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Abstract: Solid-state batteries (SSBs) with high-voltage
cathode active materials (CAMs) such as
LiNi;_,_,Co,Mn,0, (NCM) and poly(ethylene oxide)
(PEO) suffer from “noisy voltage” related cell failure.
Moreover, reports on their long-term cycling perform-
ance with high-voltage CAMs are not consistent. In this
work, we verified that the penetration of lithium
dendrites through the solid polymer electrolyte (SPE)
indeed causes such “noisy voltage cell failure”. This
problem can be overcome by a simple modification of
the SPE using higher molecular weight PEO, resulting
in an improved cycling stability compared to lower
molecular weight PEO. Furthermore, X-ray photoelec-
tron spectroscopy analysis confirms the formation of
oxidative degradation products after cycling with NCM,
for what Fourier transform infrared spectroscopy is not
suitable as an analytical technique due to its limited
surface sensitivity. Overall, our results help to critically
evaluate and improve the stability of PEO-based SSBs.

Introduction

State-of-the-art lithium-ion batteries (LIBs) are expected to
soon reach their physicochemical limits in terms of energy
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density.) Solid-state batteries (SSBs) are currently one of
the most promising concepts to surpass the limitations of
LIBs and could be another step towards a society that is less
dependent on fossil fuels."”! By replacing flammable liquid
electrolytes in LIBs with solid electrolytes (SEs), not only
safety is expected to be improved, but also higher energy
densities might be achieved by introducing a lithium metal
anode."¥ A large variety of SEs are currently under
intensive investigation. Polymer-! oxide-,! halide-" and
thiophosphate-based®™ SEs show satisfactory properties with
different material-specific advantages and disadvantages for
practical applications. Among all SEs, solid polymer electro-
lytes (SPEs) based on poly(ethylene oxide) (PEO) and
lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) as con-
ducting salt have been successfully commercialized by Blue
Solutions (Bolloré Group) and are currently utilized by
Daimler in the electric bus “eCitaro” with LiFePO, (LFP)
as cathode active material (CAM).”! The practical use of
PEO-based SPEs is particularly attractive because they have
numerous advantages, including low cost and high flexibility,
thereby allowing good interfacial contact to the electrode
active materials, the capability of solvating lithium salts and
moderate ionic conductivity at elevated temperatures
(=1mScm™ at 80°C).""'™ Despite these characteristics,
PEO-based SSBs still face several challenges on the way to
large-scale high-energy density applications. Substituting
LFP with high-voltage CAMs, such as LiCoO, (LCO) and
nickel-rich LiNi;_,_,Co,Mn,O, (NCM) or LiNj,_,_,Co,AlO,
(NCA), would allow a significant increase in energy
density.!">" In this context, the oxidative stability of the
SPE has often been questioned and investigated in the
literature. The findings are very contradictory, with the
oxidation onset of the SPE being reported to be 3.2V,
4.0 VI*2 or even 4.6 V vs. Li*/Li.! As recently discussed
by Hernandez et al.,” the different values of the oxidation
onset are highly dependent on the electrochemical measure-
ment methodology. In addition, PEO-based SSBs in combi-
nation with high-voltage cathodes experience sudden cell
failure related to “voltage noise” during charging. This has
often been attributed to oxidation processes of the PEO-
based SPE at the cathode.? In contrast, in their recent
work, Homann et al.2"?! attributed this cell failure to the
formation of lithium dendrites at the anode. Increasing the
thickness of the SPE membrane resulted in “voltage noise-
free” operation, suggesting that indeed dendrites are the
origin of “voltage noise” and cell failure. Nevertheless,
direct evidence for the formation of lithium dendrites has
not yet been provided. Furthermore, the long-term cycling
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performance with high-voltage cathodes such as LCO in
PEO-based cells without cell failure also varies strongly in
the literature. While data from Qiu et al. show a discharge
capacity of less than 10 mAhg™" after 5 cycles,'”’ data from
Wang et al. show a discharge capacity of over 100 mAhg™
after 50 cycles.” Based on the contradictory results on cell
failure and capacity decay of PEO-based SSBs published in
the literature, we reinvestigated the compatibility and
reactivity of PEO-LiTFSI with high-voltage cathode active
materials, such as LCO and NCM. By separating the anode
and cathode half cells with a LATP (Li; 4Al4Ti; (PO,)3)
ceramic solid electrolyte we unequivocally confirm that the
“voltage noise” failure is indeed caused by dendrite for-
mation at the anode and not by oxidative processes at the
cathode. To overcome this limitation, we increased the
mechanical rigidity of the SPE by using PEO with a higher
molecular weight, which effectively eliminates the “voltage
noise” related cell failure, enabling stable cycling operation.
Moreover, we also confirm with XPS the formation of
carbonyl groups as oxidative degradation products at the
cathode/SPE interface, for what Fourier transform infrared
spectroscopy is not suitable due to its limited surface
sensitivity.

