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ABSTRACT: Inherently safe, reversible, energy-dense solid-state
lithium metal batteries require solid electrolytes that are electro-
chemically compatible at the high potentials of the cathode. In the
scientific literature, there are significant discrepancies in the
reported anodic stabilities of solid-state electrolytes, especially
polymeric materials. Addressing the limitations of popular
characterization approaches, such as linear sweep voltammetry,
this study introduces a capacity-based electrochemical method,
termed the reversibility test, as a reliable alternative in determining
the anodic stability of polymer electrolytes. The reversibility test
integrates the anodic and cathodic currents during a cyclic
voltammetry measurement to identify irreversibility (p) through
the capacity ratios. The capacity ratio is unchanged when the
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electrolyte is electrochemically stable but deviates at potentials exceeding the electrolyte’s stability threshold. Using this reversibility
test, the anodic stabilities of poly(ethylene oxide) (PEO) and hydrogenated nitrile butadiene rubber (HNBR), both blended with
lithium bis(trifluoromethanesulfonyl) imide (LiTFSI), were determined to be 3.6 and 3.7 V vs Li/Li*, respectively. The stability
threshold of PEO is validated by size exclusion chromatography. At charge potentials exceeding 3.6 V, the M, of PEO
monotonically decreases, indicating further oxidation. Thus, the reversibility test is established as a sensitive and versatile
characterization method for determining the oxidative stability of polymer electrolytes.

1. INTRODUCTION

Successful deployment of practical dense electrochemical
energy storage requires inherently safe cell designs, motivating
intense interest in solid-state lithium batteries. The simulta-
neous push toward higher cell potentials to maximize energy
densities has revealed critical challen%es associated with
cathode/electrolyte interfacial stability.”” Long-term, rever-
sible cycling of an electrochemical cell requires that the
electrolyte be electrochemically stable, making determination
of the potential stability window of solid electrolytes a critical
task in solid-state battery development.’™® The practical
stability window of solid electrolytes is often described by a
single voltage threshold referenced relative to Li/Li*, which is
measured by the linear sweep voltammetry of a cell with an
inert working electrode and Li counter/reference electrode.
Common choices for the working electrode include noble
metals (e.g, Au and Pt), various forms of carbon (vitreous
carbon, highly oriented pyrolytic graphite, etc.), and stainless
steel (SS).”® The threshold potential is determined at an
arbitrary current density or at the intersection of two
extrapolated trend lines for the stable low voltage regions
and oxidatively unstable higher voltages.

However, these approaches are often applied inconsistently,
resulting in significant discrepancies in the literature. For
example, the oxidative stability for polymer electrolytes based
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on poly(ethylene oxide) (PEO) has been reported as low as
3.8 V and up to 5.7 V vs Li/Li*.”™'° For other solid-state
electrolytes such as Li,La3Zr,0,,(LLZO) and
Li;¢GeP,S,,(LGPS), the reported voltage stabilities range
from 4.0 to 9.0 V and 2.1 to 4.0 V vs Li/Li", respectively.'” >
The accuracy of the LSV method is particularly unsatisfactory
in determining the stability threshold of polymeric electrolytes.
This is demonstrated with poly(ethylene oxide)/lithium
bis(trifluoromethanesulfonyl) imide (PEO:LiTFSI), a polymer
electrolyte archetype, in Figure lab. Vitreous carbonl
PEO:LiTFSIILi cells were prepared in parallel and scanned at
different rates. Interpretation of the voltammogram suggests
that neither using a preset current density (in this case, 10 yA/
cm?) nor extrapolating the “rapid increasing region” of the i—E
curve provides theoretically meaningful or consistent stability
thresholds.
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Figure 2. (a) Conceptual illustration of the various contributions to anodic and cathodic charge capacities in the reversibility test. The electrolyte is
cycled between E, and E_ g to form a closed envelop. (b) Cyclic voltammograms of PEO:LiTFSL:graphite = 21.5:14.0:64.5 (by mass) sample
scanned from 3.0 V vs Li/Li" to various E . values at 60 °C and 0.1 mV/s rate.

