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Unraveling the Voltage-Dependent Oxidation Mechanisms
of Poly(Ethylene Oxide)-Based Solid Electrolytes for

Solid-State Batteries

Lukas Seidl,* Rabeb Grissa, Leiting Zhang, Sigita Trabesinger, and Corsin Battaglia

Using galvanostatic techniques, an oxidative stability up to 4.6 V versus
Li/Li* and beyond has been reported for the prototypical polymer electro-

lyte consisting of 1 M lithium bis(trifluoromethanesulfonyl)imide (LiTFSI)

in poly(ethylene oxide) (PEO). However, no long-term cycling of a battery
with this high cut-off voltage has been demonstrated. Electrochemical and
spectroscopic/spectrometric methods are employed to critically reinvestigate
the electrochemical oxidation mechanisms of PEO electrolytes. It is found
that the onset of PEO oxidation occurs at much lower voltage of around 3.2 V
versus Li/Li*, at which the terminal O—H group is deprotonated. At 3.6 V, the
chain of the PEO is oxidized. Both processes result in the formation of the
strong acid HTFSI, which in turn chemically attacks the PEO to form meth-
anol and 2-methoxyethanol. A stable cycling of a solid-state lithium-metal
battery with a high-energy LiNiy sMng1Coo;0, (NMC811) posititve electrode
to an upper cut-off voltage of 3.6 V versus Li/Li* is demonstrated, however,

are versatile: besides possessing high lith-
ium-ion conductivity, the electrolyte has
to be chemically and electrochemically
stable to withstand reduction or oxida-
tion potentials occurring in contact with
Li metal or the positive electrode, respec-
tively.’] Nevertheless, in most cases, elec-
trolytes tend to react with the electrodes,
ideally forming a passivating interphase
layer, which is electronically insulating but
ionically conducting.*® Among the dif-
ferent types of solid electrolytes, polymer
electrolytes are particularly interesting
due to their elastic properties, which can
compensate volume changes of the active
electrode materials during charging and
discharging of the battery. In addition,

resulting in enhanced capacity fading when increasing the upper cut-off
voltage to 3.8 V versus Li/Li" or higher. Thus, operating PEO electrolytes
beyond 3.6 V versus Li/Li* requires protective layers at the positive electrode-

electrolyte interface to prevent PEO oxidation.

1. Introduction

Solid-state lithium batteries promise higher energy density by
replacing the graphite negative electrode by lithium metal and
higher safety by replacing industry-standard liquid electrolytes
based on carbonates having a near-room-temperature flashpoint
by solid electrolytes.l'?l The requirements for solid electrolytes
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many polymer electrolytes can be pro-
cessed easily at low temperature (e.g.,
solution processing, extrusion, molding,
etc.),” and in a solvent free process.!l’

The prototypical polymer electro-
Iyte for lithium-ion batteries is lithium
bis(trifluoromethanesulfonyl)imide
(LiTFSI) in poly(ethylene oxide) (PEO).I Despite many reports
claiming an oxidative stability beyond 5.0 V versus Li/Li* for
PEO-based electrolytes,> stable battery cycling has been
restricted to positive electrode materials with low redox poten-
tials, such as LiFePO, (LFP) with a redox potential of ca. 3.6 V
versus Li/Li*. Motivated by enabling PEO-based solid-state lith-
ium-ion batteries with higher energy LiNi,Mn,Co0,0, (NMC,
x+y+z = 1) electrode materials, we reinvestigate PEO oxidation.

Typically, the electrochemical stability window (ESW) of elec-
trolytes is measured by potential sweep methods, such as linear
sweep/cyclic voltammetry (LSV/CV). One general issue coming
along with voltage sweep techniques is the low signal to back-
ground ratio due to slow reaction kinetics and the absence of
convection in the solid electrolyte. A solution to mitigate this
problem is to maximize the electrode surface area.'! Aside
of density functional theory (DFT) calculations,®2 a few
attempts have been made in literature to determine the elec-
trochemical stability of electrolytes by other methods than LSV
and CV. Those include electrochemical impedance spectros-
copy (EIS)222 and reverse linear sweep voltammetry.2*l By the
use of galvanostatic techniques, the oxidative PEO stability was
found to be 4.6 V versus a Li metal negative electrode.?*?*] Nev-
ertheless, long-term cycling of a Li | PEO | NMC battery has not
yet been demonstrated.

