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Are Polymer-Based Electrolytes Ready for High-Voltage
Lithium Battery Applications? An Overview of
Degradation Mechanisms and Battery Performance

Maria Angeles Cabafiero Martinez,* Nicola Boaretto, Andrew J. Naylor,
Francisco Alcaide, Girish D. Salian, Flavia Palombarini, Elixabete Ayerbe,

Mateu Borras, and Montserrat Casas-Cabanas*

High-voltage lithium polymer cells are considered an attractive technology
that could out-perform commercial lithium-ion batteries in terms of safety,
processability, and energy density. Although significant progress has been
achieved in the development of polymer electrolytes for high-voltage applica-
tions (> 4 V), the cell performance containing these materials still encounters
certain challenges. One of the major limitations is posed by poor cyclability,
which is affected by the low oxidative stability of standard polyether-based
polymer electrolytes. In addition, the high reactivity and structural insta-
bility of certain common high-voltage cathode chemistries further aggravate
the challenges. In this review, the oxidative stability of polymer electrolytes

is comprehensively discussed, along with the key sources of cell degrada-
tion, and provides an overview of the fundamental strategies adopted for
enhancing their cyclability. In this regard, a statistical analysis of the cell
performance is provided by analyzing 186 publications reported in the last

17 years, to demonstrate the gap between the state-of-the-art and the require-
ments for high-energy density cells. Furthermore, the essential characteriza-
tion techniques employed in prior research investigating the degradation

of these systems are discussed to highlight their prospects and limitations.
Based on the derived conclusions, new targets and guidelines are proposed

1. Introduction

In the past decades, the significant advance-
ments in Li-ion battery (LIB) technology
have enabled the portable electronics
revolution and the increased availability
of affordable battery electric vehicles
(BEVs). Consequently, the success of LIB
has recently garnered additional interest
towards their implementation in nonau-
tomotive applications such as grid storage
coupled with renewable energy sources.

Despite the continuous progress of
LIBs, still several technical challenges
should be addressed to satisfy the require-
ments of future applications. Thus, next-
generation batteries must be cost-effective,
safe, sustainable, durable, and avoid the
use of critical raw materials).l! In addi-
tion, the energy density must be fur-
ther increased, especially for automotive
applications.

The energy density can be increased by

for further research.

increasing the cell voltage. Currently, com-
mercial LIBs exhibit a typical cell voltage
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of =3.7 V, with an upper cut-off voltage of =4.2 V. Recently,
research efforts have focused on augmenting the operating
voltage,> which constitutes a major challenge, as it can result
in a premature loss in capacity.’! This is caused by the high-
voltage instability (>4.3 V vs Li/Li") of the organic carbonate-
based solvents employed in standard liquid electrolytes. Alter-
natively, the cell energy density can be improved with the use
of lithium metal anodes. Unfortunately, lithium electroplating
in the form of dendrites can cause short circuiting, which
poses serious safety issues with flammable liquid electrolytes.[®!
Although several advancements have been achieved to avoid
dendrite formation with liquid electrolytes,”l solid-state electro-
lytes (SSEs) are regarded as the most viable solution for high
voltage batteries with lithium metal anodes.®*!

Solid electrolytes can be broadly divided into two catego-
ries: inorganic electrolytes and polymer electrolytes, wherein
the latter is particularly interesting owing to their favorable
mechanical properties and processability. In general, polymer-
based electrolytes include solid polymer electrolytes (SPEs),
that is, complexes of a lithium salt with a polymer matrix,
in presence of a plasticizer at certain instances, gel-polymer
electrolytes (GPEs), which contain over 20-30 wt.% of liquid
component,'®12 and hybrid solid electrolytes (HSEs), namely
mixtures of lithium-conducting inorganic electrolytes with
polymer electrolytes.3* Depending on the content of liquid
components, composite polymer electrolytes (CPEs) containing
non-conductive fillers!™ can be classified as SPEs and GPEs,
because of the transport properties and charge transport mech-
anism of CPEs are not substantially distinct from them.

The low ionic conductivity of polymer electrolytes constitutes
its fundamental weakness. At room temperature, the conduc-
tivities of semicrystalline SPEs are typically below 10~ S cm™,
whereas amorphous SPEs can attain 10 S cm™.1! Thus, the
ionic conductivity of SPEs is significantly less than that of com-
mercial liquid electrolytes (5-10 mS cm™ at room tempera-
ture).['181 Moreover, higher conductivities, between 10 and
1073 S cm™! can be achieved using GPEs,21%20 and plasticized
SPEs.[21-28]

Moreover, HSEs may attain higher conductivities than the
corresponding non-hybrid SPE, because conduction occurs
through both polymer and ceramic phases (ceramic phase is
generally more conductive than the organic phase).' Unfortu-
nately, the presence of low-conducting impurities at the inter-
phase (e.g. Li,CO; with garnet-type ceramics), and the high
activation energy for the charge transfer process can produce
high interfacial resistance between the two phases and in an
overall conductivity that is below expectations.?”) HSEs with a
gel-type organic phase can often achieve even higher conduc-
tivities, owing to the introduction of liquid components.3%

Overall, the transport properties of polymer electrolytes are
related to their mechanical properties.

In amorphous SPEs (primarily polyether-based SPEs), the
charge transport relies on the segmental motion of the polymer
chains (liquid-like conduction mechanism), and the ionic con-
ductivity (o) is related to the glass transition temperature (T)
of the polymer electrolyte through the Vogel-Fulcher-Tamman
equation o o exp[-B/(T —T)],2" where T, is known as the ideal
glass transition temperature, with typical values of =To-T,-
40. In contrast, in semicrystalline SPEs the charge motion is
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decoupled from the segmental motion (solid-like conduction
mechanism), and o follows an Arrhenius dependence on the
temperature o o< exp(—E,/kT), where E, is the activation energy
and k is the Boltzmann constant. Although ionic conductivity
has been demonstrated also in crystalline SPEs,3273% the con-
ductivity of crystalline and semi-crystalline PEO-based SPEs
is typically less than that of amorphous counterparts. In worst
cases, this translates into a sudden conductivity drop below the
crystallization temperature, and in best cases, in an increased
conductivity activation energy in the (low-temperature) semic-
rystalline region. Thus, considerable effort has been invested in
obtaining amorphous SPEs at room temperature and in low-
ering the T,. Nonetheless, amorphous SPEs with low T, are gen-
erally characterized by inferior mechanical properties.’®! The
electrolyte mechanical stability is critical for tolerating repeated
volume variation in electrodes during the cycling process!*”) and
inhibiting the formation of Li dendrites.’8 In principle, den-
drites growth is one of the other major hurdles in the develop-
ment of lithium metal polymer batteries.?” Accordingly, several
strategies can be implemented to hinder dendrite’s growth. A
general approach involves improving the mechanical strength
of the electrolytes, for instance, by adding inorganic particles
in CPEs,** crosslinking,**% or developing block copolymer
electrolytes.”# Alternative approaches include the use of
single-ion conducting polymer electrolytes (SICPEs),’%*! the
combination of various solid electrolytes in a multi-layered
Conﬁguration,[szl fabricating nano-structures for the lithium
anodel* or electrolyte,’® and engineering the lithium/elec-
trolyte interface, —either by coating the lithium surfacel’”*® or
introducing solid electrolyte interface (SEI)-forming additives
in the electrolyte.[>*¢0]

Despite all these issues, polymer electrolytes have been suc-
cessfully applied in commercial lithium batteries for several
years (e.g., LMP Bolloré batteries).l!l The cathode selected for
these commercial applications is LFP (LiFePO,), which oper-
ates at potentials of approximately 3.45 V versus Li/Li*. Thus,
the long-term cycling stability of SPEs in LFP-Li cells has been
demonstrated. Recently, Blue Solutions from Bolloré achieved
1300 cycles.[%?]

To enhance the cell energy densities, research and indus-
trial efforts are currently focusing on the development of
high-voltage lithium polymer (HVLP) batteries, by combining
polymer electrolytes with 4V-class cathodes such as LCO
(LiCo0,), NMC (LiNi,Mn,Co,0,) or NCA (LiNig 5C00 1Al 050)
in lithium metal batteries. The combination of high-voltage
cathode materials and polymer electrolytes necessitates new
requirements primarily related to the chemical and electro-
chemical compatibility of the cathode and electrolyte material.

Owing to the mentioned potential benefits of polymer elec-
trolytes (safety, processability, energy density) and the current
attention towards high-energy lithium batteries, polymer elec-
trolytes are experiencing a renewed interest, with almost one
thousand research articles and over 50 reviews published in
only the last five years (source Web of Science). Among these,
several reviews describe the general progress in SSEs, >0 or
in specific classes of polymer electrolytes!'71-81

Certain reviews have specifically focused on the interfaces in
solid-state batteries®>#% and, particularly, on the issues related
to the use of lithium metal anodes.?*86-8 Correspondingly,
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only a few recent reviews are focused on the cathode interface
and the possible application in HVLP batteries.-2 To broadly
summarize the conclusions of prior research, the compatibility
of polymer electrolytes with 4 or 5V-class cathode materials can
be deemed as satisfactory, but the long-term cyclability with
high-voltage materials has not yet been proved. More impor-
tantly, no single class of SPEs or GPEs can be explicitly singled
out for high-voltage applications, and the understanding of the
electrolyte degradation mechanism at the electrodes’ interfaces
is still limited. In general, the control of the cathode-electrolyte-
interphase (CEI) is suggested as one of the most critical objec-
tives of further development.