The inconsistency of LSV is intrinsic to the method.
Researchers have investigated this limitation of LSV in liquid-
state systems; its arbitrariness has been criticized when an
“onset” current density is chosen as a “practical standard”.”>**
For example, the current density is proportional to the
electrolyte conductivity, making the comparison of electrolytes
with differing conductivities problematic. Methods have been
developed to improve the reliability of LSV for determining the
anodic stability, such as linear fitting of the current—potential
curve.®” In undisturbed liquid systems with relatively fast
diffusion, the voltammogram of a completely irreversible
system is linear before and after the threshold potential.”®
Thus, an oxidation/reduction limit can be found by
extrapolating the two linear regions.

This method of extrapolating the voltammogram to
determine the stability thresholds requires that the oxidation
reaction is not diffusion controlled, which is often violated in
polymer electrolyte systems with diffusion coeflicients
characteristically lower than those in liquid electrolytes (e.g.,
in liquid alkyl carbonate electrolyte, D;;* = 2—4 X 10~¢ cm?/s
and D, ponae = 3—5 X 107¢ cm?/s, and in PEO:LiTFSI D,
1 X 107778 cm?/s and Digo) = 1 X 1071% cm?/s).”” 7% As a

1928

result, the current density at comparable overpotential is
several orders of magnitude smaller than that at liquid-state
experiments. The limitation of mass transport not only causes
difficulty in theoretical analysis but also results in a larger error
for any current density-based method, illustrated in Figure lc.
Around the true stability threshold potential of the electrolyte
(Eonser), the Faradaic current (ig,.) may be indistinguishable
from the capacitive current (ic). A significant increase of the
observed current density (i) is then required to make the
assignment to a Faradaic reaction. The difference between i,

and i, is the systematic error #. In solid state systems, the

s
slow kinetics and low diffusion coefficient will flatten the i-E
curve; thus, a larger 7 is expected compared to those of liquid
electrolytes.”® Furthermore, the value of the systematic error
depends on the shape of the voltammogram, making the error
unique to each case and practically impossible to correct in
repeated measurements and between samples. Thus, consid-
erable inconsistency is expected to be inherent to the LSV of
polymer electrolytes.

https://dx.doi.org/10.1021/acs.chemmater.0c04248
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2. THEORY OF THE ELECTROCHEMICAL
REVERSIBILITY TEST

Given these limitations of current density-based techniques, an
alternative method based on capacity measurements was
developed. A capacity-based electrochemical method for
determining the electrolyte stability window was first suggested
by Xu et al., where the cell potential is repeatedly scanned from
open circuit to a progressively hi§her upper potential limit
(essentially cyclic voltammetry).”»***" The charge capacities
of the anodic and cathodic scans are compared. As the cell
potential increases, the Faradaic current associated with the
oxidation of the electrolyte contributes to anodic capacity. The
ratio of anodic to cathodic capacity is a measure of the
irreversibility of the process; this ratio was used to define the
stability window of the electrolyte. This method was
demonstrated with conventional aprotic liquid electrolytes.

A theoretical voltammogram of a sample scanned between
E, and E . is provided in Figure 2a. Theoretically, if no
Faradaic reactions are contributing to the current and the
capacitive, non-Faradaic current is fully reversible, the charge
capacities in the anodic and cathodic scan (Q,,04:c and Qyihodior
respectively) should be equal, and the ratio Q,,oqic/ Qathodic 1S
unity. When irreversible processes contribute to the anodic
capacity at higher potentials, this ratio deviates positively from
unity. The increase beyond unity is defined as the irreversibility
of the system, denoted as p:

Q—anodic/Q—cathodic -1 (1)