© 2021 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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In this study, we combine several electrochemical and
spectroscopic/spectrometric techniques, including cyclic vol-
tammetry, differential pulse voltammetry (DPV), and EIS com-
plemented by spectroscopic/spectrometric techniques including
infrared spectroscopy, X-ray photoelectron spectroscopy, and
mass spectrometry, to determine the oxidative stability limit
of PEO-based electrolytes. We find that PEO oxidation occurs
already at 3.2 V against a Li/Li* counter electrode at the
alcohol terminal groups. At 3.6 V the PEO chain is oxidized,
resulting in the gradual loss of Li-ion conductivity. Cycling of a
Li | PEO | NMC battery confirms these results.

2. Results and Discussion

2.1. Voltammetry

Figure 1a presents a typical CV measurement of a Li | 1 m LiTFSI
in PEO,pg00 | SS cell measured at 60 °C. A planar stainless
steel electrode is chosen here to enable the study of the pure
electrochemical oxidation avoiding any chemical oxidation
source like O,, either introduced as gas?®! or by an oxide elec-
trode material.?2 A 1 m Li* concentration is chosen to measure
the voltages between the working electrode and the Li/Li*
counter electrode without Nernst shift correction. All voltages
reported in the following denote the voltage difference between
the working electrode and the Li-metal electrode. Note that volt-
ages are reported herein rather than potentials, as we employed
2-electrode setups for experiments.?’]

The CV measurement, shown in Figure 1a, starts at the open
circuit voltage (OCV) after 2 h equilibration at open circuit at
60 °C (see inset) and proceeds towards negative voltages at a
voltage sweep rate of 10 mV s7%. Li plating starts to dominate
below 0 V. At —0.5 'V, the voltage sweep direction is reversed and
the voltage is swept up across the Li stripping peak to 5.0 V until
the first cycle is completed. Following the first cycle, two more
cycles are scanned. Even though such CV measurements are
often employed to extract the ESW of the electrolyte, there are
several flaws and drawbacks of the measurement, as it was per-
formed as in Figure 1a: i) The CV is only suitable to extract the
reductive stability of the electrolyte from the first scan towards
negative voltages, as the PEO molecules irreversibly decompose
at the interface to the stainless steel electrode already during the
first sweep to lower voltages. These reduction products may have
a different oxidation stability than the pristine PEO electrolyte.
Thus, the reductive and the oxidative electrolyte stability must
always be studied independently;”! ii) Li plating and stripping
is a very fast reaction and delivers much higher current densi-
ties than the electrolyte decomposition, which in case of solid
electrolytes are very low due to slow reaction kinetics and the
absence of convection in the solid electrolyte. Thus, the currents

Figure 1. Comparison of CV curves of a Li | T m LiTFSI in PEO;g0000 | SS
cell at 60 °C measured a) from OCV towards Li-plating/-stripping and
up to 5.0 V at a voltage sweep rate of 10 mV s™" and b) from OCV up to
5.0V at a voltage sweep rate of 0.1 mV s7\. ¢) Voltage-time profile applied
during DPV measurement. d) DPVs of a Li | 1 m LiTFSI in PEOygq00 | SS
cell at 60 °C measured from OCV up to 5.0 V (pulse amplitude py =
25 mV, pulse width py =1, step height s = 50 mV, step time s;=5s)
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related to electrolyte decomposition are typically several orders
of magnitude smaller than those of the Li plating and strip-
ping reaction. This results in an overestimation of their elec-
trochemical stability; and iii) the CV measurement in Figure la
was performed at a fast voltage sweep rate v of 10 mV s\ While
non-Faradaic currents, such as the double layer charging, scale
linearly with v, Faradaic currents scale with v!/2 in the best case,
(i.e., with electrolyte diffusion).?®l Consequently, the signal to
background ratio scales with v/2 and thus gets worse at higher
scan rates. This effect can be seen when comparing the CV scan
measured at 10 mV s7! in Figure la with the scan measured at
0.1 mV s7' in Figure 1b. Here, the onset of irreversible anodic
current is detected at a voltage slightly above 3.0 V, whereas this
oxidative current is not visible at 10 mV s™! in Figure 1a.

The CV in Figure 1b is a better example of how to evaluate the
oxidative stability of electrolytes, as it avoids the negative sweep
to the Li stripping and plating regime and is measured at a suf-
ficiently low voltage sweep rate. The first oxidation reaction starts
at a voltage slightly above 3.0 V (I). Three more oxidation reactions
are detected (II to IV). All four reactions are irreversible, as they
only appear in the first cycle and no corresponding reductive peaks
are detected in the reverse sweep. However, CV cannot provide
any additional information about these electrochemical reactions,
and it needs to be obtained through complementary methods.