Results and Discussion

Due to the contradictory results and conclusions on PEO-
based SSBs with high-voltage cathodes found in the
literature, we first addressed the question of whether the
noisy voltage is caused by dendrites or by oxidative
processes at the cathode. Thereby, we investigated the origin
of this behavior in comparison to the previous results in
literature and propose a simple modification of the SPE in
order to overcome the “voltage noise” failure, extending
former work by Homann et al..” In the second part, we
look at the stability of the composite cathode. We inves-
tigate the cathode side by demonstrating the influence of
cell leakage on the cycling performance and SPE decom-
position mechanisms.

Evaluation and elimination of “noisy voltage” related cell
failure

A Li| PEO-LiTFSI | LiNi, 4;Co, ;;Mn, sO,/PVDF/Super P
cell was constructed using a PEO-based SPE with a
molecular weight M, =300000 gmol' as separator and
cycled between 3.0V and 4.3V against a lithium metal
anode at 0.1 C (1 C=200 mA g') and 60°C. The charge and
discharge voltage profiles of the first cycle are shown in
Figure 1. As demonstrated in Figure 1, the galvanostatic
cycling of the PEO-based SSB shows a “voltage noise”
behavior in the initial two charge curves, in good agreement
with the report by Homann et al., who also observe such a
behavior already at around 3.75 VP! In this context, the
authors suggested that the formation of lithium metal
dendrites is responsible for this failure, since increasing the
thickness of the SPE separator and/or replacing the lithium
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Figure 1. Galvanostatic cycling data of a Li| PEO-LITFSI | LiNigg;Cog1,
Mn060,/PVDF/Super P cell within a voltage range of 3.0-4.3 V vs. Li*/
Li at 0.1 C and 60°C using PEO with M,,=300000 gmol~". Charge and
discharge curves of a cell. Magnified view of “voltage noise” behavior.

metal with a graphite anode eliminated this failure.”"! In
contrast, this failure was attributed by Simonetti et al.” as a
clear indication for oxidation processes of the PEO electro-
lyte. Besides, a possible corrosion of the aluminum current
collector should be considered, since LiTFSI-containing
electrolytes are known to corrode at high voltages (>3.8 V
vs. Li*/Li) and lead to characteristic pitting.’**”! To exclude
the possibility that this process affects the “voltage noise”
behavior and cycling stability of PEO-based SSBs with high
voltage cathodes, the aluminum current collector was
examined with SEM before and after electrochemical
cycling (4 cycles with “voltage noise”). As shown in Fig-
ure S1, no difference in the morphology of the aluminum
current collector can be seen. Hence, we exclude corrosion
of Al-foil of LiTFSI containing SPE as a potential cause of
the “voltage noise” behavior.

To evaluate, whether the oxidative degradation of PEO-
based SPEs at the cathode or dendrite formation at the
anode lead to observed “noisy voltage” cell failure, a LATP
pellet was placed between the anode and cathode, as
demonstrated in Figure 2a. In this case, the LATP pellet
acts as a mechanically rigid separator that prevents the
penetration of lithium dendrites through the SPE. Since the
SPE is still in physical contact with the NCM cathode, the
setup enables possible oxidative processes to occur at the
NCM | SPE interface, but precludes lithium dendrite pene-
tration. In addition, the LATP pellet acts as a “white screen”
for lithium dendrites. In the case of Li dendrite penetration
through the SPE, lithium metal hits the LATP on its way
from the anode to the cathode, leading to an immediate
reduction of Ti*" to Ti** of LATP, which is a widely known
problem at the interfaces of LATP with Li metal.”®*! The
presence of reduction products can be detected by color
changes on the LATP pellet, which is white in its pristine
state (Figure 2¢).” In contrast to Gupta etal,”! who
visualized the penetration of Li-dendrites in symmetric cells
with operando SEM, our approach is much simpler and
easier to adopt. Based on this idea, we constructed the Li|
PEO-LIiTFSI|LATP | PEO-LIiTFSI | LiNij g;Cog ;Mg 440,/