Q.podic is the sum of the Faradaic (Qy) and non-Faradaic (Q,z)
capacities. Assuming oxidative decomposition of the electrolyte
is completely irreversible, the cathodic capacity is purely non-
Faradaic (Qeyhodic = Qup)- Limiting the amount of oxidation in
the anodic scan to prevent electrode passivation, the non-
Faradaic capacitive capacity in the anodic and cathodic scans
should be equal. In this case, the expression for irreversibility
becomes

p=Q/Q

p:

)

This shows that p is a measure of the extent of oxidation
referenced to the capacitive, non-Faradaic charge and will
increase with higher E . as more oxidative decomposition
occurs. For practical application of this metric, additional
corrections are needed to account for minor irreversibility in
the capacitive capacities. Experiments must be designed to
limit the extent of irreversible oxidation, which could
potentially passivate the active area of the electrode. A similar
phenomenon of working electrode passivation with Eolymer
electrolytes was observed by Hallinan et al. in 2016.** In this
work, the oxidation content is checked by converting the
irreversible capacity to the ratio of oxidized chain segments. A
fresh cell is needed for measurements at each incremented
cutoff potential to avoid accumulation of the oxidation product
and to provide a pristine, unperturbed electrolyte/working
electrode interface. Also, the significant amount of carbon in
the sample may form percolation pathways and introduce non-
negligible leakage current especially at temperatures that
exceed the melting temperature of semicrystalline polymers
(30—50 °C for PEO:LiTFSI). At these temperatures, polymer
creep is possible. Thus, for any cell configuration, experiments
are needed to determine the irreversibility of non-Faradaic
capacitances, or pc:

1929

P = Qea/Qec (3)
Qca and Qg are the capacitive charges during anodic and
cathodic scans, respectively. pc can be obtained by cycling the
cell at potentials where electrolyte oxidation does not occur.

The irreversibility of a cell due to Faradaic reactions (pg) is
found by subtracting the premeasured capacitive irreversibility
from the overall irreversibility, or pg p — pc If all
prerequisites are met in the experiment, pp is independent of
both the absolute value of the current density and the shape of
the voltammogram, and thus the systematic error observed in
the LSV method is eliminated. Also, because this method can
be applied to irreversible oxidation, it provides some benefits
over other cyclic voltammetry methods that assess stability
through the detection of the subsequent reduction of the
oxidation products in the cathodic scan. These CV methods
have been successfully employed for solid sulfide electrolytes
(LGPS, LigPS;Cl, etc.) by detecting the reduction of
polysulfide (S,*”) generated during oxidation but are expected
to have less utility for polymer electrolytes where oxidation is
irreversible.”’

Although the scanning rate should have less influence on this
method compared to current density-based methods, it
remains an important consideration due to the precision of
the measurement. According to Nicholson et al,, the Faradaic
current of an irreversible system under linear sweep is
proportional to v'/% where v is the scanning rate.’® The
capacitive charging current is proportional to v. Thus, the
“signal to background” ratio (ip/i,;) decreases with increased
scanning rate, and a relatively low scanning rate is preferable. A
slow rate (0.1 mV/s) was used in this work.

While the method is universal, polymer electrolytes present
the challenge of low current densities, also compromising the
sensitivity of the approach. Han et al. showed that
incorporating conductive carbon into solid electrolyte
materials, such as LLZO and LGPS, to increase the
electrochemically active surface area of the working electrode
enhances the sensitivity of voltammetry measurements,
resulting in improved characterization of electrochemical
stability.® Similarly, we blended a large quantity of graphite
powder into our polymer electrolytes to expand the effective
working electrode area, making the sample both ionically and
electrically conductive. This study demonstrates the reversi-
bility test on PEO and HNBR-based electrolytes. However, it
should be broadly applicable to many polymer electrolyte
compositions. As will be demonstrated, the dispersion of
graphite throughout the polymer electrolyte is critical to
enhance the sensitivity of the method, limiting the method to
materials that are solution processable into free-standing
graphite-filled composites, which complicates its application
toward highly cross-linked materials and most gel electrolytes.
Also, the ability of the method to provide accurate results for
block copolymers is an open question, as surface interactions
may lead to preferential wetting by one block. In principle, this
method should be extendable to other classes of electrolytes
such as sulfides and oxides, assuming that the materials are
stable with graphite and can be readily processed into a
composite. The high temperature sintering often needed for
oxide electrolytes is likely to result in chemical redox reactions
with the carbon, and alternative fillers such as platinum powder
may be required."®