The signal to background ratio in voltammetry measurements
can be improved employing DPV. Figure 1d shows a DPV meas-
urement of a Li | 1 M LiTFSI in PEO,pg g9 | SS cell at 60 °C. The
measurement starts at OCV and the voltage is swept up to 5.0 V.
A first oxidation reaction is detected slightly above 3.0 V (I), fol-
lowed by three further oxidation reactions starting below 3.8 V (II
to IV), consistent with the CV measurement in Figure 1b. Finding
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the onset voltage from the electrochemical data for reaction II is
difficult, as the peaks of reaction I and II in Figure 1 overlap.

It is interesting to note that in the first sweep, the onset
of the oxidation reaction I occurs at a more positive voltage
than in consecutive sweeps. Moreover, the differential current
decreases from sweep to sweep, indicating electrode passiva-
tion due to formation of a solid electrolyte interphase. This
particular measurement only took 3 min per sweep and the
exposure time of the electrolyte to high voltage remains rela-
tively short. This is why the oxidation peaks are visible in all
three sweeps, as one voltage sweep is not sufficient to complete
electrolyte oxidation. Thus, DPV detects the same oxidation
processes as a slow scan rate CV, but within 3 min (Figure 1d)
instead of 12 h (Figure 1b) per cycle. The weak point of DPV
compared to CV due to the fast measurement, however, is the
loss of information whether reactions are reversible or not.

2.2. Electrochemical Impedance Spectroscopy

Another electrochemical technique to study the ESW of electro-
lytes is EIS. Since EIS is also sensitive to the interphase layer
formed by chemical PEO reduction on the Li electrode, the
Li | 1 m LiTFSI in PEO,gg000 | SS coin cell was equilibrated for
four days at 60 °C at open circuit prior to the voltage-dependent
EIS measurement. After equilibration, a 2 h voltage hold at a spe-
cific voltage, starting from 2.1V, was applied to the cell, followed
by an EIS measurement from 10 kHz to 100 mHz. This procedure
was repeated for stepwise increasing cell voltage (0.1 V steps).
Selected Nyquist plots of the EIS data are shown in
Figure 2a,b. One recognizes an Ohmic resistance of 660 Q cm™2
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Figure 2. a) Nyquist plot of the electrochemical impedance data measured at 60 °Cin a Li | T M LiTFSI in PEOy4g 090 | SS cell. The cell schematic with
the corresponding equivalent circuit is shown in (c) and the obtained fit with the characteristic frequencies of the impedance spectra at 2.1 and 5.0 V,
respectively, are shown in (b). The extracted fitting parameters are plotted as a function of voltage in (d—f). R denotes an Ohmic resistance, Q a constant
phase element with the corresponding exponent a. The capacitance C; in (f) was calculated according to C= (R - Q)"/%/R.

Adv. Mater. Interfaces 2022, 9, 2100704 2100704 (3 of 10)

© 2021 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

at high frequencies and a contribution of a parallel R/Q-ele-
ment at low frequencies, where R is a resistor and Q a constant
phase element, which shows a voltage-dependent behavior. EIS
data were fitted with an equivalent circuit shown in Figure 2c.
The equivalent circuit consists of a parallel R/Q-element R;/Q,
connected in series with R, and a second parallel R/Q-element
R3/Q;. Ry/Q; represents the superposition of the resistances
R; of the SS electrode and the Li electrode including the solid
electrolyte interphase in parallel to a constant phase element Q;
representing the electrochemical double layer at each electrode.
R, is the electrolyte resistance and R;/Q; represents the inter-
phase layer formed due to PEO decomposition at the SS elec-
trode. The R3;/Q; element results in an additional semicircle
apparent in Figure 2a,b, which shows the impedance spectra
of the fresh cell and after exposure to 5.0 V. The additional
semicircle has a very high resistance (MQ cm™2) and appears at
low frequency. According to literature,l?”! this additional semi-
circle cannot be attributed to the total electrical resistance of
the formed interphase, as this would result in a significantly
increased overvoltage and prevent charging and discharging
of a battery. We attribute this behavior to an electronically con-
ducting, but ionically almost blocking solid interphase formed
at the blocking SS electrode.