Altogether, the development of high-voltage compatible
SPEs and GPEs is a major technical route towards advanced-
generation batteries, but the applicability of polymer-based
electrolytes for HVLP batteries is still debated. In this paper, we
aim to answer this question by providing a clear perspective on
the status of research on HVLP cells, at a time corresponding
to tremendous scientific and financial efforts devoted to this
subject. Herein, we first present an overview of the degrada-
tion mechanisms of polymer electrolytes in HVLP batteries, by
comparing the results of theoretical and experimental works,
and the corresponding mitigation strategies proposed to date.
Second, we analyze the current status of cell performance of
HVLP batteries, thereby yielding a statistical overview based on
parameters such as the cell voltage, the electrochemical stability
window (ESW) of electrolyte, cell components (cathode, anode,
salt, polymer types), capacity retention, temperature effect,
mass loading, and current densities. Thereafter, we cover the
advanced characterization techniques employed for studying
the degradation of HVLP batteries. Ultimately, we provide an
outlook of the topic with several guidelines for future research
directions toward high voltage polymer-based batteries.

2. Chemical and Electrochemical Stability
of HVLP Cells

The electrochemical stability of polymer-based electrolytes is of
paramount importance for developing HVLP batteries. The oxi-
dation of the polymer electrolyte increases the cell resistance,
mechanical instability, and gassing, thereby impacting the bat-
tery performance and causing safety problems.

2.1. Intrinsic Oxidative Stability of Polyether Electrolytes

Poly(ethylene oxide) (PEO) is the most commonly used polymer
matrix in SPEs, but PEO-based electrolytes have been primarily
used mainly with 3V-class cathode materials, such as LFP and
V,0s. This is because of their limited oxidative stability,*>%4
that is predominantly attributed to the presence of the labile
lone pair on the ether oxygen atom of the PEO chains.®®! An
oxidation mechanism of dimethoxyethane (DME)/lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI), wherein DME
is used as a model for PEO, was initially proposed by Faglioni
et al.l®® (Figure 1). In the first electron transfer, an electron is
removed from the ether oxygen proximate to the TFSI" anion,
resulting in the formation of a radical cation, stabilized by the
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presence of the anion. Thereafter, a proton is transferred to the
TFST anion, forming a neutral HTFSI coordinated to the neu-
tral radical (Figure 1a). A second electron transfer results in the
formation of a carbocation, which eventually anchors a second
TFSI anion (Figure 1b). The HTFSI can further attack another
DME molecule that produces a cleavage in the latter (Figure 1c).
This mechanism implies that the oxidation of PEO involves a
complex interplay between the polymer chain and anion. Fur-
thermore, the oxidation of 2-methoxy ethanol follows the same
route (extraction of electron from ether oxygen) indicating that
the weakest point for the oxidation of PEO is the ether oxygen,
also in presence of terminal hydroxyls.

The oxidative stability limit of PEO and corresponding elec-
trolytes has been an object of study in several theoretical inves-
tigations. Pandian et al.l’’l calculated the ESW of poly(ethylene
glycol) (PEG) oligomers/salt complexes using density functional
theory (DFT) and determined that the oxidation potential is gov-
erned by the stability of the polyether host. For ethylene oxide
oligomers/salt complexes, the theoretical oxidation potential
is approximately 5 V versus Li/Li* (Figure 2a,b). Chen et al.’®
evaluated the ESW of several polymers by DFT and molecular
dynamics (MD) simulations, considering the influence of the
polymer morphology, that is the effect of order/disorder in the
chain stacking on the polymer ESW. Compared to other poly-
mers, polyethers such as PEO and poly(propylene oxide) (PPO)
display a particularly low oxidation potential that overlaps with
the operation potentials of LiMO, cathodes, which is slightly
below 4 V versus Li/Li* (Figure 2c). For instance, higher oxida-
tive stability is exhibited by polycaprolactone (PCL), polymethyl
methacrylate (PMMA), and especially poly(vinylidene fluoride)
(PVAF), which are other commonly used polymer matrices for
SPEs and GPEs. Interestingly, all polymers are theoretically
compatible with lithium metal. Subsequently, Marchiori et al.
calculated the ESW of polymer-salt complexes,” displaying a
considerable reduction of the ESW compared to the pristine
polymers, owing to the shielding of the positive charge in the
polymer oxidized state by the salt anion (Figure 2d). Again,
the PEO manifests the lowest oxidative stability compared to
other polymers. Nonetheless, in this case, the theoretical oxida-
tive limit for PEO/LiTFSI and PEO/LiCF;SO; complexes was
approximately 4.7 V versus Li/Li*, whereas PEO/LiFSI (lithium
bis(fluorosulfonyl)imide) displays a low oxidative limit of 4.2 V
versus Li/Li*. With regard to the impact of the terminal groups,
no influence was observed by the substitution of the terminal
methoxy group with hydroxyl groups (Figure 2b).

Therefore, these studies confirm that PEO-electrolytes have
a comparatively limited thermodynamic stability. Furthermore,
it is indicated that a) the oxidation potential in polymer elec-
trolytes is determined by the oxidation of the polymer host,
b) compared to pristine polymers, the oxidation potential is
reduced by the interaction between polymer and salt anion,
) terminal hydroxyl substitution poses no influence on the
oxidative stability, and d) the oxidation process occurs by loss
of a single electron on the ether oxygen lone pair, possibly fol-
lowed by proton transfer and loss of another electron to form
an anion-stabilized carbocation (Figure 1a).’®%l On the con-
trary, the theoretical studies provide various estimations of the
oxidative stability limit for PEO-based electrolytes, with values
ranging between ca. 4 and 5 V versus Li/Li*, possibly because of
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Figure 1. Simplified oxidation mechanism of DME/LITFSI, based on the work of Faglioni et al.*®l a) Oxidation of a DME molecule with formation of a
carbocation and of HTFSI; b) anchoring of TFSI" on the carbocation; c) cleavage of a DME molecule by HTFSI.

the variations in the systems considered (absence or presence
of salt, salt anion type, polymer molecular weight, etc.).

Similarly, the experimental values of the oxidative stability
limit exhibited considerable variation (Table 1). Previous
reports claimed that the oxidation process potentially initi-
ated at 3.8 V versus Li/Li*,1% and generally, the polyether
electrolytes are oxidized above 4 V versus Li/Li*.’**1 Con-
cordant with earlier voltammetric measurements,!'*) Homann
et al. recently reported that the primary oxidation process
of PEO is initiated at 4.6 V versus Li/Li*.l'%y However, the
authors did not neglect the low-intensity oxidation processes
occurring at lower voltages. Crucially, the authors observed
that the common fast cell failure below 4.6 V, —in form of
voltage noise and infinite charge—was caused by micro-shorts
resulting from dendrite growth and not the oxidative degrada-
tion of the electrolyte. Consequently, according to the authors,
polyether-based electrolytes could be used with high-voltage
cathodes, up to at least 4.5 V, by hindering dendrites growth,
for example, using mechanically robust crosslinked polymer
electrolytes.[103:104

This finding was further challenged by Seidl et al.,['l who
coupled electrochemical and spectroscopic methods, and iden-
tified the onset for PEO/LITFSI degradation at much lower
voltages, that is, below 4 V versus Li/Li*. In particular, they
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detected that the deprotonation of PEO terminal —OH groups
initiates at 3.2 V, which, resulted in the formation of the strong
acid HTFSI that further attacks the PEO ether main chain. The
onset for the major electrochemical decomposition of the PEO
chains was detected at 3.6 V, coinciding with the oxidation of
the ether groups. The proposed degradation mechanism, and
the emphasis on the role of HTFSI were in accordance with the
previous theoretical study by Faglioni et al.%]

In contrast, certain reports addressed the influence of ter-
minal group substitution. Most experimental studies con-
firmed that the oxidization of poly(ethylene glycol) dimethyl
ether (PEGDME) and glymes was initiated at =4 V versus
Li/Li*.[>>1%] Nonetheless, a recent study reported an increase in
the oxidative stability from 4.05 to 4.3 V versus Li/Li*, for PEG
and PEGDME-based electrolytes, respectively.'”] Accordingly, a
higher reactivity of the terminal hydroxyls would be in agree-
ment with the early oxidation of hydroxyls in PEO reported by
Seidl et al.'%! Another recent study reported higher oxidative
stability for a cross-linked polymer electrolyte containing free
hydroxyls compared to PEG, which was caused by the restricted
mobility and reactivity of the hydroxyls in the cross-linked
electrolyte.[108]

The diverging results reported in the recent literature or
their conflicting interpretation indicate that the evaluation of
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Figure 2. Theoretical calculations of the electrochemical stability of polymers and polymer-salt complexes: a) Effect of salt type on oxidation and
reduction potentials of penta(ethylene oxide) (EO5). Reproduced with permission.l””l Copyright 2018, Elsevier; b) Effect of various terminal functional
groups on the oxidation and reduction potentials of PEO electrolytes. Reproduced with permission.l”l Copyright 2018, Elsevier; c) ESW limits for 10
model polymers matrices for polymer electrolytes. Reproduced with permission.®l Copyright 2019, American Chemical Society; d) ESW of polymer-salt
complexes with LiTFSI, LiFSI, and LiCF;SO; as lithium salts. Reproduced with permission.l®?) Copyright 2020, American Chemical Society.

the absolute stability limit of PEO-based electrolytes is still chal-
lenging. In contrast, the relevance of this intrinsic value for bat-
tery operation is unclarified. As described in the following sec-
tion, the electrolyte stability is influenced by the working elec-
trode (or cathode) chemistry and morphology, and therefore the
intrinsic stability of the electrolyte may not reflect the effective
stability in real cycling conditions.

Adv. Energy Mater. 2022, 12, 2201264 2201264 (5 of 35)

2.2. High Reactivity of Specific Electrode Chemistries

One of the major sources of confusion with polymer electro-
lytes is that the oxidative stability—measured by linear sweep
voltammetry (LSV) with flat blocking electrodes—is consist-
ently overestimated with respect to the electrochemical stability
in HVLP cells. This indicates a specific reactivity of certain
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Table 1. Electrochemical stability of selected PEO and PEG-based elec-
trolytes, by different methods and with different electrodes.

