of PEO by PVDF-HFP to increase the ESW.
Furthermore, it is shown that volatile degradation products
are even formed at <4.5V within the voltage range of high-
voltage cathode materials of the 4 V category. A more detailed
analysis of the degradation products aside from 1,4-dioxane,
2-methoxy-1-propanol, 1,2-ethylene glycol diformate, and
1,3,6-trioxocane will be discussed in more detail in upcoming
work. Additionally, a severe degradation at ~4.6V, which leads
to cell failure, is observed. This effect causes a rapid increase in
impedance and capacity loss. As highlighted in the context of cur-
rent research, the oxidation of PEO can come along with a reduc-
tion reaction, which can contribute to cell failure, e.g., NMC
degradation.

While LSV and LSA measurements give first insights into gen-
eral oxidative stability, during cycling the electrolytes are exposed
to an oxidative environment for a much longer period of time. To
compare the long-term oxidative stability of CgPEO and

Adv. Energy Sustainability Res. 2023, 4, 2300153
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CgPVDF, the electrolytes are cycled in NMC622||Li cells coupled
with electrochemical impedance measurement performed after
each cycle. As seen in Figure 6a, CgPEO cells show initially a
higher specific discharge capacity during cycling compared to
CgPVDF cells. The initially lower specific discharge capacity
of CgPVDF is related to the higher tensile strength (stiffness)
of PVDF-HFP electrolytes (50 MPa) compared to PEO electro-
lytes (<5 MPa), decreasing the electrolyte cathode contact.’”)
Furthermore, the crystallinity of PVDF-HFP lowers IL uptake
in the cathode-facing region of the electrolyte, further decreasing
the cathode contact.’® Additionally, PEO (65 °C) has a much
lower melting point than PVDF-HFP (135°C), which further
reduces the crystallinity and stiffness of PEO during cell oper-
ation at elevated temperatures.l*®) Despite the initially higher
specific discharge capacity, the CgPEO cells show rapid capacity
loss compared to CgPVDF cells, which cycle more stably. The
capacity loss is evaluated by the specific energy of a cell, which
represents how much energy is stored in a battery cell per mass,
see Equation (1). The specific energy of a cell depends on the
average operating cell voltage (U..n), the cathode capacity
(Qcathode), and the total cell mass (mcep). While mee remains
unchanged both U.y and Qguihode decline during cycling for
CgPEO cells, see Figure 6b. As seen from the voltage profiles
of the 1st, 10th, and 50th cycle, the CgPEO cells gradually lose
Qrathode, Which is visible by a shift of the voltage profiles to lower
specific capacities. Additionally, the voltage curves of the cell
charging are shifted to higher voltages, which causes the
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Figure 6. Comparison of the long-term cycling stability of NMC622||Li cells with CgPEO and CgPVDF coupled with an impedance measurement at 60 °C.
a) Specific discharge capacity over cycle number with 0.05 mA cm ™2 and cut-off voltages from 3.00 to 4.25 V; b) voltage profile for CgPEO-based cells over
the specific capacity of the 1st, 10th, and 50th cycle; c) voltage profile for CgPVDF-based cells over the specific capacity of the 1st, 10th, and 50th cycle;
d) development of R and R;,; over cycle number; e) development of R, over cycle number; f) Nyquist plots of CgPEO after the 1st, 10th, and 20th cycle;
g) schematic equivalent circuit used to fit the Nyquist plots.

cut-off voltage to be reached with a lower SOC also decreasing
the available Q,,04e Within the set voltage range. Furthermore,

Ueen declines, which is indicated by a shift of the voltage profiles
of the cell discharging to lower voltages. For the CgPVDF cells,
the specific discharge capacity and therefore Q,mode do not
decline from the 1st to the 50th cycle, see Figure 6¢. Also,
no major increase in U, is noticeable as the voltage profiles
of the cell discharging do not decline but even slightly increase

from the 1st cycle.
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Specific Energy =

Meell

Specific energy/Whkg ™!
Ueen — average operating cell voltage/V
Qrathode — cathode capacity/Ah

Meen — total cell mass/kg

Ucell X Ucathode

To understand the major differences in the cycling of CgPEO
compared to CgPVDF in more detail, impedance spectroscopy is
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used. Since a decomposition comes along with a change in cell
chemistry, the ion transport through the cell materials of the cell
is affected. The impediment for ion transport is caused by resis-
tances/impedances in the cell, which are distinguished by the
resistance of the electrolyte (Rg), the resistances within the elec-
trodes (Ry), and the resistances of the electrode|electrolyte
interfaces/interphases (I&I) (Riy). To fit the data, a Ry+