Figure 2d,e shows all these parameters extracted from an
equivalent circuit fitting as a function of electrode voltage. As
expected, the electrolyte resistance R, remains constant as a
function of voltage, as electrolyte oxidation affects only a very
small region near the electrodes. Also the resistance R, remains
constant at voltages below 3.2 V, below which the EIS data can
be fitted without the need of R;/Qj;, as no passivating layer is
yet present at the SS electrolyte interface. PEO oxidation is
triggered around 3.2 V causing R; to increase and requiring
a second R;/Qs element for fitting to take into account oxida-
tion-reaction products formed at the interface to the SS elec-
trode. R; has values on the order of MQ cm? and reaches a
constant value of 1.3 MQ cm? at about 4.2 V. Q; on the other
hand behaves like an ideal capacitor (a; = 1) for voltages below
3.2V, but decreases significantly when PEO oxidation sets in
above 3.2 V. The corresponding capacitance C; derived from R;,
Q; and a3 is plotted as a function of voltage in Figure 2f and
amounts to several uF cm™. This is a typical value found for
solid electrolyte interphases and confirms that the impedance
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represented by the R;/Q; element is caused by an interphase
layer due to PEO oxidation at the positive electrode.?”! Thus,
while EIS delivers the same onset value for PEO oxidation at
around 3.2 V as voltammetric techniques, it has the advantage
of providing additional information on the transport properties
of the decomposition products.

2.3. Fourier-Transform Infrared Spectroscopy

To identify the decomposition products formed during PEO
oxidation on the SS electrode, we employ Fourier-transform
infrared spectroscopy (FTIR). IR spectra measured post
mortem on 1 M LiTFSI in PEO,g 0o glass fiber separators
extracted from Li | 1 M LiTFSI in PEO,gg9o | SS cells as a func-
tion of applied voltage from 3.2 to 4.6 V are shown in Figure 3a
(bright blue to grey spectra). The dark blue spectrum shows the
IR spectrum of the electrolyte held at OCV.

The spectrum measured at 3.2 V is very similar to the
spectrum measured at OCV. Increasing the voltage to 3.4V, a
reduction in the peak intensity at 1095 cm™ corresponding to
a C—Ogretching mode (marked by the dashed circle) becomes
apparent in the magnified view of the spectrum shown in
Figure 3b. The onset voltage (between 3.2 and 3.4 V) is con-
sistent with the onset for electrolyte oxidation (reaction I) deter-
mined by electrochemical techniques. The C—Ogyeqching mode
corresponds to the stretching vibration of the C—O bond at the
terminal C—OH alcohol group.?? Thus, electrochemical oxi-
dation starts at the alcohol terminal group of the PEO molecule.

The next voltage-induced changes in the IR spectra are
observed after exposure to 3.6 V, affecting almost the entire
spectrum. In the following, we highlight three major changes: i)
The intensity of the peaks associated with the alcohol terminal
group (C—Ogyeiching at 1095 ecm™ and C—Cyeonol at 875 cm™)
strongly reduces to a point where the peak almost disappears;
i) the peak at 1050 cm™ corresponding to an asymmetric
S—N—S vibration of the TFSI anion is replaced by a peak at
980 cm, which can be assigned to the S—HN—S vibration of
an HTFSI molecule,?¥! formed by reaction of the TFSI~ anion
with protons released during PEO oxidation.** Moreover, new
peaks appearing in the region around 1380 cm™ stem from
C—F, S—O0, and C—S vibrations in HTFSI, further confirming
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Figure 3. a) Post-mortem FTIR spectra of the 1 m LiTFSI in PEOy0 000 glass fiber separator as a function of applied voltage with a literature-based
assignment of the IR peaks.’"?23637 b) Magnified view onto the C-Ogetching Mode.
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Figure 4. Post-mortem XPS spectra of the C 1s and the O 1s peaks of
the 1 m LITFSI in PEOyg0 000 glass fiber separator as a function of applied
voltage. The first row corresponds to XPS data of a pristine sample not
assembled into a cell. The black fitted C 1s peak originates from C—C
carbon and C—H hydrocarbon contamination, the blue C 1s peak to C—O
carbon, the red peak to C=0 carbon, and the pink peak to CF; carbon
from the LiTFSI salt.

the formation of HTFSI; iii) finally, also a gradual reduction
of the peak intensity of C—C, C—0, and H—C—H vibrations
is observed stemming from PEO chain oxidation into smaller
fragments, occurring in parallel to HTFSI formation. Thus,
reaction II at 3.6 V represents the oxidative decomposition of
the PEO chain,®*! accompanied by HTFSI formation.