Electrolyte Oxidative stability/V Method Working electrode Ref.
versus Li/Li*
(EO)s/LiTFSI 5.28 DFT 197]
PEO/LITFSI 477 DFT 199]
PEO/LITFSI 4.5 (@Y Ss¥ o1
PEO/LITFSI 38 LSV Carbon [100]
PEO/LITFSI 4.9 LSV Pt [102]
PEO/LITFSI 46 LSV Carbon [102]
PEO/LITFSI 46 Gcd NMC-622,  [102]
LNMO9, LFP
PEO/LITFSI 3.9/4.59 LSV Carbon [110]
PEO/LITFSI 4.2 Gcd LCo [110]
PEO/LITFSI 45 DEMS Carbon n
PEO/LITFSI 4.2 DEMS LCO [
PEO/LITFSI 3.6 CV/SEC  Graphite/carbon [109]
PEO/LITFSI 3.6 LSV/PDV SN [105]
PEGDA® /PEGDME/LITFSI 4.0 LSV SS¥ [106]
PEG/LITFSI/LiFSI 4.05 LSV Carbon [107]
PEGDME/LITFSI/LiFSI 43 LSV Carbon [107]

Stainless steel; P Galvanostatic cycling; 9LiNigsMn;sO,; 9Stabilized
kinetically to 4.5 V; PEGDA: Poly(ethylene glycol) diacrylate.

electrode components. In particular, two factors may affect the
electrolyte stability: a) an enhanced reactivity of the composite
cathode electrodes, with respect to the flat blocking electrodes,
caused by the high surface area of the former, and by the presence
of carbon conductive additive; b) chemical reactivity of the active
material. The first case can be tested by performing LSV with a
carbon-coated working electrode, which usually gives a lower oxi-
dation potential than with a flat blocking electrode. For instance,
Xia et al. observed a reduction of the oxidation onset of PEO/
LiTFSI from 4.5 to 3.8 V versus Li/Li*, by replacing a stainless-
steel electrode with a carbon composite electrode in LSV experi-
ments.'%%l More recently, Homann et al. observed a reduction
from 4.9 to 4.6 V versus Li/Li* by shifting from platinum flat elec-
trode to a conductive carbon electrode.'%l The variations in the
results are probably caused by the subjective choice of the onset
point in the LSV curves, which is the major limitation of this
kind of experiment (refer to Section 4.1 for a detailed discussion).
Nonetheless, the use of carbon-coated electrodes in LSV provides
a more realistic picture of the stability of SPEs, with respect to the
use of flat blocking electrodes. The addition of graphite increases
the electrochemically active area and the fraction of polymer elec-
trolytes undergoing oxidation. Li et al. determined an oxidation
onset that was as low as 3.6 V versus Li/Li* for PEO/LiTFSI by a
cyclic voltammetry (CV) reversibility test coupled with size exclu-
sion chromatography (SEC), and by using a composite working
electrode formed from PEOQ/LiTFSI/graphite.l1%]

Particular cathode chemistries may display enhanced oxida-
tion ability and thus promote electrolyte oxidation. This has
been already observed by Xia et al. for LiNiO, (LNO) and LiCoO,
(LCO).1% This issue could be mitigated by protecting the
cathode/electrolyte interface, or by using less reactive cathode
chemistries. As such, Qiu et al. reported that, PEO oxidation
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occurs already at =4 V versus Li/Li*, but the reaction products
form a stable cathode-electrolyte interphase (CEI) which pre-
vents further decomposition up to 4.5 V. The poor cycling
performance with LCO could be attributed to the high oxidative
ability of this active material, and it was ultimately improved
either by using the less reactive LiMn,;Fe,;PO, (LFMP), or by
coating the LCO particles with Li; 4Aly Ti; 6(POy4); (LATP). The
high reactivity of LCO has been confirmed also by Nie et al.,/'!!
who studied the degradation mechanism of PEO/LIiTFSI elec-
trolyte using differential electrochemical mass spectrometry
(DEMS). As observed, the hydrogen evolution initiated from
4.5 V versus Li/Li* with a blocking electrode, and from 4.2 V
in LCO/Li cells. Moreover, the evolution of H, was supposedly
caused by the crossover of HTFSI to the anode. According to
the oxidation mechanism proposed by Faglioni et al., the above-
mentioned result is a consequence of the oxidative deprotona-
tion of PEO.’®l The DFT calculations indicated that partially
delithiated LCO can coordinate deprotonated PEO, thereby
promoting the dehydrogenation reaction. In absolute terms,
the energy of the reaction was the highest when a voltage was
applied. Thus, the process can be viewed as a chemical degrada-
tion accelerated by the electrochemical process. Similar to the
LCO cathodes, NMC cathodes possess a high oxidizing ability
as well. This was recently confirmed by Kaboli et al.,1?l who
observed a continuous thinning of a PEO-based SPE, followed
by outgassing, in an NMC-622/Li cell under in situ scanning
electron microscopy (SEM). This type of degradation can be
attributed to a chemical decomposition at the polymer/elec-
trode interface, which is further accelerated by the electrochem-
ical process. A recent study on the thermal stability of PEO
with LCO and polycrystalline NMC-811 demonstrated that PEO
can suppress the oxygen release and thermal runaway of LCO
owing to the formation of a passivation layer on the surface of
the LCO particles. In contrast, the PEO cannot passivate poly-
crystalline NMC-811 because of the poor wettability of the NMC
primary particles. This results in inferior thermal stability that
is similar to or deteriorates with respect to liquid electrolytes.!'!3!

Summarily, the ultimate oxidative stability limit of PEO-
and polyether-based electrolytes, corresponding to the oxi-
dation of the polymer main chain, occurs at approximately
4.5-4.6 V versus Li/Li*, but the stability is substantially reduced
to 3.8—4 V versus Li/Li* owing to diverse factors such as a) the
high reactivity of PEO/PEG terminal hydroxyls, b) increased
reactivity caused by high surface specific area of composite
cathodes and the presence of conductive carbon, and c) specific
oxidative activity of certain cathode chemistries.

2.3. Strategies to Enhance the Electrochemical Stability of
Polymer Electrolytes

2.3.1. Composite Polymer Electrolytes

Reportedly, the addition of inorganic fillers can enhance the elec-
trochemical stability in PEO-based CPEs. This effect has been
observed with several types of fillers, namely “passive” fillers such
as Si0,,M 7r0,,M! and Al,05,1 lithium-conductive fillers,®!
such as Li; sAly sGe; 5(PO,)3 (LAGP),") garnets (e.g. LijLa;Zr,0q,
- LLZO and LipJlasZr,,Ta,0;; — LLZTO),M8126 argyrodites
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Table 2. Reported oxidative stability of various CPEs and HSEs.

Electrolyte Inorganic filler ~ ESW Method ~ Cathode material  Ref.
limit/V (cycling)
PEO/LiClO, Sio, 5.5 LSV LFP 4]
PEO/LICIO, AlLO; 43 LSV [me]
PPO/LITFSI/SN®  ZrO, 5.0 LSV NMC-622 [11s]
PEO/LICIO, LAGP 475 LSV LFP M7
PEO/LITFSI LAGP 5.12 LSV LFMP [47]
PEO/LITFSI LLZO 57 LSV LFP [126]
PEO/LITFSI LLZO 4.9 LSV NMC-622 [122]
PEO/LITFSI LLZO 4.8 LSV NMC-532 [124]
PEO/LIFSI LLZO 4.2 LSV NMC-622 [121]
PEO/LICIO,4 LLZTO 4.6 LSV LFP [118]
PEO/LITFSI LLZTO 4.75 LSV NMC-TM1 [119]
PEO/LITFSI LLZTO 4.5 LSV [123]
PEO/LITFSI LLZTO 4.9 LSV LFP [125]
LIBFSIE ®) LLZO 5.7 v NMC/NCA  [120]
P(PEGMEA)9 LigPSsCl 5.0 cv LCO [127]
PEO/LITFSI LSTZ 52 LSV NMC [128]
PEO/LITFSI D-UiO-66-NH, 4.97 LSV LFP [129]

ASN:  succinonitrile; PLIBFSIE:  Fluoroboron-centered  Li-conductive
polymer framework; “PEGMEA: Poly(ethylene glycol) methyl ether acrylate.

(LigPSsCI),1 perovskites (e.g. LizgStyjieTas;sZr405- LSTZ),128
and cationic metal-organic frameworks (such as D-UiO-
66-NH,)."”l In particular, the electrochemical stabilization
of the CPE supposedly involves Lewis acid-base interaction,
hydrogen-bonding or dipolar interactions between the PEO
ether lone pairs and the filler surface groups. For instance, this
mechanism was recently observed in argyrodite-containing
CPEs, with a possible interaction between the ether lone pairs
of the polymer matrix and filler P-atoms.l"”] Nonetheless, a pos-
sible improvement of the oxidative stability by the addition of
sulfides is surprising, as sulfide electrolytes are characterized by
a narrow ESW.BLB0.BY With garnets, the stabilization has been
attributed to the interaction between the filler and salt.'?%l The
binding of the salt anion on the filler surface may effectively
stabilize the SPE against oxidation by hindering the interaction
between the anion and polymer host. Indeed, the oxidative sta-
bility of the polymer—salt complexes is reduced with respect to
pristine polymers because of the charge shielding in the oxi-
dized carbocation by the anion. In addition, a possible oxida-
tion mechanism for PEO-based SPEs involves anion-mediated
oxidative deprotonation.l?¢132

Although most CPEs have reported stability over 4.5 V versus
Li/Li* (Table 2), the stability is typically measured using vol-
tammetric methods that could overestimate the stability with
respect to real cell conditions.

2.3.2. Concentrated Polymer Electrolytes
Highly concentrated electrolytes exhibit greater electrochemical

stability than the diluted ones owing to the coordination of all
solvent molecules by the Li* cations (Table 3).1°>!32 This effect
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Table 3. Reported o xidative stability of selected concentrated polymer
electrolytes.