(Rint/CPEipny) + (CPEq/ Rt + Zw) circuit build of the elements
resistor (R), constant phase element (CPE), and transport (often
denoted as Warburg) element (Zy) is used, see Figure 6f,g. The
parallel connection of the R;,;/CPE;,, element represents the I1&I,
with Ry, being the resistance for charge transfer and CPE;,,, rep-
resents the capacitive behavior of the ionic double layer at the
electrode|electrolyte I&I. To represent transport phenomena in
the low-frequency region like ion diffusion in the electrolyte
or Li" intercalation in the NMC particles, a CPEg/R + Zy ele-
ment is added. CPE4 represents the capacitive behavior of the
ionic double layer at the electrolyte| NMC interface, R, represents
the charge transfer resistance, and Zy is the ion diffusion inside
of the electrolyte and NMC. As shown in Figure 6d, Rqy
(gray area) remains stable for both electrolytes over 50 cycles with
an average of 12 Q cm? (CgPEO) and 42 Q cm? (CgPVDF). The
bulk electrolyte therefore maintains its ionic conductivity show-
ing no effects by aging or degradation. The higher resistance for
CgPVDF can be related to a lower IL uptake and lower Li salt
dissociation of the PVDF-HFP region, causing a region of higher
resistance increasing the total R..1273% For the Ry development,
a notable difference between CgPEO and CgPVDF is observed,
see Figure 6d. After the 20th cycle, R, increases by +106 Q cm?
for CgPEO and +32 Q cm? for CgPVDF. The major increase for
CgPEO indicates the development of a thick CEI at the CgPEO|
NMC I&I. During the oxidation of PEO, the M™VQ, are reduced
by oxygen loss to form metal(Il)-oxides (M™'0).***!) Because
M™Os at the surface of NMC particles limit the ion diffusion
by forming additional interphase, the total R increases, which
results in a decline in U..B%****! Furthermore, M™0Os do
not participate in the redox process of lithiation and delithiation
and the transition to M™Os is thermodynamically favorable,
therefore active cathode material is lost, which reduces
thhode.[m] In addition, by the oxidative ester formation of
PEO H™ is formed, which reacts with TESI™ to form HTFSI that
is capable of dissolution of the NMC-cations further eroding the
interface by ongoing cathode degradation finally resulting in a
reduction of QCathode.[zs'“’“] Additionally, the R evolution is
compared, see Figure 6e. Hereby, it has to be noted that R
depends on the charging state of the NMC||Li cells.*>*¢
While R, becomes small at high charging states, it rises during
discharge. Therefore, for comparison, the R values after com-
plete discharge are compared. After 40 cycles a plateau is reached
for R, for both cells. The average R, (41-50th cycle) is 650 Q cm?
for CgPVDF and 1000Qcm? for CgPEO, respectively. The
higher R, of CgPEO compared to CgPVDF indicates that a more
intensive deterioration of the NMC622 particles is present, which
increases the resistance for ion conduction within the cathode
material [4>4748]

In summary, exchanging PEO by PVDF-HFP at the cathode-
facing side of the electrolyte improves the capacity retention in
NMC622||Li cells. CgPEO suffers from a decline of U as well
as Quathode- The impedance measurement revealed a major
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difference in the development of R and Ry, for CgPEO and
CgPVDF. The improved oxidative stability of CgPVDF resulted
in a decreased formation of R in the cell.

2.2. Electrochemical Performance of Cells with CgPVDF versus
CgPVDF+

Despite the benefits of CgPVDF compared to CgPEO, the low
ionic conductivity of the electrolyte as observed by the high
R, limits electrochemical performance. In comparison to PEO
with its EO chain, Li-ion coordinating oxygen groups are absent
in PVDF-HFP.?”*" Therefore, the Li salt dissociation in
PVDF-HFP-based SPEs is limited. To improve ionic conductiv-
ity, two strategies could be applied. First, the amount of charge
carriers can be increased. As observed by Gongalves et al. the
ionic conductivity of a PVDF-HFP-based SPE is improved with
increasing LiTFSI content.*) By creating a polymer-in-salt-
electrolyte with a LiTFSI content of 80%, the Li salt is
precipitated, enabling high ionic conductivity by percolation net-
works.?”?? Second, the mobility of charge carriers can be
increased by higher IL contents. As discussed by Kim etal.
the ionic conductivity of a TSPE is increased with IL content.!'”!
While the first approach is suitable for SPEs, in IL-containing
TSPEs the formation of ion-clusters decreases the perfor-
mance.”® Therefore, the second approach is followed to improve
the ionic conductivity of CgPVDF. By increasing the Pyr;4TFSI
content in CgPVDF from a ratio of 10:2:1 (EOQcquiy.:Pyr14TFSI:
LiTFSI) to 10:4:1 (CgPVDF+) the Ry is reduced, see
Figure S17, Supporting Information. Hereby the resulting
CgPVDF+ does maintain a high mechanical strength originated
by the Cg domain. As shown by Zhang et al. the elastic modulus
of a Cg-reinforced TSPE (121 MPa) is much higher than the pure
TSPE (0.3 MPa), which indicates that the mechanical strength is
mainly determined by the Cg. The electrochemical performances
of CgPVDF and CgPVDF+ are evaluated in Li||Li cells.