2.4. X-Ray Photoelectron Spectroscopy

Additional information on the PEO oxidation can be obtained
from X-ray photoelectron spectroscopy (XPS). Figure 4 shows
post-mortem XPS spectra of the C 1s and the O 1s photoelec-
trons of the 1 M LIiTFSI in PEO,0 9 glass fiber separator as
a function of applied voltage. The XPS spectra are normalized
to the CF; related peak at 293.1 eV, as this peak is expected to
remain unaffected during electrolyte oxidation. While the O 1s
peaks remain unchanged for all samples, the C 1s peaks show

Adv. Mater. Interfaces 2022, 9, 2100704 2100704 (5 of 10)
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voltage dependent changes, mainly in the peak component
at 285.0 eV (dark grey) associated with C—C and C—H bonds
of PEO, but also with adventitious carbon contamination.8l
The relative peak area of the C—C/C—H peak for the pristine
sample amounts to 36% of the total C 1s peak area. The same
value is found for the electrolyte exposed to 3.2 V. When the
voltage is increased to 3.4, 3.6, and 3.8 V, the area of C—C/C—H
component linearly decreases to 30%, 26%, and 20%, being an
evidence for oxidation of the ether chain of PEO (reaction II).
As the relative C—C/C—H peak intensities decrease the C—O
peak increases to sum up to a total of 100%. The sensitivity of
XPS is not sufficient to detect the oxidation of the alcohol ter-
minal group in PEO with such long ether chains (reaction I),
as the peak area associated with C—O bonds at 286.9 eV (blue)
remains unchanged at 3.2 V. On the other hand, XPS detects
the onset of PEO chain oxidation (reaction II) at 3.4 V, hinting
to a higher sensitivity of XPS compared to FTIR to detect the
onset.

2.5. Online Electrochemical Mass Spectrometry

Gases evolving from the cell due to the PEO oxidation can be
measured using online electrochemical mass spectrometry
(OEMS). A comparison of overview mass spectra measured on
the Li | 1 M LiTFSI in PEOyg 09 | SS cells held at open circuit
and exposed to 5 V is shown in Figure 5a. The mass spectrum
at open circuit (black spectrum) was measured after equili-
brating the cell for 5 days at 60 °C and collecting the gases
resulting from the chemical reaction of PEO with the Li elec-
trode. This reaction results in the detection of atomic and
molecular hydrogen at m/z 2 according to the decomposition
reaction:

2H[-CH, - CH, - O] OH +2Li — 2H[-CH, —-CH, - O] OLi+2H, T
(1)

In a second step, the cell voltage was increased at a rate of
100 pV st and the gas produced in the cell was sampled every
2 h by the mass spectrometer until reaching 5 V (red spec-
trum). The hydrogen peak at m/z of 2 is still present. Moreover,
the peaks in the m/z ranges 12-17, 22-34, and 4246 increase
significantly (note the logarithmic scale). Fragments are also
found in the m/z range 60 and 77 (data not shown). The peaks
at m/z 20, 36, 38, and 40 all belong to the Ar carrier gas and do
not change when voltage is applied.

To understand the origin of these gases, reference spectra of
different fragments of the PEO molecule are compared to the
measured mass spectra. A good match is found for methanol
and 2-methoxyethanol, shown in Figures 5b and Sc, respec-
tively. Methanol produces the fragments found at m/z equal
2 as well as in the m/z range from 12-19 and 28-34. 2-methox-
yethanol generates fragments in the m/z range 13-17, at 19, and
25-33, 41-48, and 60-77 (data only shown up to m/z = 50).

In order to determine the oxidative stability of PEO, OEMS
measurements were performed by tracking selected m/z chan-
nels during the voltage ramp from OCV to 5 V. The applied
voltage ramp (15 uV s7, black curve) and the resulting current
density (blue curve) are shown in Figure 5d as a function of

© 2021 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 5. OEMS analysis of the 1 m LiTFSI in PEO,qq 000 glass fiber separator at 60 °C. a) Overview mass spectrum of the Li | T M LiTFSI in PEOq0 000
| SS cell kept at OCV for 5 days (black curve) and after applying a voltage of 5 V between Li/Li* (red curve). b,c) are reference spectra from literature*l
of methanol (m/z = 32) and 2-methoxyethanol (m/z = 76, data only shown up to m/z = 50 for clarity), respectively, and/or their corresponding frag-
ments. An automatic sequenced OEMS experiment is shown in d—h) with the applied voltage U (grey) and the resulting current | (blue) in (d), and the
gas production rates r of the selected m/z channels at 16, 22, 30, and 44, respectively.