Electrolyte ESW  Method Cathode material Ref.
limit/V (cycling)

Li(DME)o,FSI-PEOy 6 45 LSV NMC-111 [135]
P(VAF-HFP) /LITFSI/DMC? /FECY 5.0 LSV NMC-111 [134]
P(EO),LiFSI 45 LSV NMC-T1 [136]
PEGDAEY/VECY /PEGDME/LITFSI 5.1 LSV NCA [137]
EO:Li=13

PEGDAE/LITFSI/LiDFOB® 46-50 LSV NCA [133]
PEC/LIFSI (120 mol%) 5 LSV LMO" [139]
PEC/LITFSI (> 80 mol%) 5 LSV [138]

ADMC: dimethyl carbonate; PFEC: fluoroethylene carbonate; 9 PEGDAE:
poly(ethylene glycol) diallyl ether; 9VEC: Vinyl ethylene Carbonate;
¢)LiDFOB: lithium difluoro(oxalate)borate; 7LMO: LiMn,O,.

has been reported for polyether electrolytes as well, wherein the
Li* coordination stabilizes the ethylene oxide units.'**l Further-
more, concentrated electrolytes may inhibit the corrosion of the
current collector (refer to Section 2.4.2). The fundamental limi-
tation of using high salt concentrations is that the high solution
viscosity and ion pairing pose a detrimental impact on the ionic
conductivity. This is problematic, especially for SPEs as its ionic
conductivity is generally low. However, a decreased conductivity
may be acceptable in GPEs[®*13] and plasticized SPEs.[136:137]
A specific case is represented by certain polycarbonate-based
SPEs, for example, poly(ethylene carbonate)-based electrolytes,
in which the conductivity reportedly increases with the salt
concentration.3813% In this case, concentrated electrolytes may
exhibit benefits both in terms of conductivity and electrochem-
ical stability.

2.3.3. Alternative Polymer Hosts

Generally, the most straightforward approach for enabling
HVLP cells involves the use of non-polyether polymer hosts,
that exhibit higher oxidative stability. However, their utilization
poses two major drawbacks: first, a weaker stability towards
reduction, and second, a lower ionic conductivity compared to
PEO-based electrolytes. Thus, the use of alternative hosts often
relies on the addition of plasticizers, the presence of residual
processing solvent, or directly on the addition of liquid electro-
lytes. As an advantage, a wide range of chemical structures is
available, and the use of plasticizers or liquid electrolytes yields
substantially higher conductivities than in SPEs.

Based on the results of DFT calculations,!®®*9 polymers
with higher oxidative stability than PEO include polycarbon-
ates such as poly(ethylene carbonate) (PEC), poly(propylene car-
bonate) (PPC), and poly(trimethylene carbonate) (PTMC), poly-
esters like PCL, and poly(S-propiolactone), poly(acrylonitrile)
(PAN), PMMA, and PVdF. The application of these and other
alternative polymer electrolytes with NCA and NMC has been
recently reviewed by Zhang et al.’’

Polycarbonates and polyesters are frequently used as alter-
native polymer matrices in SPEs, and have higher oxida-
tive stability than PEQ.%9899140-142 Eor instance, PEC-based
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i Lit/Li
140 PEC3-LiTFSI 5.57
0.02 PEC3-LiPFj 6.55
002! PEC3.LiBF, 6.55
0.08! PEC3-LiCIO, 6.00
-0.57 . PEC3 6.55
| : 1 ] | | | | |
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Potential vs. Li/Li* (V)

Figure 3. ESW of PEC-based polymer electrolytes with different lithium
salts, with ethylene carbonate (EC) unit:Li* ratio of 3:1. Reproduced with
permission.% Copyright 2021, Elsevier.

electrolytes have theoretical stability proximate to or exceeding
6 V versus Li/Li* (Figure 3 and Table 4).*%] However, only a
handful of studies have reported on the application of polycar-
bonate SPEs with high-voltage cathodes. Although the PEC/
LiFSI electrolyte has been cycled with LiMn,0, (LMO), the
increased stability, in this case, could be attributed to the high
salt concentration.'**) Moreover, PPC has been used in pro-
pylene carbonate (PC)-containing GPEs with LiNijsMn;s0,
(LNMO)."3 However, certain reports raise conflict with the
chemical/electrochemical stability of polycarbonate-based elec-
trolytes. The low first-charge coulombic efficiency was reported
for PEC, PPC, and poly(2,3-butylene carbonate) (PBC) electro-
lytes, wherein the LFP served as the cathode material,** along
with the evolution of CO, during a galvanostatic charge below
4V, and the reduction of Fe*" after contacting delithiated LFP
with PPC/LiTFSI. In another study, the evolution of CO, with
PTMC/LIiTFSI on a carbon cloth electrode, was detected from
4.25 V versus Li/Li"."™] An interesting polycarbonate host for
HVLP applications is poly(vinylene carbonate) (PVCA),[146-148]
which can be prepared in situ using the radical polymeriza-
tion of VC. The inclusion of electron-withdrawing groups in
the polymer host such as nitrile groups,*~>! carbonate and
urethane moieties (PCUMA: polymerized (2-(((2-oxo-1,3-di-
oxolan-4-yl) methoxy) carbonylamino))-ethyl methacrylate
(CUMA))152153 may further increase the oxidative stability. The
high oxidative stability up to 5.6 V versus Li/Li* was achieved
by copolymerizing with quaternary ammonium-containing
monomers (PCUMA-NPFg: copolymer 2-(methacryloyloxy)-
N,N,N -trimethylethanaminium hexafluorophosphate
(NPFq)).>4 Similarly, poly(vinyl ethylene carbonate) (PVEC)-
based electrolytes, prepared in situ by radical polymerization
of vinyl ethylene carbonate (VEC) displayed oxidative stability
of 4.5 V versus Li/Li*."®] A higher oxidative stability of PVEC-
based electrolytes—up to ca. 5.0 V versus Li/Li*—was achieved
by adding SiO, nanoparticles,>*"] by copolymerizing VEC
with fluorinated comonomers,™® or by ring-opening polymeri-
zation in presence of tin(Il) 2-ethylhexanoate.>

Additional polymer hosts (PAN, PMMA, PVdF, polymerized
ionic liquids) were primarily used in GPEs and plasticized SPEs.
The PMMA and its copolymers were primarily used in GPEs,
especially with carbonate electrolytes.l'®0-163] The polymerized
ionic liquids (PILs) such as poly(diallyldimethylammonium)
(PDADMA) neutralized with either TESI" or FSI, were
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fundamentally used in combination with ionic liquids and the
corresponding lithium salts (LiTFSI or LiFSI). Such ternary sys-
tems, have been recently cycled with NMC, NCA,[1641%%] and even
with LNMO.I%l In context, PAN and PVAF (and its derivates
such as P(VAF-HFP) (poly(vinylidene fluoride)-co-hexafluoropro-
pylene) and P(VAF-TrFE) (poly(vinylidene fluoride-co-trifluoroeth-
ylene)) were also used in CPEs and HSEs (Table 4).B043167-174 1
GPEs, the electrochemical stability may be limited by the choice
of the solvent or plasticizer. Glyme-based electrolytes bear an oxi-
dation potential at approximately 4 V versus Li/Li*, coinciding
with the low oxidative stability of polyethers,® whereas car-
bonate electrolytes are stable up to 5 V versus Li/Li*.”"l However,
the oxidation initiates beyond 4.5 V versus Li/Li* with transition
metal cathodes.”%l The ionic liquids have possibly even higher
oxidative stability,”] and this property is normally retained in
ionic liquid-containing GPEs.B% Alternative organic solvents
with high oxidative stability include fluorinated solvents, 7317
phosphates, 8% sulfolane, 8183 and nitrile-containing additives,
such as succinonitrile (SN).!84 Interestingly, the enhanced oxida-
tive stability can be observed in certain GPEs containing polymer
blends, which can be attributed to an intermolecular interaction
between a “functional” polymer and the cathode or the additional
electrolyte components.[18>18¢]

In addition, more exotic polymer hosts are advantageous
in HVLP batteries (Table 4). The single-ion-conducting GPEs
have been prepared by functionalizing partially-fluorinated
poly(arylene ether sulfones) block copolymers with anionic
perfluorosulfonimide moieties, which ensure high oxidative
stability."®188] Certain cross-linked SPEs and GPEs depict
enhanced oxidative stability, possibly because of the restricted
mobility of the polymer chains, hindering continuous degra-
dation of the polymer.'®% Cross-linked electrolytes with SN as
plasticizer show particularly high oxidative stability.®*1!l The
electrochemical stability of cross-linked electrolytes can be
further enhanced by introducing specific functional groups
such as nitrile and anhydrides groups. The examples of cross-
linked polymers for high-voltage GPEs were poly(cyanoacryl
ates),2193 poly(methyl vinyl ether-alt-maleic anhydride),*4
and poly(acrylic anhydride).'”! Alternative polymer hosts
with reported high voltage stability include poly(1,3-dioxolane)
(PDOL),196-2091 poly(formaldehyde) (POM)2YU (both in situ-
generated), and poly(butylene oxide) (PBO).2%2 More impor-
tantly, the chemical structure modification can enhance the
oxidative stability of polyether-based polymer electrolytes
(Table 4).8% In general, crosslinked copolymer electrolytes
of PEO and poly(propylene oxide (PPO) exhibit greater sta-
bility than pure PEO-based electrolytes—up to 4.75 V versus
Li/Li*.?% The copolymer electrolytes with carbonate and
ethylene oxide units, such as poly(ethylene ether carbonate)
(PEEC),?* and poly(triethylene glycol carbonate) (PTEC)?0%]
exhibited improved oxidative stability and were cycled with
NMC and LEMP, respectively. This suggests that the introduc-
tion of electron-withdrawing carbonate groups in the backbone
can improve the oxidation stability of ethylene oxide moie-
ties. The triblock copolymer electrolytes with perfluoroalkyl
pendant chains and PEO blocks (poly(ethylene oxide)-block-
poly(heptadecafluorodecyl methacrylate) (PFMA-PEO)) exhib-
ited high oxidative stability up to 4.9 V versus Li/Li*.?%l In
contrast, Itoh et al. have reported breakdown potential between
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Table 4. Oxidative stability of polymer electrolytes with alternative  Table 4. Continued.
polymer hosts (non-PEO), cycled with high-voltage cathode materials.