© 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

85UB017 SUOWIWOD A8 8(dedl|dde ayy Aq pausenob are sajolie YO ‘85N JO s3I 10} Ar1q 1T BUIUO AB]IAM UO (SUOHIPUOD-PLR-SLLLBYW0D" A8 | 1" Afeid])BU1{UO//SORY) SUORIPUOD pUe SWR L 84} 885 *[£202/€0/v2] Uo Areiqiauiuo Ao|im ‘@1ojouyos L 4 1su| eunssiey AQ 9TE8TZZ0Z @1Ue/200T 0T/I0p/wod A8 | imAfelq1fpul|uo//sdny woiy papeojumod ‘2T ‘€202 ‘€LLETEST



An dte

= Research Articles ety Chernie
4.4 — T T T
(b)
(@) (BAR S8 8 R G WE 42l , -
o
1: 40 .
. cE X
9 381
=l =
= 36+
+ & :
Carbon  NCM  PVDF SPE % 34| _
> M cycle 1
] 32F Mcycle2 :
LATP pellet Al foil Li metal . Mcycle3
3.0F cycle 4 i
0 50 100 150 200

Capacity / mAh g

Figure 2. Results from experiments to verify potential dendrite penetration as cause for “voltage noise” failure. (a) Experimental Scheme of the

Li | PEO-LITFSI | LATP | PEO-LITFSI | LiNig 53C061,Mng,00,/PVDF /Super P cell using PEO with M,,=300000 g mol~". (b) Galvanostatic cycling data
within a voltage range of 3.0-4.3 V vs. Li* /Li at 0.1 C and 60°C. (c) Pristine LATP-pellet. (d) LATP after electrochemical cycling after cathode and
SPE removal (cathode side). (e) LATP after electrochemical cycling and after lithium and SPE removal (anode side). (f) LATP after storage at 60°C

without cell cycling and after lithium and SPE removal (anode side).

PVDF/Super P cell and cycled it between 3.0 and 4.3 V vs.
Li*/Li at 0.1 C and 60°C for 4 cycles. The cycling data are
shown in Figure 2b. It should be noted that the LATP pellet
leads to an increase in cell impedance and, thus, to a high
overpotential which eventually results in a lower initial
capacity. Nevertheless, no “voltage noise” behavior was
detected. This confirms that the “voltage noise” failure is
obviously not a result of PEO oxidation, proving that the
reason is definitely not located at the cathode side, but may
be caused by the poor mechanical properties of the low
molecular weight PEO that allows dendrites to penetrate
through the SPE, as proposed by Homann et al.”"*! To
confirm this, after cell disassembly the anode, the cathode
and the SPE from both sides were carefully removed. It
should be noted that the separation of the sticky PEO based
SPE membrane from the LATP is challenging (a common
issue of post-mortem analysis of PEO-based solid state
batteries!"“*!)). As shown in Figure 2d, no color changes on
the LATP on the cathode side were observed (the aluminum
current collector with the cathode could not be completely
removed). This indicates that no lithium dendrites have
penetrated through the LATP. However, a grey colored ring
of “flake”-like structures can be seen on the LATP pellet on
the anode side in Figure 2e. This indicates that lithium
dendrites penetrated into the SPE membrane and caused a
reaction of the LATP that resulted in a color change.
Interestingly, complete coverage of the reduction products
on the LATP is not achieved, suggesting that the lithium
dendrites mainly penetrate along the edges, which could be
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the path of least resistance/most external force and most
detrimental shrinkage of the SPE when the viscosity of the
SPE decreases due to the elevated temperature. In addition,
no color changes of the SPE were observed after peeling off
the SPE at the anode and cathode side. To exclude the
possibility that this behavior is caused by direct contact
between the anode and LATP due to shrinkage of the SPE
at elevated temperature and applied pressure rather than
dendrite formation and growth, we stored a cell at 60°C at
OCV (open-circuit voltage) for about 4 days. As described
above, anode and the SPE were removed, obtaining a white
LATP pellet without color changes (Figure 2f). This con-
firms unequivocally that indeed the penetration of dendrites
through the SPE is the cause of the “voltage noise” cell
failure. In addition, direct contact between the anode and
cathode would result in a voltage drop to 0, which was not
observed (see Figure 1). Overall, based on the observed
color changes on the LATP due to the lithium dendrites, we
conclude that lithium dendrites penetrate through the SPE
membrane, causing the “voltage noise” behavior and
eventually leading to cell failure, which is in good agreement
with the results by Homann et al.”"