https://dx.doi.org/10.1021/acs.chemmater.0c04248
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3. MATERIALS

To develop and validate the electrochemical reversibility test,
PEO was chosen as the model material because (1) it is a well-
established material, being among the first reported polymeric
lithium ion conductors, (2) the simple linear structures is
amenable to relatively straightforward structural analysis by
accessible characterization techniques such as NMR and size
exclusion chromatography (SEC), and (3) it and its derivatives
(based on the ethylene oxide motif) still offer some of the
highest reported room temperature conductivities.”” > Given
these high conductivities, PEO-based analogues have found
applications in commercial solid-state batteries for electric
vehicles, such as the Bolloré Bluecar manufactured by Veéhicule
Electriques Pininfarina Bolloré. To demonstrate the versatility
of this capacity-based method, a more oxidatively stable, non-
ether polymer electrolyte, namely, hydrogenated nitrile
butadiene rubber complexed with LiTFSI salt (HNBR:LiTF-
SI), was characterized. In 2019, we reported the key physical
and electrochemical properties of this polymer electrolyte
along with its plasticized formulations as potential electrolytes
for lithium batteries with oxidative and thermal stability
superior to PEQ:LiTFSL'**® Herein, the reversibility test is
employed to confirm these previous findings, which relied
upon the LSV method. Also, because p does not depend on the
absolute current density but rather the ratio of capacities, we
believe it will provide a fairer comparison to PEO, which has a
higher ionic conductivity than the HNBR electrolytes.

4. PROCEDURE

To establish a quantitative description of PEO’s oxidative
stability over a potential range (3.5—4.2 V vs Li/Li") relevant
to state-of-the-art lithium-ion cells, a custom designed cell
(Figure 3) for moisture/oxygen-free testing outside of the
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Figure 3. Schematic of electrochemical cell hardware employed for
air- and moisture-free encapsulation of the materials. The cell body is
based on commercially available Swagelok products, but custom
stainless-steel rods were employed.

glovebox was employed. A cell consisting of the lithium metal,
polymer electrolyte, and vitreous carbon working electrode was
sealed between a spring-mounted stainless pellet and a
cylindrical stainless counter/reference electrode. To prepare
the cell, a polished vitreous carbon working electrode, a
solution casted graphite infused PEO film (PEO:LiTFSI:-
graphite = 21.5:14.0:64.5 by mass), a carbon-free electrolyte
film with an identical composition, and a lithium counter/
reference electrode are laminated by hand. The HNBR cell is
prepared by a similar procedure. Vitreous carbon essentially
functions as a current collector but is also used to avoid
potential corrosion of the stainless-steel cell parts at high

1930

potentials. Moreover, its surface is easily polished between the
measurements needed for sample-to-sample reproducibility. Li
metal is a conventional reference electrode in the field,
especially with solid electrolytes. To accommodate potential
chemical reactions of the Li metal with the electrolytes, the
cells are rested at the test temperature until the open circuit
voltage stabilizes. It is assumed that the small current density
during the CV tests does not substantially alter the Li/
electrolyte interphase.