Electrolyte Oxidative Cathode Ref.

Electrolyte Oxidative Cathode Ref. stability/V

stability/V Other non-PEO electrolytes

EO-copolymers PDADMAFSI/LiFSI/PYRI3FSIE) >5.0 NMC-811, LNMO  [166]
PEO-PPO 475 NMC 203] POE/LITFSI >50 NMC-622 [208]
PEEC/LITFSI 49 NMC-622 (204] PBO/LITFSI 5.2 NMC-811,LCO  [202]
PTEC/LITFSI 45 LFMP [205] PDOL/EC/LiPFs 47 NMC-622 [196]
PFMA-PEO/LITFSI 49 NMC-622 [2086] PDOL/AIF,/LITFSI 47 NMC.622 [200]
PEG-VC/LITFSI 4146 (207] PDOL/AI(Otf)3/LiTFSI 47 NMC-622 [97]
Polycarbonate electrolytes PDOL/EC/LITFSI/LIDFOB >45 NMC-811 (98]
PPC/PC/LIDFOB 46 LNMO (143] P(DOL-TTE)/LiTFSI" 49 LFMP [199]
PEC/LIFSI 50 LMO (139] POM/LIDFOB/SN 45 Lco [201]
PVCA/LIDFOB >5.0 Lco (210] DAP)/PETEA)/FEC/FEMCH /LiPFq 5.5 LRO [179]
PVCA/LITFSI >5.0 NMCI11,LCO  [209]

) AEC: ethylene carbonate; PTFEMA: trifluoroethyl methacrylate;
PVCA/LIDFOB 48 LFMP [146] 9PYRI4TFSI: 1-butyl-1-methylpyrrolidinium bis trifluoromethylsulfonyl)
PVCA/LIDFOB 45 LCO [147] imide; 9LLTO: lithium lanthanum titanate; ©PYRI3TFSI: 1-propyl-

' 1-methylpyrrolidinium  bis(trifluoromethylsulfonyl)imide;  PYRI4FSI:

PVCA/LSnPS/LIDFOB 45 LFMP [148] 1-butyl-1-methylpyrrolidinium  bis(fluorosulfonyl)imide; ~ &PYRI3FSI:
P(VC-AN)/EC¥/DMC/LiPFq >50 LNMO [151] 1-propyl-1-methylpyrrolidinium bis(fluorosulfonyl)imide; WTTE: trimeth-

. ylol-propane triglycidyl ether; Y'DAP: diallyl phthalate; ’PETEA: pentae-
PVEC/LITFSI 45 NCA (153] rythritol tetraacrylate; YFEMC: 2,2,2-trifluoroethylmethyl carbonate.
PVEC/LITFSI/SiO, 5.0 Lco [156]

PVEC/LIFSI/SIO, 53 NMC-532 (157] 41 and 4.6 V versus Li/Li* with copolymer electrolytes of
P(VEC-co-TFEMA) /LITFSI? >5.0 NMC-811 [158] poly(ethylene glycol) vinyl methyl ether and vinylene carbonate
PVEC/LIiTFSI 4.8 LCO [159] (PEG'VC), Whlch lmphed that the OXidatiVe Stablhty, in thi;o(;]ase,
PCUMA/SN/LiDFOB/LITFS| 53 Lo 152 was not greater than of pure pol'yether.—bas.ed elecFrf)lytes.

A Finally, polymer hosts with high oxidative stability (>4.5 V vs
PCUMA/LIDFOB/EC/DMC >>50 Lco [153] Li/Li*) can be used as a cathode-contacting interlayer in multi-
PCUMA-NPF,/EC/DMC/LiPFg 5.6 LCO, LNMO [154] layered configurations, typically with a polyether-based SPE
PAN-based electrolytes acting as the main separator or anode-contacting layer (Table 4).
PAN/PVEC/PYRIATFSI/LITFSIO >50 NMC-811 211] The ex‘;or;lples of S;tg};lfOIYmer matrices 1rglczlude poly(oxalate)

(POE) 28] PVCA [209.210] pyEC,211 PPC,212) poly(N-methyl-

PMA/LITFSI 475 Lco [213] malonic amide) (PMA),13 PAN 123214201 pydF 2182201 and
PAN/LITFSI 4.5 NMC-622 [216] P(VAF-HFP).l22!

PAN/LITFSI >50  NMC-622, NMC-811  [215] Overall, the use of alternative polymer electrolytes is estab-
PAN /LITFSI 42 23] lished as a successful. approa.lch for the developme.nt of high-
AN ILITES|/LLTO s Vce " voltage polymer batteries. Various classes of alternative polymer

N/LTFSI/LETO : NMC-6 (23] electrolytes (CPEs, concentrated polymer electrolytes, and non-

PAN/LATP/LITFSI >5.0 NMC-811 (214] PEO-based SPEs) have reported oxidative stability greater than
PAN/PVdF /SN/LITFSI 46 NMC-811 n73] 4.5V versus Li/Li*, which should be sufficient for operation with
PAN/PVAF /SN /LITFSI/LLZO 250 NMC-8T1 173 4—Y C]E.lSS cathf)fles. such as NMC.and LCO (Table 4). Notably, the
oA /LLTOLICIO > e 7 oxidative stability in these cases is evaluated by standard voltam-

[LLTO/HCIO, ’ ’ (V7] metric methods, which can overestimate the oxidative stability.

PAN/BN (boron nitride) /LiCIO, 45 NMC-81 (169] Among the various available options, commercial polymers
PAN/SiO,/LiTFS| 5.0-5.2 NMC-622 [172] such as polycarbonates, polyesters, PAN, and PVdF are readily
PVdF-based electrolytes available with sufficient oxidative stability, whereas synthetic
P (VdF-HFP)/PYRT3TFS)/LITFSI® s o 221 p(.)lymers Wlth. complex chemical structures may be c0n51dere.d

_ highly expensive for employment on a wide scale, at least in
PVAF/LITFSI 48 NMC-8T (218) the short term. In situ-generated polymer electrolytes such as
P(VdF-TrFE) /LATP/LiFSI/PYRI14FSI?) 52 NMC-811 (71 PVCA, PVEC, POM, and PDOL-based electrolytes provide an
PVdF/LLZTO/PYRI4TFSI/LITFSI 46 NMC-811 30] interesting solution despite requiring an additional separator
P(VAF-HFP)/LLZTO/LITFS| 48 NMC.532 163] and processing similar to the hqulfi electrolyte (m]ectlor}). The

g ) use of oxidative-stable polymers will also probably require the

PVAF/LLZTO/LITES! 2 LMo (1741 implantation of multilayer structures to ensure both sufficient

PVdF/LLTO/LITFSI 4.5 NMC-811 [220] oxidative stability and compatibility with lithium metal anode.
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2.3.4. Passivation of Polymer-Cathode Interface

The polymer electrolytes can be stabilized at high voltages by
forming an artificial passivating interlayer at the cathode elec-
trolyte interface. This is called the artificial CEI, which is analo-
gous to the anode counterpart (SEI). The ideal CEI ought to be
thin, homogeneous, and ionically conductive to facilitate charge
transfer between the electrolyte and active material. In addition,
it should be electronically insulating, and elastic, to withstand
the volumetric variations of the active material particles upon
charge and discharge. An artificial CEI can be produced ex situ,
either by coating the cathode particles or electrode layer. Alter-
natively, or complementarily, task-specific electrolyte additives
may react at the cathode interface during the charging process,
thereby forming the CEI in situ.

Ex Situ CEl: The coating of the cathode particles with ceramic
thin layers constitutes the most classic approach for stabilizing
SPEs with highly reactive cathode materials such as LCO and
NMC. The increased cyclability with LCO and polyether elec-
trolytes has been already demonstrated in 2005 by coating LCO
particles with Li;PO,,[?22223 LAGP,1??Yl and Al,0O; (Table 5).12%°]

More recent examples include coating with LATP,10.111.226]
LAGP,??! Li,Cu0,,1??8 and Ti0,,1?%8 either with LCO or NMC.
Although this method is effective, it often fails to completely
stabilize the electrolyte. In particular, coatings have been con-
ducted by mechanical powder-powder mixing, spray coating, or
other wet-coating methods. The achievement of homogeneous
coatings based on these methods is challenging, especially in
the first case, so that the electrolyte remains partially exposed
to the cathode material. Alternatively, atomic layer deposition
(ALD) can be used to coat preformed electrode layers. This
method is advantageous for providing a uniform and conformal
coating, and the electrolyte is protected from the conductive
carbon additive, which may exhibit oxidative activity. In con-
trast, ALD is significantly expensive and challenging to upscale,
and a relatively less number of oxide compositions are available
for application with this technique. The typical ALD coating
materials used in combination with SPEs include lithium tan-
talate, 2% Al,05,23% and LiNbO;.»3!l The latter is a widely used
coating material for high-voltage cathodes, and is particularly
effective for hindering the chemo-mechanical degradation of
Ni-rich layered oxides.[232-236]

An intrinsic disadvantage of ceramic coating pertains to the
rigidity of the resulting artificial CEI, which may not sustain
the mechanical stress owing to the expansion/contraction of
the active material particles during cycling. In addition, poly-
meric CEIs can be designed to resolve this issue. For instance,
sodium carboxymethyl cellulose (CMC) has been used for
coating the NMC-111 particles.”””] The oxidation product of
CMC formed during charging is lithium conductive and pro-
tects the electrolyte from oxidation. In a more recent study,?®!
researchers determined that carboxyl-containing binders such
as the CMC and sodium alginate can act as coating agents
to cover the active material particles and protect the SPE. As
hypothesis, a favorable binding morphology that uniformly
acts with the binder covering the active materials’ particles
can be obtained with amorphous polymers, in contrast to
semicrystalline binders such as PVdF.?3% These binders raise
interest because they are environmentally friendly, as they are
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Table 5. Examples of ex situ coating of high-voltage electrodes with
SPEs and GPEs.