To prevent lithium dendrite penetration in a more
practical way than increasing the separator thickness®'! or
using a spacer® and as an alternative to a crosslinked PEO-
based SPE.” the mechanical strength of the SPE can also
be increased by using PEO with a higher molecular weight
(here: M,=8000000 gmol™'). This is in good agreement
with investigations by Wang et al.,” who measured the
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dependence of tensile strength on the molecular weight of
PEO and reported higher tensile strength for higher
molecular weights. We observed that at 60°C PEO-LITFSI
with My =300000 gmol ' seems to thermally deform, while
PEO-LITFSI with My=8000000 gmol™' keeps its shape.
The poor mechanical properties of low molecular weight
PEO at 60°C are shown in the report of Homann et al.?¥l As
reported by Devaux etal.* the conductivity reaches a
plateau above a molecular weight of 10*gmol™, which
means that no significant conductivity losses are expected
when further increasing M,,. Thus, a conductivity of about
1mS cm™! at 80°C (see Figure S2) can be achieved with
PEO-based SPEs with M, =8000000 gmol™, which is
sufficient to reach full initial cell discharge capacity (>
200 mAhg' for Ni-rich NCM) (Figure 3). Furthermore,
PEO with higher molecular weight enables noise-free
charge/discharge cycling in SSBs with NCM, as shown in
Figure 3 (no LATP separator was used), in contrast to low
molecular weight PEO. To support this, the experiment
shown in Figure 2 was repeated, however, using PEO-based
SPE with M, =8000000 gmol™' at 80°C. After disassem-
bling the cell and removing PEO and lithium from the
anode side, an intact LATP pellet without any color changes
was obtained (see Figure 3). This confirms that PEO with
higher molecular weight effectively suppresses the penetra-
tion of lithium dendrites through the SPE, whereas for lower
molecular weight PEO, failure occurs in the first cycle
(Figure 1).

In conclusion, we confirm that the “noisy voltage”
failure is caused by lithium dendrite formation on the anode
side due to the low mechanical strength of low molecular
weight PEO-based SPEs rather than by PEO oxidation at
the cathode. Indeed, lithium dendrite penetration can be
considered as one cell failure mode, which can lead to
serious safety concerns. In addition, we demonstrate that the
use of PEO with a high molecular weight (M, =
8000000 gmol ') is a practical and simple way to prevent
such cell failure and to enable long-term cyclability of high-
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Figure 3. Galvanostatic cycling data of a Li| PEO-LITFSI | LiNigg;Cog1,
Mn0602/PVDF/Super P cell within a voltage range of 3.0-4.3 V vs. Li*/
Li at 0.1 C and 80°C using PEO with M,,=8000000 g mol~'. Magnified
view without “voltage noise” behavior.

Angew. Chem. Int. Ed. 2023, 62, €202218316 (4 of 8)

Research Articles

Angewandte

intemationaldition’y) Chemie

voltage PEO-based SSBs compared to lower molecular
weight PEO. To the best of our knowledge this modification
of the SPE has not been presented so far to overcome the
“noisy voltage” failure in PEO-based SSBs. Furthermore,
this modification enables to achieve high initial discharge
capacities (>200mAhg™") with Ni-rich NCM, which have
not been achieved in previous studies.”"***! The depend-
ence of the “voltage noise” failure on the utilized CAM and
applied voltage is part of future studies.