time. Figure 5e-h shows the production rates of gas fragments
at m/z of 16, 22, 30, and 44 sampled every 45 min until reaching
5 V. A clear response to high voltages of each of these frag-
ments is visible, however, the voltage sensitivity of OEMS com-
pared to the methods presented above is reduced. Fragments
at m/z of 16 for instance are only detected at 5 V, while frag-
ments at m/z of 22 and 44 are detected at 4.9 V. The earliest
response is seen at m/z of 30 at 4.8 V. Such a limitation is most
likely owing to trace amount of decomposition products formed
inside the cell during each sampling interval. A higher gas sen-
sitivity could also be achieved for OEMS by collecting the gases
over a longer period of time, while holding an applied voltage
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Figure 6. Oxidation mechanism of the PEO terminal group.
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instead of applying a voltage ramp, so does not represent an
intrinsic limitation.

2.6. Electrochemical PEO Oxidation Mechanism

We now summarize the mechanism of PEO oxidation. FTIR
spectroscopy indicates that the alcohol terminal group of
the PEO molecule, oxidized at 3.2 V, is responsible for the
onset of oxidation current in the electrochemical measure-

ments (reaction I). The proposed reaction scheme is shown in
Figure 6. First, the PEO molecule loses an electron at the O—H
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C
n
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Figure 7. Refined reaction mechanism of the chemical reaction of HTFSI and PEO based on a theoretical study by Faglioni et al.l*!]

bond, which forms a PEO-radical and releases a proton. The
proton is then captured by the TFSI anion to form the strong
bis(trifluoromethansulfonyl)imide acid (HTFSI). One should
keep in mind that, even though it is a strong acid, HTFSI forma-
tion, unlike in a chemical reaction, can be forced in an electro-
chemical reaction. In a second electron transfer, the PEO loses
another electron and another proton from a H—C—H group
and forms a double bond to the oxygen at the terminal group.
Yang et al.*%l recently replaced the alcohol C—OH terminal group
of PEO by a methyl C—OCHj group employing poly(ethylene
glycol)dimethyl ether (PEGDME), enabling relatively stable
cycling of a NMC cathode due to the enhanced oxidative stability.

Our measurements indicate that the more stable ether chain
of the PEO molecule starts to be oxidized at more positive volt-
ages (reaction II) than the terminal group (reaction I) in the
range from 3.4 to 3.6 V resulting in enhanced HTFSI produc-
tion. Similar observations employing composite electrodes at
voltages >4.2 V were already made earlier, where an HTFSI
crossover to the Li-electrode is proposed to result in H, forma-
tion.? Faglioni et al.*!l studied the mechanism of PEO chain
oxidation in detail with density functional theory (DFT) and
also considered the chemical reaction of HTFSI with the PEO
molecules. Several potential reaction pathways were identified
among which, one proposed pathway shown in Figure 7, pre-
dicts the formation of methanol (i), 2-methoxyethanol (ii), and
H, (iii and iv). According to this theoretical study, the formation
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of methanol and 2-methoxyethanol is equally favorable, while
H, evolution is less probable. The predictions are in excellent
agreement with our OEMS results, as H, is also generated
during methanol fragmentation in the mass spectrometer (see
reference spectrum in Figure 5b).

2.7. Cell Cycling Stability

The ultimate stability test for an electrolyte should always be
the demonstration of stable cycling in contact with relevant
electrode materials. Figure 8a shows the charge-discharge pro-
files of a Li | 1 m LiTFSI in PEO,g9 090 | NMC811 full cell polymer
battery operated at 60 °C. NMC811 possesses a sloping voltage
profile and can be delithiated to different upper cut-off voltages
ranging from 3.6 to 4.6 V. As expected, the specific capacity
of the cell increases with increasing cut-off voltage reaching a
maximum second-cycle discharge capacity of 117 mAh g7 at
4.4V (purple curve). Note the cumulative capacity loss of about
50 mAh g! during previous cycles. Increasing the upper cut-off
voltage to 4.6 V leads to a much lower second-cycle discharge
capacity due to rapid electrolyte oxidation.