Polymer electrolyte films were prepared in large batches and
stored in an argon filled glovebox (H,0 and O, < 0.4 ppm) to
ensure reproducibility between individual measurements. To
enhance the conductivity of the polymer and electrode
kinetics, all experiments were performed at an elevated
temperature (60 °C for PEO and 70 °C for HNBR). The
working electrode is slowly scanned (0.1 mV/s) between 3.0 V
vs Li/Li* and E_.g and p was determined through integration
of the anodic and cathodic current. For PEO, E ¢ ranged
from 3.5 to 4.2 V vs Li/Li’; a total of 8 samples were analyzed.
For HNBR, E_,.; ranged from 3.6 to 4.6 V; a total of 7
samples were analyzed.

As discussed in the theory section, the reversibility test is
based on analyzing a deviation from a reversible capacitive
process. Thus, a closed voltammogram envelope is required for
calculating the irreversibility. A closed envelope develops when
the end of the CV test returns the system to its initial state,
indicating good overall reversibility. However, the first CV
cycle is disturbed by initial transient processes, such as the
establishment of a concentration gradient, and does not form a
closed envelope. Thus, the first cycle data was discarded, and
the capacities in the second cycle were integrated to calculate
the irreversibility. The stability—potential observations from
the reversibility test were further supported with comple-
mentary structural characterization, including size exclusion
chromatography (SEC) and nuclear magnetic resonance
(NMR).

5. RESULTS AND DISCUSSION

Figure 2b shows the voltammogram of PEO scanned at 60 °C.
At E ¢ < 3.6 V, the voltammogram is nearly symmetric,
representative of an electrolytic capacitor. In the range of E_ ¢
< 42 V vs Li/Li*, no Faradaic peaks are observed in the
voltammograms, including in the cathodic scan. These
voltammograms satisfy the requirement of a non-Faradaic
cathodic scan in the theoretical underpinnings described for
this method. Yet as E_,¢ is incremented to higher potentials,
the anodic current density increases relative to cathodic
current density, suggesting the contribution of decomposition
reactions. Thus, p also increases with E 4 above 3.6 V vs Li/
Li*. As E_ is increased to 4.6 V vs Li/Li*, intercalation of the
TESI™ anion into graphite is expected, and a broad peak due to
intercalation can be observed in the cathodic scan (Figure
$3).”” This marks the upper limit of using the reversibility test
on PEO:LiTFSI electrolytes, where the assumption Q_,godic =
Q. is no longer accurate.

The voltammograms in Figure 2b were integrated to provide
the relationship between p and E_,¢ in Figure 4. The p—E ¢
relationship has two regions with distinct behavior: a constant
p region (Eqos < 3.6 V vs Li/Li*), where p remains
unchanged at p = 0.056, and a region where p monotonically
increases (E_yof > 3.6 V). The invariant p at the lower
potentials is consistent with the voltammograms being
primarily capacitive in nature, and the polymer electrolyte is

https://dx.doi.org/10.1021/acs.chemmater.0c04248
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Figure 4. Irreversibility (p) and Faradaic irreversibility (pp) of
PEO:LiTFSI:graphite = 21.5:14.0:64.5 (by mass) sample obtained by
integrating cyclic voltammograms of PEO:LiTFSI at incremented
cutoff potentials and weight-average molar masses (M) after
equilibrating PEO:LiTFSI at the corresponding E_ . for 24 h at 60
°C.

concluded to be electrochemically stable over this potential
range. Thus, the values of p in this region are used to establish
pc for the experimental conditions. Above 3.6 V, p monotoni-
cally increases with E_ which is expected since the Faradaic
current from oxidative reactions is more prominent in the
voltammograms at the higher cutoff potential. Subtracting pc
from p, the Faradaic irreversibility pg increases from 0 (3.6 V)
to 0.16 (42 V). The stability threshold was taken at the
potential where pg is increased by 0.01, or the contribution of
the Faradaic reaction equals to 1% of the cathodic charge. For
PEO:LIiTFS], the threshold is 3.6 V, which is considerably
lower than in previous studies that report the oxidative stability
to be above 3.8 V vs Li/Li*." "