Evaluation of long-term stability and electrolyte oxidation

After evaluating and improving the anode side, we sub-
sequently investigated the long-term cycling behavior of
PEO-based SSBs considering the electrolyte oxidation with
focus on the cathode side. For this purpose, Li|PEO-
LiTFSI|LiCoO,/PEO-LiTFSI/PVDF/Super P cells were pre-
pared and cycled for 40 cycles between 3.0 V and 4.2V vs.
Li*/Li at 0.1 C and 60°C using the PEO-based SPE with a
molecular weight of M, =8000000 gmol . The correspond-
ing discharge capacities and Coulomb efficiency as a
function of cycle number are shown in Figure 4a. As
described above, the penetration of lithium dendrites
leading to “voltage noise” behavior was effectively avoided
by using the SPE with a higher molecular weight. The
discharge capacity decreases from to 110mAhg™' to
97 mAhg™" after 40 cycles (capacity retention of 89 %). This

( ) 120 T T T T
a ooen {100
- 8° O88%ccece >
o100 | "J..;...:.;;;;;;f’°‘°'!000— 95
é © ®0p eeeaeeaeeeee N Q: i
E 80 | ° 490
-4 c
z ° e g
‘S R 185 &
8 60 </ % &
@ o
: ., 480 'g
D 40t ‘e, o
(] i 3
£ 0.1C,60°C *oee., 3
2 o e Leakage Cell %%, ©
a e Closed Cell '“no-... 170
L ]
O 1 1 1 1 1 65
0 10 20 30 40

Cycle number

e

liquefactio

Figure 4. (a) Discharge capacity and Coulomb efficiency as function
cycle number of “closed” and “leakage” Li| PEO-LiTFSI | LiCoO,/PEO-
LiTFSI/PVDF/Super P cells within a voltage range of 3.0-4.2 Vvs. Li*/
Li at 0.1 C and 60°C using PEO with M,,=8000000 g mol™". (b) Resi-
idues of liquefied electrolyte on the pouch bag walls obtained from
cells with leakage after electrochemical cycling.
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capacity fading is in good agreement with the data presented
by Wang etal! using similar cycling parameters. In
contrast, the data of Qiu et al."” show a discharge capacity
of less than 5mAhg ' after 10 cycles (capacity retention of
5 %), which is significantly different from the data demon-
strated in this study and by Wang et al..” One reason for
this large difference in capacity fading can be failures in the
experimental setup, which can be easily overlooked. We
have found that, for example, unexpected leakage in the cell
during cell operation significantly affects electrochemical
cycle performance. So, we built cells that were intentionally
not properly sealed leading to constant exposure to air and
moisture during cell operation. In the following, the
properly closed cell is denoted as “closed cell” and the other
with intentional leakage as “leakage cell”. In Figure 4a, the
discharge capacity of the leakage cell after 40 cycles is
11.3mAhg™' (capacity retention of 10 %), which is signifi-
cantly worse than that of the closed cell. Of course, this is to
be expected, since the lithium metal anode is sensitive to air
and moisture.’™ Interestingly, the cycle performance of the
leakage cell correspond well to the data by Qiu et al.'”
Hence, the reason for the significant differences in cycle
performance cannot be fully clarified. However, these
results highlight that easily overlooked inaccuracies in the
experimental setup can affect the cycling performance and
lead to misinterpretation of data. In addition, after disassem-
bling the leakage cells after cycling of PEO with M, =
8000000 gmol " in air, we found a liquid-like polymer film
inside the pouch bag as shown in Figure 4b. These liquid-
like polymer residues were never obtained in closed cells
after cycling. Thus, we assume a swelling process of the SPE
due to moisture in the atmosphere. Interestingly, such liquid
phase has already been observed in literature by Nie et al.*”
reporting the presence of liquid residues after cycling to
high voltages, but not relating this to potential cell leakage.

However, because Nie et al. charged their cells to 4.6 V
vs. Li*/Li, which significantly extends the electrochemical
stability window of LCO,P*%" a direct comparison with our
study is difficult (cells were only cycled to 4.2 V vs. Li*/Li in
our study). We examined the liquid-like polymer residues by
nuclear magnetic resonance (NMR) spectroscopy. The
spectrum obtained is shown in S3 and reveals degradation
products that we attribute to the decomposition of SPE by
caused by cell leakage and entrance of atmospheric gas. The
degradation mechanism in cells with leakage is beyond the
scope of this work, but is an interesting issue as the
consequences for cell failure may be severe.