Coating method Electrolyte Cathode Coating Ref.
material material

Powder-powder  P(EO/MEEGE/AGE)?/ LCO LisPO, [223]

coating LiBETI®)/LiBF,

Powder-powder  P(EO/MEEGE/AGE)/ LCO LAGP [224]

coating LiBETI/LiBF,

Powder-powder PEO/LITFSI LCoO LATP [10]

coating

Powder-powder PEQ/LITFSI LCO LATP n

coating

Powder-powder ~ PEO/PEGDME/LITFSI/  NMC-532 LAGP [227]

coating LiBOB9/LiPF

Spray coating P(EO/MEEGE/AGE)/ LCO Al,O, [225]
LiBETI/LiBF,

Spray coating P(EO/MEEGE/AGE)/ LCO Li;PO, [222]
LiTFSI/LiBF,

Casting P(EO/MEEGE/AGE);  NMC-11 cMC [237]
LiTFSI/LiBF,

Casting PEO/LIiDFOB LCO PECA [240]

Casting PEO/LITFSI LCO LAGP [226]

Casting PEO/LITFSI NMC-11T PVCA/LITFSI  [209]

Casting PEG/DEGME?/LiIBOB/  NMC Lithion [242]
LiNO;/HFiP?

Casting/Thermal PEO/LITFSI LCO PVCA/LIDFOB  [210]

polymerization

Wet chemical PVdF/PYRI13FSI”) NMC-1 Li,CuO, [228]
coating

Electrodeposition ~ PEO/LiTFSI/LiDFOB NMC-532 PAN/PVCA [241]
ALD PEG/LIiTFSI/LiBOB NMC-11 Al,O, [230]
ALD PEO/LiCIO,/LLZTO NMC-811 LiNbO; [237]
ALD PEO/LiCIO,/LLZTO LCO Li,O/Ta,05  [229]

AP(EO/MEEGE/AGE): PoI{ethylene oxide 2-methoxyethoxyethyl glycidyl
poly(allyl glycidyl ether); ®/LiBETI: LiN(SO,CF,CF3),; 9LiBOB: lithium
bis (oxalato)borate; UDEGME: bis(2-methoxyethyl) ether (diglyme);
JHFiP: tris(hexafluoro-iso-propyl)phosphate; IPYR13FSI: N-Propyl-N-
methylpyrrolidinium bis(fluorosulfonyl)imide.

fluorine-free and water-processable. Note that in this case the
functions of binder and catholyte (electrolyte within the cathode
pores) remain separated in this case, that is, a SPE should be
introduced either in the slurry formulation or coated on the
cathode layer, to ensure the lithium-ion transport to the active
material particles. In certain cases, a polymer electrolyte coated
on the cathode layer can act as both catholyte and passivating
layer. The typical approach resembles the multilayer-electro-
lyte configuration described above. Typical coating polymers
include poly(ethylcyanoacrylate) (PECA)?*! and poly(vinylene
carbonate) (PVCA).[209:210]

The polymeric passivating layers can be obtained by elec-
trodeposition.?!l For instance, PVCA and PAN coatings can
be obtained from vinylene carbonate (VC) and acrylonitrile
(AN)-containing precursor solutions. Interestingly, another
approach involves the wuse of lithium-conducting poly-
electrolytes as protective layers and catholytes, that is, that is
polymers bearing anionic groups and neutralized with lithium
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Table 6. Examples of additives for in situ CEl formation, with SPEs or
GPEs.

CEl-forming additive Electrolyte Cathode material ~ Ref.

LiBOB PEG/DEGME/LIBOB/LiINO;/HFiP NMC [242]

LIBOB PEO/PEGDME/EC/PC/LITFSI/ LCO [227]
LiBOB/LiPFg

AlF, PDOL/LITFSI/AIF; NMC-622  [200]

Tetramethylene PVAC/PVdF/LLZTO/LiClIO,4 LCco [183]

sulfone

FEC UPyMA®—PETEA/FEC/LITFSI LMO [257]

4-(Phenylazo) PEO/LITFSI NMC-532  [253]

benzoic acid lithium

salt

Acrylic anhydride Polymethacrylate LNMO [195]

AUPYMA:
methacrylate).

2-(3-(6-methyl-4-oxo-1,4-dihydropyrimidin-2yl)ureido)ethyl

ions. The typical examples included lithiated Nafion (Lithion)2
and poly[(4-styrenesulfonyl)(trifluoromethanesulfonyl)imide]
(LiPSTFSI).?88] Despite exhibiting a lower conductivity than
conventional dual-ion conducting electrolytes, the anion immo-
bilization in polyelectrolytes impedes unwanted polarization
effects and limits the parasitic reactions at the cathode,?* for
example, catholyte oxidation and current collector corrosion.

In Situ CEl: An in situ CEI is formed by the decomposition of
electrolyte components at the cathode-electrolyte interface. In
particular, a few additives are known for their stabilizing effect
in liquid electrolytes, and their application is beneficial also for
SPEs and GPEs.

The two most popular CEI formers are lithium salts,
namely lithium bis(oxalato)borate (LiBOB) and lithium
difluoro(oxalate)borate (LiDFOB), which are either used as
main salts or added as secondary salts in the SPEs and GPEs
(Table 6).[133:210.238.241,242,245-247) A possible mechanism of the CEI
formation with LiBOB and diglyme-based electrolyte involves
the breaking of the B—O bonds in the BOB" anion, including a
subsequent coupling reaction with the diglyme and the forma-
tion of anionic aggregates on the cathode particles surface.**?!
In addition, the CEI forming ability was observed with fluori-
nated compounds, such as the perfluorinated anion trifluoro
(perfluoro-tert-butyloxyl) borate (TFPFB™),**-250 fluoroethylene
carbonate (FEC),1?l AlF;, or even LiF.?%! However, the role of
LiF in the CEI is not clearly understood. Although LiF is specu-
lated to be a vital component in the CEI, the high concentra-
tions of LiF on the cathode/electrolyte interface are also indica-
tive of extensive electrolyte decomposition and may increase
the interface resistance.*>?! Other reported CEI-formers include
azo-compounds, that form LizN-rich CEL!?>3 anhydrides,'%!
and tetramethylene sulfone (TMS).[#]

2.4. Other Sources of Degradation in HVLP Batteries

2.4.1. Transition Metal Dissolution

Transition metal dissolution (TMD) from cathode materials is
a major source of capacity fade in high-energy lithium batteries
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and yields the well-known and detrimental phenomenon of
electrode cross-talk.>> TMD can directly cause cell capacity
fade owing to the loss of active material, degradation of cathode
interface,[?>>2%%l and the deposition of the dissolved transition
metal ions increases the impedance of the SEI layer.2>#2571 The
operation at elevated temperature and the increased upper cut-
off voltage during cycling accelerates this process.>®! In addi-
tion, the presence of acidic impurities in the electrolyte, such as
HF, can further promote TMD.[?]

In particular, TMD is critical for manganese-based cells,
especially for those containing spinel LMO as the active mate-
rial.?°¢260] Tn addition to Mn-based spinels, TMD is relevant
for Mn-containing layered oxides??®!l as well as other transi-
tion metal ions. The dissolution of Co is a primary reason for
capacity fade in LCO, in particular at high voltages and in pres-
ence of HF.[153262-264 In NMC, preferential Mn dissolution is
observed at low voltages,?®! but considerable Co and Ni disso-
lution are detected over 4.6 V.[26¢]

The use of polymer or GPEs may reduce TMD, because
of the reduced solubility of transition metal ions in these
media."374 As such, lower metal-ion solubility in GPEs
has been reported with other metal ions such as Co ions.[2%3
Most polymer electrolytes use alternative salts such as LiTFSI,
which is more stable than LiPFc—both thermally and against
hydrolysis. This characteristic potentially reduces the pres-
ence of detrimental HF. Recently, Huang et al. demonstrated
that TMD is dependent on anion chemistry, and specifically,
the use of LiTFSI reduces the Mn dissolution process from
LMO.[267]

Nonetheless, existing research has not clarified whether the
TMD can be entirely suppressed only by substituting liquid
electrolytes with SPEs or GPEs. In particular, SPEs require
high operational temperatures (60 °C or higher) that may fur-
ther prompt cathode structural instability and accelerate the
TMD.[2%8 In contrast, GPEs operate at room temperature, but
TMD may still be observed as these electrolytes often include
the same LiPFq/carbonate solutions as standard liquid elec-
trolytes. Therefore, other strategies should be employed to
achieve the suppression of TMD. The application of a coating
layer on the cathode surface,l?®! or the in situ formation of a
protective layerl163184193.251 are viable approaches to improve
cyclability with cathode materials prone to TMD such as
LNMO and LMO.