To confirm that pp > 0.01 is indicative of irreversible
oxidation reactions of the PEO electrolyte at high potentials,
the samples were characterized by size exclusion chromatog-
raphy. A series of PEO electrolytes were held at cutoff
potentials from 3.4 V to 4.2 V vs Li/Li* for 24 h. The 24 h
duration was to ensure that the electrode had equilibrated.
After the test, the cells were opened inside the glovebox; the
graphite-infused sample was peeled off with a razor blade,
dissolved in DMF, and filtered to create a size exclusion

chromatography (SEC) sample. The resulting SEC character-
izations are presented alongside p in Figure 4. Weight-average
molar masses were calculated by comparison to calibration
curves created with narrow PEO standards.

The SEC data largely confirms the conclusions from the
voltammetry analysis. In the stable region (Eqox < 3.6 V vs
Li/Li*), Myy of the sample remains unchanged, suggesting little
oxidation has occurred. Thus, both p and Myy suggests that the
absolute anodic stability threshold of PEO is approximately 3.6
V vs Li/Li". In the unstable region, My, of PEO decreases from
3.7 X 10° (OCV, 3.6 V) to 3.4 X 10* (4.2 V) or by a factor of
11. The monotonically decreasing M, suggests an increased
amount of chain scission, which is the major form of oxidative
damage on PEO.” Decomposition of the PEO electrolyte at
an elevated voltage was reported recently by Kobayashi et al.
They found that branched PEO cycled with Li-
[Ni;/sMn,;/;Co,,5]0, (NMC333) between 2.7 and 42 V
undergoes a reduction of My, from 1.5 X 10° to 1.2 X 10°
(factor of 12) during extended cycling.”

The SEC result confirms that (1) the oxidative current
irreversibly degrades the PEO at potentials above 3.6 V and
(2) the extent of oxidation is correlated to the cutoff potential.
The necessity of adding graphite into the polymer sample can
also be assessed by SEC. M,y of the graphite-free PEO sample
oxidized at 4.2 V was relatively unchanged over 24 h
(My(oxidized): My (pristine) = 0.98:1). In comparison, the
molecular weight of PEO in the graphite infused sample
decreased by over 1 order of magnitude, or
My (oxidized):My(pristine) = 0.09:1 (Figure S4). The differ-
ence is due to the additional electrochemically active surface
area of the working electrode, which increases the fraction of
the polymer in the electrode participating in the electro-
chemical oxidation. Without the high surface area from the
graphite, an insignificant mass of polymer is oxidized, which
cannot be readily detected via standard characterization
approaches. For example, NMR fails to detect the oxidation
of the neat PEO sample at 4.6 V vs Li/Li*. Even if graphite was
added in the sample, the new proton signal of the oxidation
product cannot be found in the '"H NMR spectrum (Figure
SS5). "H NMR only begins to show a difference at 4.6 V vs Li/
Li* through the line shape change of § = 3.58 ppm for the
[-CH,0-] peak (Figure S6).
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Figure 5. Reversibility characterization of HNBR:LiTFSI (HNBR:LiTFSI:graphite = 22.6:9.5:67.9 by mass) at 70 °C. (a) Cyclic voltammogram of
HNBR:LiTFSI (N/Li = S) scanned from 3.0 V vs Li/Li* to various E_ values at a scan rate of 0.1 mV/s and (b) p derived by integrating the

corresponding voltammograms.
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Figure 4 also shows that p does not converge to zero in the
electrochemically stable region, suggesting the presence of a
non-negligible leakage current. By holding the cell at 3.5 V for
24 h, we were able to confirm that the leakage current of the
setup is in the vicinity of iy = 0.1 yA. The leakage capacity
during the reversibility test can be estimated by the leakage
current integrated over the duration of the test (i;X t,,,) = 0.1
HMA X 10000 s = 1 mC. The estimated leakage capacity is in
good agreement with the irreversible capacity in the electro-
chemically stable region, which is also ~1 mC. Additional
evidence is provided by the room temperature cycling of the
cell. The i; is expected to be near zero since the cell
temperature is below the melting point of PEO:LiTFSI
(typically above 30 °C), and the creep of the polymer
electrolyte is slowed. We observed that p converges to near 0
at room temperature (25 °C), further confirming that p¢ is
mainly caused by the electronic leakage current in the setup
(Figure S7a).