Overall, we suggest that the observation of liquid phases
of the SPE may indicate cell leakage or residual moisture in
the cell. We further note that SPE liquefaction due to
leakage in the cell will further accelerate the short-circuit
behavior and failure of the cell (c.f. above).

To investigate possible degradation of PEO-based SPEs
in high-voltage cathode composites, post mortem Fourier
transform infrared (FTIR) spectroscopy was carried out,
which is commonly used in this context in literature %18
We like to note that FTIR is not spatially resolving, so any
information is averaged over the cathode composite. Spa-
tially resolved information was additionally observed by

Angew. Chem. Int. Ed. 2023, 62, €202218316 (5 of 8)

Research Articles

Angewandte

intemationaldition’y) Chemie

XPS, see below. For the FTIR analysis, samples of the SPE
were collected after electrochemical cycling. To ensure
reliability and reproducibility of the data, three different
spots were measured, obtaining consistent results. Special
care was taken to examine electrolyte residues from the
vicinity of the cathode/SPE interface, since oxidative proc-
esses are to be expected there according to
literature.P*'®1*1! In Figure 5a, FTIR spectra of the pristine
PEO-based SPE and the SPE after 40 cycles with LCO are
shown. The spectra agree very well, suggesting that no
decomposition products were formed by electrochemical
cycling of PEO-based SPEs with high-voltage cathodes we
formed. In contrast, according to Qiu et al.'”! two additional
peaks after electrochemical cycling would be expected in the
spectral region between 1750 cm™' and 1600 cm™' which
correspond to the C=O stretching mode assigned to the
carbonyl functional groups of aldehyde, ketone or ester
species, indicating oxidative decomposition processes of the
SPE.®) However, these oxidative decomposition products
are absent in our study, as shown in Figure 5b. This is in
good agreement with the observations of Seidl et al."®! and
Ma et al.,**! who also did not report the presence of carbonyl
groups after cycling the SPE with NCM or LCO. The latter
one was cycled even to higher voltage (4.5V vs. Li*/Li).
Interestingly, after analysis of the cells with leakage (see
above) we indeed found these C=O functional groups, as
presented in Figure 5b. This indicates that cell leakage can
lead to undesirable oxidative decomposition reactions that
can easily be mistakenly associated with high-voltage
degradation. A formation mechanism for these oxidized
species under the influence of moisture and air in the
atmosphere is beyond the scope of this work. However,
according to our FTIR data, they do not form in appropri-
ately assembled and closed PEO-based cells after electro-
chemical cycling to higher voltages. Therefore, utmost care
must be taken during preparation of cells to avoid any
residual moisture or leakage that would cause such rapid
degradation.

In addition, post-mortem FTIR analysis was performed
with PEO-based SPE which was cycled with NCM for
25 cycles between 3.0-4.3V vs. Li*/Li at 60°C and 0.1 C.
Consistent with previous results, no C=0O functional groups
were obtained (see Figure S4). The FTIR spectra of the
pristine PEO-based SPE and cycled SPE are presented in
Figure 5c. Upon closer inspection, some changes in the
entire FTIR spectrum were observed after electrochemical
cycling, some of which are comparable to the results of Seidl
et al."™ and Ma et al..”® According to Seidl et al.”® and Ma
et al.,” these changes were attributed to the decomposition
of the SPE, in particular to chemical changes of the
conducting salt.”*® In this context, we prepared an addi-
tional sample of the pristine SPE and measured a FTIR
spectrum after heating to 70°C, which is shown in red in
Figure 5c. Interestingly, the FTIR spectrum of the pristine
SPE after heating to 70°C corresponds very well with the
cycled sample. This suggests that mentioned position shifts
and intensity differences are not caused by electrochemical
cycling to higher voltage but by heat treatment. In the
spectral range of 1200-1000 cm™' the crystalline phase is
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Figure 5. FTIR spectra of PEO-based SPE before and after electrochemical cycling. (a), (b) Cells were cycled with LCO within a voltage range of 3.0—
4.2V vs. Li*/Liat 0.1 C and 60°C for 40 cycles using PEO with M,,=8000000 gmol™". (c) Cells were cycled with NCM within a voltage range of
3.0-4.3 V vs. Li*/Li at 0.1 C and 80°C for 25 cycles using PEO with M,,=300000 gmol™'. A spacer for stable cycling operation was used.