More important than the first-cycle discharge capacity is the
evolution of the discharge capacity during prolonged cycling
shown in Figure 8b for consecutively higher upper cut-off volt-
ages. At an upper cut-off voltage of 3.6 V, no fading is observed
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Figure 8. a) Charge/discharge profiles of a Li| 1M LiTFSIin PEO;00 000 |
NMC811 battery cycled at C/10 to different upper cut-off voltages. The
charge/discharge capacities and the resulting Coulombic efficiencies
as a function of cycle number are shown in (b). The EIS spectra with
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during the first 10 cycles. In fact, the capacity even slightly
increases as the contact between NMC811 particles and the
PEO improves during the first cycles. Slight capacity fading sets
in when cycling the cell to 3.8 V and increases rapidly as the
upper cut-off voltage is increased further.

Cells shown here were cycled at a relatively low cycling rate
of C/10, which promotes electrolyte oxidation beyond the onset
voltage for PEO oxidation at 3.2. Cycling the cell at even lower
cycling rate or subjecting the cell to a constant voltage above the
oxidation onset would accelerate PEO oxidation further. How-
ever, electrolyte decomposition can be detected already before
capacity fading becomes apparent employing EIS. Figure 8c
shows Nyquist plots of a pristine cell and a cell cycled for
10 cycles at C/10 to an upper cut-off voltage of 3.6 V. Although
no capacity fading is observed after this protocol, the Nyquist
plots of the pristine cell (black curve) and the cycled cell (red
curve) look clearly different. The impedance spectrum of the
pristine cell can be fitted with an equivalent circuit consisting
of the cell resistance R;, as well as an interface resistance R, in
parallel to a constant phase element Q, and another serial con-
stant phase element Q;. The impedance spectrum of the cycled
cell, however, can only be fitted with an additional R/Q element
representing an additional interphase layer formed by PEO oxi-
dation on the NMCS8I11 electrode. This is consistent with the
above observations, where the onset voltage of the PEO chain
oxidation is found at around 3.6 V. Thus, operating a PEO-
based battery beyond 3.6 V results in a reduced cycle life, as the
electrolyte is steadily decomposed.

3. Conclusion

In conclusion, we demonstrated that the onset of PEO oxida-
tion on stainless steel electrodes occurs at a voltage of 3.2 V
against a Li counter electrode (reaction I). At this voltage, the
alcohol terminal group of PEO is deprotonated and forms the
strong acid HTFSI. HTFSI reacts chemically with the ether
chain of PEO resulting in the formation of methanol and
2-methoxyethanol consistent with one of the pathways pro-
posed by theoretical calculations.*!! At higher voltages around
3.6 V, the ether chain of the PEO is oxidized (reaction II) and
accelerates HTFSI formation. Thus, PEO-based electrolytes are
compatible with electrode materials having a redox potential
below 3.6 V versus Li/Li*, for instance LFP. At higher voltages,
the PEO-chain, which is responsible for the Li-ion transport,
is destroyed gradually, resulting in performance degradation
of NMC-PEO batteries. In order to increase the energy density
of PEO-based solid-state lithium batteries, one can either use
low-voltage/high-capacity positive electrode materials or try to
prevent PEO oxidation by protective coatings of high-voltage
positive electrodes, as coatings serve to reduce the potential
to which the electrolyte is exposed to and hamper electron
transfer kinetics.*

the corresponding equivalent circuits of the pristine cell (grey) and
the cell after 10 cycles with a cut-off voltage of 3.6 V (red) are shown
in (c). The continuous line shows the fits with the drawn equivalent
circuits.
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4. Experimental Section

The polymer electrolyte was prepared by mixing LiTFSI (99.95%,
anhydrous, Sigma Aldrich) and poly(ethylene oxide) (My:
200.000 g mol™, Sigma Aldrich). The LiTFSI/PEO,p 000 ratio was
adjusted to obtain 1 M LiTFSI in PEOy g0, Using a PEO mass density
of 1.21 g cm™ for calculations. The powder mixture was fully dissolved
in acetonitrile (ACN, 99.8%, anhydrous, Sigma Aldrich) and stirred with
a magnetic stirrer for several hours. Afterwards, the LiTFSI-PEO solution
was drop cast on a glass fiber separator (Whatman, GF/A) using a glass
plate as support. After completely absorbing the solution, the Whatman
filter was transferred to an oven for drying at 60 °C for 1 h. Once the
ACN evaporated, disks with a diameter of 16 mm were punched from
the PEO-impregnated glass fiber separator for coin cell assembly. The
polymer electrolyte disks were subsequently dried in vacuum for 12 h
at 50 °C, and handled in an Ar-filled glovebox afterwards. Note that the
glass fiber separator has high oxidative stability (>4.5 V versus Li/Li*)*l
and serves as an electrochemically inactive spacer between the two
electrodes to prevent a short circuit when the polymer electrolyte softens
and creeps under the applied cell pressure at elevated temperatures.[*