The areal capacity utilization is determined by galvanostatic
discharge polarization, see Figure 7a. A constant current of
0.1mA cm™ is applied and the voltage is monitored over the
areal capacity. A rapid voltage drop is visible for both samples
at 45mAhcm * (CgPVDF) and 42mAhcm ? (CgPVDF+)
indicating a short-circuit caused by HSAL growth through the
electrolyte. While the areal capacity utilization is lower than
for CgPEO (53 mAhcm™?), it is higher than a pure TSPE
(<5mAh cm™?) indicating that the Cg membrane dominates
the HSAL-preventing properties rather than the ternary electro-
lyte composition, see Table 1.2

To evaluate the performance of the electrolytes, the limiting
diffusion current rate of the electrolyte is determined by voltam-
metry (jiim, pot) and amperometry (jim, ga) described else-
where.P! In this case, jii, determines the maximal amount of
charge, which is transported through the electrolyte (ion diffu-
sion) between the Li metal electrodes. To determine jim, ga,
charge pulses of >0.8 mA cm ™2 are applied till the cut-off voltage
of 1V is reached. Due to a faster depletion of Li™ at the Lielec-
trolyte interface with increasing current density, the time till the
cut-off voltage is reached decreases.”! As described by Wetjen
etal. jiim, ga1 can be derived from the x-axis intercept of the inverse
charge density over the current density plot, which can be
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Figure 7. Electrochemical performance of Li||Li cells with CgPVDF and CgPVDF+ performed at 60 °C. a) Galvanostatic discharge polarization with
0.1 mAcm 2 until short circuit; b) inverse charge density versus current density; c) LSV with a scan rate of 0.01mVs ™.

Table 1. Comparison of ji,, and capacity utilization of Li||Li cells with
CgPEO, CgPVDF, and CgPVDF+ at 60 °C.

2.3. Thermal Stability of CgPVDF+

The thermal stability of CgPVDF+ and its components is deter-

Jim, gal Jim, pot Capacity utilization  mined by TGA, see Figure 8. A noticeable mass (m) in relation to

[mAcm? [mAcm? [mAh cm 7] o . .
the initial mass (m/my) is lost in CgPVDF+ for temperatures (T)
CgPEO N/A 036171 5369 >330°C, see Figure 8a. The differential of the mass loss per
CgPVDF 0.29+0.05 0.30+0.03 45 temperature (|dm dT~Y|) indicates two major mass loss regions:
CgPVDF+ 0.6140.05 0.60 + 0.05 42 PEO and LiTFSI degrade at ~350°C and Cg, PVDF-HFP and

determined from the depletion time and the current density.>"
An average jiim, ga of (0.29 +0.05) mA cm > for CgPVDF and
(0.61+0.05)ymAcm > for CgPVDF+ is determined, see
Figure 7b. Furthermore, the jiim, pot is determined by LSV apply-
ing a scan rate of 0.01 mVs™", see Figure 7c. The maximal cur-
rent density measured of (0.30 £ 0.03) mA cm > (CgPVDF) and
(0.60 + 0.05) mA cm ™2 (CgPVDF+) represents jiim, pot. CgPVDF
shows a lower jj,, compared to CgPEO which agrees with the
assumption of a higher R, hindering ion diffusion through
the electrolyte. CgPVDF+ shows a higher jj, compared to
CgPVDF with an improving electrolyte performance from 0.3
to 0.6mAcm™2. The applied methods show comparable jiin,
values.

Pyr,TFSI degrade at =450 °C, compare Figure 8b. The addition
of PVDF-HFP does not limit the overall thermal stability
and is therefore comparable to CgPEO. Overall CgPVDF+ has
a thermal stability of >300°C.