featured by the characteristic peaks at 1142, 1091 and
1053 cm™! that mainly correspond to symmetric and asym-
metric C—O—C stretching vibrational modes of PEO, which
is well documented in literature.**? If PEO is now heated
to 70°C, the fraction of crystalline phase is reduced and the
amorphous fraction increases. Interestingly, the correspond-
ing temperature-dependent spectra of pure PEO in the
range between 1400 and 800 cm™' as shown by Dissanayake
et al.® are fully consistent with our SPE data before and
after heating. Therefore, the observed changes in FTIR are
not caused by any cycling-induced degradation of the PEO,
but rather an effect of temperature. We further note that
these changes were not seen in the FTIR spectrum in
Figure 5a, since a SPE based on higher molecular weight
was used, which has a higher tendency for crystallization
(c.f. above).

Since FTIR is not a surface-sensitive technique™! and
only offers spatially average information, we also inves-
tigated the NCM/SPE interface with X-ray photoelectron
spectroscopy (XPS) to identify possible decomposition
products near the interface. Therefore, the PEO-based SSBs
were assembled and charged to 4.1V or 43V vs. Li*/Li.
After these potentials were hold for 45h, the cells were
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discharged, the aluminum current collector was carefully
removed. Accordingly, XP spectra were collected at the
surface oriented towards the aluminum current collector. In
Figure 6 the peaks at 532.7eV and 528.7eV in the O 1s
spectra can be assigned to the C—O bonds of PEO!"® and the
lattice oxygen in NCM,™! according to literature. While no
changes in the O 1s spectra of the OCV and 4.1 V cell can
be seen, a new signal at 531.1 eV, corresponding to the C=O
group, is detected in the spectrum of the 4.3 V cell. This is in
good agreement with previous XPS investigations.***"! In
addition, in the C 1s spectra the peaks at 286.6 eV and
284.8 eV can be assigned to C—O and C-C/C-H bonds,
respectively. In agreement with the O 1s spectra, the
formation of the C=O bond at 288.4 eV is seen in the C 1s
spectra of the 4.3 V cell.

Overall, these data show that there is indeed oxidative
degradation of PEO at the interface to the active material
that cannot be detected by FTIR. This means that the
interfacial instability at the cathode side needs to be
considered, and we believe that these oxidative degradation
products might indeed lead to fast capacity fading in PEO-
based SSBs with high voltage cathodes (Figure 3).
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Figure 6. Post-mortem XPS analysis of the SPE/NCM interface using
PEO with M,,=8000000 gmol™". (a) C 1s spectra and (b) O 1s spectra
are shown. The cells were hold at OCV, at 4.1 Vor 4.3 V vs. Li" /Li for
45 h. Surface oriented towards the aluminum current collector was
examined with XPS.

Nevertheless, the results obtained to this point suggest
that the failure of the SPE cell is an interplay of dendrite
growth on the anode side and additional oxidative degrada-
tion on the cathode side. However, the effects of oxidative
degradation at the interface with the cathode active material
do not appear to be as severe as previously reported in the
literature. Still, further studies on the PEO/NCM interface
for a deeper understanding are needed.

Conclusion

In this study, the compatibility of PEO-based SSBs in
combination with high-voltage cathodes is critically eval-
uated and improved. The hypothesis of the formation of
lithium dendrites associated with the failure of high-voltage
cells, indicated by “voltage noise” behavior during galvano-
static charging, is confirmed by detection of reaction
products of lithium dendrites with LATP. To overcome this
failure, an SPE with a higher molecular weight PEO was
used, which improved the mechanical rigidity of the SPE
and enabled reasonable cycling performance with NCM
compared to low molecular weight PEO. Furthermore, we
show that often overlooked effects, such as cell leakage and
elevated temperatures during cycling, can easily lead to
incorrect conclusions about the oxidative degradation of the
PEO, when FTIR is used as an analytical technique. Using a
more surface sensitive technique like XPS, we demonstrate
the formation of oxidative degradation products at the SPE/
NCM interface unequivocally. The detailed investigation of
this interface degradation and its influence on cell perform-
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ance, depending on the specific cathode active material and
cell voltage will be elucidated in further studies.
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