To assess the versatility of the electrochemical reversibility
method, HNBR:LiTFSI was also characterized, which is a
more oxidatively stable, nitrile-based polymer electrolyte. The
reversibility results for HNBR:LiTFSI with N/Li = § are
presented in Figure 5. The characterization was done at 70 °C
to increase the electrode conductivity and electrode kinetics,
while being consistent with previous experimental parameters.
Figure 5a provides the incremented voltammograms from 3.6
to 4.6 Vvs Li/Li". At low E_.g the voltammograms are largely
capacitive. Obvious oxidative current is not observed during
the scan. The irreversibility values derived by integrating the
voltammogram are shown in Figure Sb. A constant p which
corresponds to pc (caused by leakage current) can also be
found at <3.7 V vs Li/Li*, consistent with our observation in
the PEO system. Applying the p = 0.01 criterion, the stability
threshold of HNBR is assigned to 3.7 V vs Li/Li*. Similar to
PEO, we found that p: in the HNBR system is also
temperature-dependent, converging to ~0 at room temper-
ature (Figure S7b).

In the electrochemically unstable region, pr monotonically
increases with E_,.g reaching 0.042 at 42 V vs Li/Li". In
comparison, pr of PEO at 42 V was 0.16, indicating that
HNBR is considerably more stable than PEO. Reversibility
tests not only offer a comparison of the decomposition onset
between HNBR and PEO but also proves that the nitrile-
bearing structure is more resistant to oxidation even above the
threshold, supporting our previous conclusions about the
superior anodic stability of saturated nitrile bearing polymer
electrolytes.

However, the My—E_ . relationship of HNBR cannot be
validated with SEC. HNBR has a cross-linked and branched
structure, which limits its solubility in common SEC mobile
phases. Second, unlike PEO, oxidation of HNBR does not
necessarily result in chain scission and commensurate My,
reduction. Polymers with a saturated hydrocarbon backbone
are often oxidized at their pendant groups or through hydrogen
abstraction from the backbone.”” Cross-linked polymers and
polymer gels are expected to suffer from many of these same
problems, making SEC unsuitable for characterizing oxidation.
Thus, the reversibility test provides a feasible alternative for
these materials, while addressing some of the inherent
limitations of LSV.

In conclusion, we established a sensitive, versatile electro-
chemical method to assess the electrochemical stability of
polymer electrolytes. The method combines an established
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reversibility test with high surface area carbon composite
working electrodes to provide a sensitive, internally referenced
measure of irreversibility, allowing for comparison between
polymer electrolyte materials with differing ionic conductiv-
ities. The high surface area provided by the dispersed carbon is
critical to improving the resolution of the technique, and the
ratio of Faradaic to non-Faradaic current (p) compensates for
the commensurate increase in capacitance. Moreover, the
reversibility test is compatible with polymeric materials with
irreversible and/or complex oxidation behavior (beyond
simple chain scission) or that are insoluble in conventional
solvents, which otherwise complicates conventional structural
analysis (e.g., SEC, light scattering, solution NMR). Using this
method, the absolute anodic stability thresholds of PEO and
HNBR were determined to be 3.6 and 3.7 V vs Li/Li",
respectively. These potentials should not be interpreted as
operation voltage limits for these materials, above which solid
state batteries cannot be operated, because electrode
passivation and other physicochemical processes may provide
practical kinetic stability. However, they clearly show that
oxidative stability needs to be carefully considered and
exhaustively studied at potentials exceeding these thresholds.
Ultimately, practical stability will depend on the overall
electrode formulation, with the active material strongly
influencing the nature of the oxidation processes."'
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