2.4. Cycling Performance of Cells with CgPVDF+

The long-term cycling performance of NMC622||Li and LFP||Li
cells with CgPVDF+ is given in Figure 9 and 10. In the 1st cycle,
the voltage of NMC622||Li cells is higher compared to the sub-
sequent cycles, which is caused by the artificial solid electrolyte
interphase (SEI) increasing the I&I resistance.””! Afterward,
fresh Li is plated reducing the overvoltage and the voltage profiles
do not change significantly during cycling. The specific discharge

(@) 100 T T 6 (b) 4004 T ; 10
— Cg
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Figure 8. TGA from 30 to 600 °C, with a scan rate of 10 K min~" under inert gas of a) CgPVDF+ and b) the individual components Cg, PVDF-HFP, LiTFSI,

PEO, and Pyrq4TFSI.
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Figure 10. Long-term cycling performance of LFP||Li cells with CgPVDF+ at 60 °C with 0.1 mA cm ™2 and cut-off voltages from 2.50 to 4.00 V. a) Voltage
profile over specific capacity of the 1st, 50th, 100th, and 200th cycle; b) specific discharge capacity and Coulombic efficiency over cycle number.

capacity remains at a high value with a capacity retention of 87%
after 150 cycles and 86% after 250 cycles (compared to the maxi-
mal specific discharge capacity), indicating a low fading from
cycle 150 onward. Furthermore, the Coulombic efficiency
increases from 89% of the 1st cycle to an average of 99.7%
(150-250th cycle) indicating a stable reversible cycling. When
compared to CgPEO, CgPVDF+ provides greater capacity
retention, compare Figure S5, Supporting Information.
Further information in regards of the rate capability and devel-
opment of impedances in NMC622||Li cells with CgPVDF+ is in
the Supporting Information, see Figure S6 and S7, Supporting
Information.

To show that CgPVDF+ is suitable as an electrolyte toward
different types of cathodes, it is also cycled in a LFP||Li cell
set-up. LFP gained attention due to its low cost and low environ-
mental impact.’* Similar to a NMC622||Li cell set-up also in
LFP||Li cells the first cycle shows an increased overvoltage com-
pared to the subsequent cycles, see Figure 10a. The Coulombic
efficiency is 39% in the 1st cycle and increases rapidly in the
subsequent cycles, see Figure 10b. From there the Coulombic
efficiency remains at a high level of 99.9% (150-250th cycle).
The specific discharge capacity is at a high value with a capacity
retention of 94% after 250 cycles.
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In summary, the application of the CgPVDF+ electrolyte in
NMC622||Li cells shows a major improvement in capacity
retention (>90% after 50 cycles) when compared to CgPEO
(<80% after 50 cycles). The capacity retention of NMC622||Li
and LFP||Li cells with CgPVDF+ are further compared to other
electrolyte systems, see Table S1, Supporting Information. In
comparison to SPEs as well as TSPEs, the capacity retention
of CgPVDF+-based cells is higher. When compared to liquid
electrolytes, CgPVDF+-based cells provide comparable or lower
capacity retention.

3. Conclusion

In a previous publication by Zhang et al. the implementation of
Cg into a PEO-based TSPE reduced the risk of cell failure by short
circuit. However, as shown in literature, PEO is not stable when
cycled toward high-voltage cathode materials limiting its applica-
tion.l*® In our work, it is shown that PEO is degraded at >3.8 V.
From 4.00V, it is oxidized by the formation of carbonyl groups
and volatile degradation products, like 1,4-dioxane. As a result, a
fast capacity fading is observed in NMC622||Li cells. As an alter-
native, a multilayer electrolyte is presented in this work. A Cg
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separator is coated with two different electrolytes to customize it
toward the different requirements of NMC622 cathode and the Li
metal anode. Hereby, the HSAL-preventing properties toward
the Li anode of CgPEO are taken on. By exchanging PEO with
PVDF-HFP on the cathode-facing side of the electrolyte,
oxidative PEO degradation is avoided. PVDF-HFP-based ternary
electrolyte CgPVDF+ enables a high voltage stability of up to
4.75V at the electrolyte|cathode interface. Furthermore, the mul-
tilayer approach maintains a temperature stability of >300 °C and
allows for a flexible and durable thin membrane (<50 pm). The
presented CgPVDF+ electrolyte enables a high Coulombic effi-
ciency during cycling up to 99.7% in NMC622||Li cells and 99.9%
in LFP||Li cells. Moreover, a great capacity retention of 86% after
250 cycles in NMC622||Li cells and 94% after 250 cycles in
LFP||Li cells.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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