NMC electrodes were prepared in an analogous way as the
separators, but by adding the electrode material LiNiggMng;Cog;0;
(NMC811, MSE) and conductive carbon (SuperC65, Timcal) to the 1 m
LiTFSI/PEOy0.000 Mixture before the addition of ACN. The mixing ratios
were 70%,, of NMC811, 20%,, of 1 M LITFSI/PEO,00000 and 10%,, of
SuperC65. The addition of the electrolyte into the composite electrode
was necessary, as the electrolyte was bound in the glass fiber separator
and does not creep into the electrode to contact the active material.
ACN was subsequently added to obtain a slurry, which was stirred by
a magnetic stirrer for 1 h. Then, a 50 um wet film of the slurry was
coated on Al foil (15 um thick) by an automatic coater (Sheen 1133N),
before drying the coating at 60 °C in an oven in air. Next, 12 mm circular
electrodes were punched, and compressed with roughly 500 MPa
between two polished steel dies. To this step, the electrode preparation
was done in air. Finally, the electrodes were vacuum dried in the same
way as the electrolyte containing glass fiber separator above and handled
in an Ar-filled glovebox afterwards. The resulting electrodes have a mass
loading of about 1 mg cm=2.

Electrochemical tests were performed in 2032 coin cells (MTI), which
were assembled with a Li negative electrode (99.9%, 1 mm Alfa Aesar),
the T M LiITFSI/PEO;00.000 glass fiber separator versus either the stainless
steel (SS) casing of the coin cell or the NMC811/PEO 0 og9 cOmMposite as
positive electrode. The cells were operated at 60 °C with a Bio-Logic BCS
805 or a Bio-Logic VMP3 potentiostat. All cells were equilibrated at open
circuit for 12 h at 60 °C before electrochemical measurements.

For post mortem FTIR (Bruker Alpha), multiple 2032 coin cells with a
stainless steel casing as the working electrode, the 1 m LiTFSI/PEO 0 900
glass fiber separator (16 mm diameter) and a Li negative counter
electrode (16 mm diameter) were held at a specific voltage for 20 h at
60 °C after equilibration at open circuit for 22 h at 60 °C. Afterwards,
the coin cells were disassembled in the glovebox and transferred to the
spectrometer under Ar. IR spectra were recorded from the surface of the
1 M LiTFSI/PEO,g0.000 glass fiber separator that was in contact with the
stainless steel electrode in attenuated total reflection (ATR) configuration
in a frequency range from 400 to 4000 cm~" with a resolution of 4 cm™.

For post mortem XPS analysis, 1 M LITFSI/PEO,q0000 glass fiber
separator samples were prepared analogously to the FTIR samples and
transferred to the XPS system (PHI Quantum 2000, monochromated
Al K, radiation (1486.6 eV) with a pass energy of 30 eV), where each
sample was analyzed on three different spots (150 um diameter). The
samples were exposed for a few seconds to air during the transfer from
the Ar-filled sample container to the XPS loadlock. Sample charging
was compensated employing a low energy electron gun. XPS spectra
were calibrated by setting the hydrocarbon component of the C 1s
photoemission peak to 285.0 eV binding energy and XPS data were
processed with the CasaXPS software.

For OEMS, home-built OEMS cells were assembled in an Ar-filled
glovebox using a stainless steel mesh as the positive electrode, a 1 m
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LiTFSI/PEO 0,000 glass fiber separator (22 mm diameter), and a Li metal
counter electrode. Cells were subsequently equilibrated at open circuit
at a temperature of 60 °C for 5 days, prior to cyclic voltammetry (CV)
measurements from OCV to 5 V at a sweep rate of 15 umV s~. Gaseous
products were analyzed through a capillary connected to a quadrupole
mass spectrometer (Pfeiffer Omnistar), calibrated using 1000 ppm CO,
in Ar. The OEMS setup is described elsewhere.[*]
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