Furthermore, TMD can be hindered through the trap-
ping of the transition metal ions (especially Mn**) and HF
scavenging by specific functional groups in the electrolyte.
Moreover, chelating/scavenging activity has been reported
with poly(ethylene-alt-maleic anhydride)-containing GPEs and
LMO as the cathode material,*”®! GPEs containing polydopa-
mine spheres and poly(vinyl alcohol), and LMO,?" and with
poly(vinylene carbonate—acrylonitrile)-based GPE and LNMO,
which can be ascribed to the chelation of transition metal ions
by the nitrile groups in the polymer matrix.>!! The application
of GPEs containing chelating functional groups is beneficial
with layered oxides, for example, NMC-622*2l and LCO.['>3
The transition metal ion trapping ability is shown also by car-
boxylate-containing binders, such as CMC, polyacrylic acid,
sodium alginate, and poly(methyl vinyl ether-alt-lithium maleic
acid) (P(MVE-LMA)).[239273-276]
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2.4.2. Current Collector Corrosion

The corrosion of the cathode current collector constitutes a
major source of degradation at high voltages. For all cathode
chemistries, aluminum is used as the universal substrate, and
it is kinetically stabilized at high voltages via passivation. This
process relies more on the salt (or salt anion) species rather
than on the solvents.”” PF¢ can passivate aluminum at both
high potentials and elevated temperatures, and this is one of
the major reasons for which LiPF; is considered the most suit-
able salt for the LIB industry. The decomposition of PFg in
presence of water traces is accompanied by the formation of
HF, which reacts with Al to form a passivating layer of AlF; or
AIOF.1?/I Conversely, TFST'is the most widely used salt anion in
SPEs owing to its stability, but it fails to passivate the current
collector. Furthermore, TFSI" anion forms soluble Al(TFSI),
complexes, thereby prompting current collector corrosion.?’®!
With PEO/LiTFSI-based SPEs, Al corrosion has been observed
at potentials as low as 3.8 V versus Li/Li*.l”’! In contrast, the
corrosion with SPEs may be less pronounced in comparison
to liquid electrolytes owing to the reduced solubility of the cor-
rosion products.?®) The corrosion of aluminum by TFSI" can
be effectively suppressed at high salt concentrations,[34277:281]
owing to the exclusion of the solvent molecule from the elec-
trode interface or the reduced solubility of the corrosion
products. In addition, certain electrolyte additives may aid in
passivating the current collector. For instance, AlF; 282 methyl
difluoroacetate (MFA),#3 and ionic liquids, reportedly decrease
the solubility of A(TESI); complexes, thereby shifting Al corro-
sion potential.[*#284

Furthermore, other anions have been studied as potential
replacements for the thermally unstable PF¢~, which exhibit
superior passivating properties compared to TESI™. These
include bulkier perfluorosulfonyl imides, possibly because
of the solvent exclusion effects or the reduced solubility of
the Al-anion complexes.[*’>?85280] FSI~ manifests improved
passivating properties compared to TFSI-!”®l owing to the
lower stability of the fluoro-sulfonyl bond. Specifically, a high
stability against corrosion has been observed at high LiFSI
concentrations.[13%288]

Reportedly, difluoromethanesulfonyl) (trifluoromethane-
sulfonyl)imide anion (DFTFSI") suppressed the Al corrosion
in carbonate solutions, owing to the decomposition of the
anion that results in the formation of AlF; and LiF passivating
layers.[?®% Borates such as BF,~ and BOB™, passivate aluminum
as well as fluorophosphates.!”! Apparently, most fluorinated salt
anions, except TFSI™ possess a kind of Al-passivating ability.
The substitution of TFSI~ with FSI~, and the inclusion of
borate-based secondary salts may be a good strategy to prevent
Al corrosion at high voltages. With LiTFSI, current collector
corrosion can be somehow limited by using carbon-coated alu-
minum current collectors.?*)

3. Statistical Overview of HVLP Batteries

To assess the current state-of-the-art cyclability of HVLP bat-
teries, data from 186 publications reporting HVLP cells cycled
from 2004 to 2022 were analyzed in this study. The total number
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of data entries was higher than the number of analyzed publi-
cations as several studies reported multiple long-cycling tests of
the proposed polymer electrolyte using various cathode mate-
rials, cycling temperatures, or variations in the upper cut-off
voltage. We considered the cycling tests with 4 V- and 5 V-class
cathode materials (e.g., LCO, NCA, NMC, LNMO), excluding all
cycling tests with LFP (which is considered a 3-V-class cathode
material). The list of 186 articles and the collected information
were compiled in the Supporting information.

The most common electrolyte materials used in the
reviewed publications are presented in Figure 4. Among
the various polymer matrices, polyethers (PEO and its low mole-
cular weight equivalent PEG) were the preferred ones, which
accounted for approximately 43% of the proportion (Figure 4a).
They were used individually or in combination with other
polymer types. The selection of PEO is justified by the high con-
ductivity of polyether-based SPEs, but it is noteworthy in HVLP
cells, given the instability of polyethers over 4 V versus Li/Li*
(refer to Section 2). The second-most common polymer matrix
is P(VAF-HFP), followed by polycarbonates and PVdF. In par-
ticular, PVdF-based electrolytes are usually employed in GPEs
and occasionally in HSEs, which are reportedly characterized by
higher oxidative stability compared to polyethers.

Prior to the assessment of the cell performance, the oxida-
tion potential of the polymer electrolytes must be measured.
In 151 out of 186 publications, this value is usually determined
by voltammetric methods (refer to Section 4.1). The reported
oxidation voltage versus Li/Li* (or upper limit of ESW-UL) of
the proposed electrolytes is presented in Figure 4b based on
the information from the 151 papers that reported the value of
ESW-UL measured using LSV,?!1 CV/213l and/or the floating/
leakage current test.[2*%]

The average ESW-UL of the polymer electrolytes with var-
ious polymer hosts (all values are provided in vs Li/Li*) in
descending order is: PMMA (5.14 V) > Others (5.03 V) > Poly-
carbonates (4.99 V) > PVAF (4.94 V) > P(VdF-HFP) (4.88 V) >
PAN (4.88 V) > PEG (4.78 V) > PEO (4.77 V). The standard devi-
ation of the obtained ESW-UL values is high in all cases (up
to 0.4 V for electrolytes containing PMMA, polycarbonates, and
PEG). More importantly, to highlight that the average ESW-UL
value for PEO-based electrolytes is comfortably located over 4.5
V, which should be sufficient for cycling with most 4-V-class
electrolytes. However, this is in contrast with most basic studies
on the electrochemical stability of PEO, which indicates the
onset for oxidation below 4 V versus Li/Li* (refer to Section 2).
The discrepancy is partly caused by the inherent limitations
of the standard voltammetric measurements, which tend to
overestimate the oxidative stability of polymer electrolytes, as
discussed earlier. Indeed, most studies employing polyether-
based electrolytes employ various stabilization strategies for
protecting the electrolyte from oxidation or chemical degrada-
tion. Among the 93 studies conducted on polyether-based elec-
trolytes, 20 employed a coating on the cathode, out of which 11
used LCO as the cathode material. Overall, the most common
coating material was LATP. Moreover, 24 studies used a blend
with a distinct polymer or cross-linked polymer, 5 studies used
a multilayer electrolyte (where the polyether was not in contact
with the cathode), and 13 used composite electrolytes with var-
ying ceramic materials.
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Figure 4. Polymer host in polymer electrolytes: a) employment frequency of different polymer hosts and b) average ESW upper limit (ESW-UL) with
different polymer hosts. Lithium salt in polymer electrolytes: c) frequency of employment of the most common lithium salts in HVLP cells, and
d) ESW-UL of electrolytes with different lithium salts. Cathode materials in HVLP cells: e) frequency of employment and f) upper cathode voltage of

different cathode materials.

The average ESW-UL value of the polymer electrolytes
according to the employed lithium salt is presented in
Figure 4d). Polymer electrolytes with LiPF4 exhibit the highest
oxidation stability with an average value of over 5 V versus
Li/Li*. In general, LiPF is mostly used in GPEs with carbonate
electrolyte solutions. Therefore, the higher average stability of
electrolytes containing LiPFq may indicate a higher oxidative
stability for carbonate-based GPEs. Comprehensively, LiTFSI is

Adv. Energy Mater. 2022, 12, 2201264 2201264 (13 of 35)

the most popular salt used in the examined papers (Figure 4c).
As LiTFSI exhibits a higher thermal and hydrolytic stability
than LiPFg, it is regarded as a more appropriate selection for
most polymer electrolytes. The average oxidation stability of
polymer electrolytes with LiTFSI, LiFSI, LiBOB, and LiDFOB
was ca. 4.85 V versus Li/Li*, although the standard deviation for
LiBOB and LiDFOB was ca. 0.5 V. This variation suggests that
the salt does not govern the oxidative stability of the electrolyte.
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This is expected as most salts manifest higher oxidative stability
than the polymer matrix (refer to Section 2). In contrast, LiBOB
and LiDFOB can form stable CEI layers, and therefore, are reg-
ularly used in HVLP cells, despite providing lower ionic con-
ductivity than LiTFSI. Both of them are used either individually
as an additive or in dual or ternary salt systems.

Although a majority of the research (66%) claimed that their
proposed electrolyte is stable over 4.8 V versus Li/Li*, only
5% of the studies selected LiNijsMn;sO, (LNMO) or Li-rich
cathode materials for the long-term cyclability test. Among the
listed high voltage electrode active materials, these materials
were the only ones that reversibly reacted at voltages beyond
4.7 V versus Li/Li"?°2 This is because of the difficulty of
cycling SPEs (especially, polyether-based) over 4.5 V versus
Li/Li*. As calculated from 254 data entries and illustrated
in Figure 4e, the most frequently employed cathode mate-
rial in HVLP cells is nickel cobalt manganese oxide (NMC)
with a 53% share. The compounds with higher nickel content
(NMC-811 and NMC-622) appeared more frequently because of
the recent interest in these combinations, owing to their higher
capacity. The second-most commonly employed material in the
HVLP batteries is lithium cobalt oxide (LCO) with a 25% share.
Historically, LCO was the selected material for high-voltage bat-
teries, but in recent years the focus has gradually shifted toward
cobalt-lean active materials. In the future, the share of LCO is
expected to further decrease. As polymer and ceramic electro-
lytes are essential for a wider utilization of metallic lithium in
commercial batteries, only 7 out of 186 studies use other anode
materials than Li metal (6 with graphite and another with mes-
ophase carbon microbeads, MCMB).

The upper cut-off voltage used for the HVLP cells during long-
term cycling is presented in Figure 4f. The average upper cut-
off voltage with LNMO and Li-rich cathodes is over 4.6 V. How-
ever, for nickel-rich-layered oxide active materials such as NMC
and NCA, it is approximately 4.3 V. In comparison, the LMO
and LCO exhibit a slightly higher cut-off voltage (ca. 4.35 V).
An increase in the upper cut-off voltage allows for raising the
average discharge voltage and the discharge capacity in lay-
ered oxides. However, this increases the risk of electrolyte and
cathode degradation owing to increased irreversible phase
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transitions. Based on the similar average cut-off voltages
employed for the four types of NMC (4.3 £ 0.3V) with different
polymer electrolytes, it appears that the cathode material (and
not the polymer electrolyte type) determined the upper cut-off
voltage. Ultimately, the latter is mainly influenced by the struc-
tural changes (oxygen loss, phase changes) and by the distinct
CEI behaviors of the various cathode materials.?%]

To investigate a preferred cathode/electrolyte combination,
we analyzed various combinations of polymer electrolytes
versus cathode active material (CAM) utilized in 186 studies.
The multiple combinations of cathode material versus type of
polymer matrix are depicted in Figure 5a. In HVLP cells, PAN,
PVdF-based materials, polycarbonates, and PMMA have been
proposed as polymer hosts for Li-rich and LNMO cathode mate-
rials. Interestingly, these polymers deliver the highest ESW-UL,
as measured using voltammetric methods. With other cathode
materials that allow a cut-off voltage below 4.5 V, polyether-
based electrolytes represent the largest share. This result hints
at the possibility of using SPEs (largely polyether-based) with
4-V-class cathode materials, whereas 5-V-class cathode materials
are largely confined to HSEs or GPE systems, which employ
polymer matrices with higher oxidative stability.

In the case of the salt system, the various combinations of
salt type versus cathode materials in HVLP cells are presented
in Figure 5b. As salt is essential for the interphase formation at
the cathodic and anodic side, these results can provide insights
regarding the salts that could be beneficial or detrimental for
CEI formation. In particular, only two salt types were proposed
for LNMO systems: LiPFg and LiBOB, wherein the latter does
not deliver the highest oxidative stability. However, it is often
used because of its effect on interface formation (refer to Sec-
tion 2.3.4). Incidentally, the most popular salt in polymer elec-
trolytes (LiTFSI) was not selected for LNMO HVLP cells. This
is primarily because the LiTFSI prompts the corrosion of the Al
current collector, which is a severe issue at the high voltages.
In contrast, LiPFg is the preferred salt with LNMO owing to
the suitable Al passivating properties. The preferential use of
LiPF¢ clearly indicates that LNMO is mostly cycled with GPEs
containing carbonate-based electrolytes. In addition, the type of
salt employed with the standard layered-oxide cathode materials

iren || .
B LiCIO
HNMO l‘ B LiDFOB
LMFP ‘| B LiBOB
B LiPF,
o || LITFS|
NCA | ]
NMC I
o | WIEN
20 40 60 8

T 1
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Figure 5. Cathode material-polymer electrolyte combinations. a) Number of publications with different cathode materials and polymer hosts. Number

of publications with different cathode materials and lithium salts.
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Figure 6. Initial discharge capacity of the HVLP batteries versus upper cut-off voltage in publications with a) LiNi,Mn,Co,O, as cathode material and
b) the rest of the cathode materials. Ellipses contain the different publications using the indicated cathode materials (for information of each point see
Figure S1, Supporting Information), stars correspond to the highest gravimetric energy densities for each cathode material.

(i.e., NMC and LCO) exhibited a different trend. In NMC, the
majority of the studies (60%) employed LiTFSI as a single salt
or in a dual-salt system. However, for LCO cathodes, the LiTFSI
appears in only 33% of the research, similar to LiPFg and
LiDFOB. This may have divergent explanations. In principle,
the frequent use of LiPF¢ with LCO is indicative of its use with
carbonate-based GPEs. Until recently, SPEs were used only
with 3-V-class cathode materials (e.g., LFP and V,0s), whereas
LCO was combined almost exclusively with liquid electrolytes
and GPEs. The renewed interest in the high-voltage application
of SPEs (typically, PEO-LiTFSI systems) is relatively recent, and
is in accordance with the rise of NMC and the progressive aban-
donment of LCO as the standard cathode material. Moreover,
the results suggested that cyclability is possibly higher with
NMC than with LCO (refer to Figure 9). The frequent applica-
tion of LiDFOB with LCO suggests that this cathode material
requires a CEI-forming salt, whereas electrolyte degradation is
possibly less severe with NMC, or at least with the low-Ni-type
NMC, thereby enabling the use of LiTFSI.

As expected, the most common material combination is
NMC-PEO-LITFSI. The initial discharge capacity versus upper
cut-off voltage diagram is illustrated in Figure 6 for a) NMC-
based cathodes and Db) for the remaining cathode types ana-
lyzed from the 186 articles. To attain substantial improvements
in the discharge energy and power densities, the average dis-
charge voltage should be maximized. Although this parameter is
related to the upper cut-off voltage, it is not directly proportional
because the cell voltage varies non-linearly with the lithiation
degree. As the average discharge voltage (or voltage vs capacity
curve) is often not provided in the literature, the present analysis
was indirectly performed based on the upper cut-off voltage.

Therefore, the maximum gravimetric energy densities
achieved by the HVLP cells are located in the top-right region of
the graph. The highest values of energy density were achieved
by HVLP cells with Li-rich cathode material.[*#2%42%] The
maximum initial discharge capacity among all 186 papers was
282 mAh g, attained by Li[Li;sNi;sMny1)]O74F 4, with 4.8 V
selected as the upper cut-off voltage.*¥! However, the capacity
retention of these HVLP batteries using Li-rich cathode was
poor as they reached 80% SoH after 40-70 cycles. The employed
composite electrolyte was PAN/AL,O;-triethylene glycol
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diacetate—2-propenoic acid butyl ester with LiPF¢ acting as
the salt. The HVLP cells with LCO, NMC-811, and NMC-622
selected as the cathode materials reached initial discharge
capacities over 200 mAh g1.[158187.191.211.222.231.296] The nickel-rich
variations of NMC (NMC-811 and NMC-622) delivered higher
values of initial discharge capacities compared to the Ni-lean
counterparts (NMC-532 and NMC-111).2%) However, the Ni-
rich materials exhibited more variations in the initial discharge
capacities when they were cycled to the same maximum voltage
(i.e., NMC-811 ranges from ca. 150-220 mAh g and NMC-
622 from 100-200 mAh g~! when cycled up to 4.3 V). This was
probably caused by a lower stability for such cathode materials.
Notably, in most cases, the first cycles (and consequently, the
indicated initial discharge capacity values) were performed at
low C-rates (between 0.05 and 0.1C).

Overall, the initial discharge capacity increases when higher
cut-off potentials of the cell are employed, as higher degrees
of lithiation are achieved. In particular, the capacity of LCO is
almost doubled when the voltage increases from 4.2 to 4.6 V.
In the case of NMC-811, NMC-622, and NMC-532, the capaci-
ties can extend beyond 150 mAh g™ with cut-off voltages of
4.3 V. Other studies employing cut-off voltages of 4.5 V with
NMC-81118 and 4.4 V with NMC-622,12%! report even higher
initial capacities of approximately 200 mAh g~!. The maximum
voltage at which various cathode materials were tested is 5 V
for LNMO, 4.8 V for Li-rich cathodes, 4.6 V for LCO, NMC-111,
and NMC-532, 4.5 V for NMC-811, LMO, LFMP,?%l and NCA,
and 4.4 V for NMC-622. However, in most cases, the maximum
energy densities are not achieved when the highest cut-off volt-
ages are used (refer to Figure S1, Supporting Information).

The previous analysis provides an overview of the energy
density landscape of cathode-polymer electrolyte systems for
HVLP batteries, but the cycling stability is the critical para-
meter for appropriately selecting the cell chemistry. The studies
reporting long-term cycling for more than 500 cycles are pre-
sented in Figure 7. Among the 186 papers analyzed herein, only
18 studies reported more than 500 cycles, and in particular, no
study reported more than 500 cycles with LMO, NMC-532,12’]
or Lirich as cathode materials. For these cathode materials,
the cases with the highest cyclability (200, 200, and 85 cycles
respectively) were represented in Figure 7.
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Figure 7. Discharge capacity over cycling from all the screened publications that reports more than 500 cycles: a) initial discharge capacity versus
performed cycles and b) initial discharge capacity versus predicted cycles to 80% SoH.

The combination of NMC-111 with ionic plastic crystal polymer
materials exhibited the highest number of cycles (1300).2%
Additionally, six HVLP battery combinations achieved cycles
>1000.[137:146,149.238,247.298]  However, the number of cycles from
these batteries to 80% SoH ranges within 400-800 (they were
terminated at SoH < 80%). In Figure 7b, the predicted number
of cycles to 80% SoH was estimated by linear fitting the data
from the initial and final discharge capacity. In particular, only
two HVLP cells exhibited an extremely low degradation rate
(>1000 predicted cycles to 80% SoH in Figure 7b) and initial
discharge capacities over 140 mAh g 112931 Although both
cells employed a GPE electrolyte, the second cell delivered an
exceptionally low degradation rate (>2500 cycles to 80% SoH)
that was potentially caused by the extremely low active-mate-
rial loading (<2 mg cm™2). Note that the active material loading
of all these HVLP cells performing over 500 cycles is below
3 g o2, 413746, 149,154.194.195.210,217,238,247,251.298-302) exccept the study
with NMC-622 and polyamide/carbonate electrolyte-based GPE,
that uses a loading of 6 mg cm™2.% If only capacity decay and
specific capacities are considered, 8 out of these 18 HVLP cells
delivered initial discharge capacities > 140 mAh g and performed
over 500 cycles, enabling 400-1200 predicted cycles to 80% SoH.

The relationship between the active material loading of
the cathode electrode and the cycling stability of the HVLP
cells is illustrated in Figure 8. In 50% of the HVLP cells, the
active material loading was extremely low, below 2.5 mg cm?,
whereas only 10% of the cases exhibited loadings beyond
8.6 mg cm~2. The low number of HVLP cells with a high quantity
of CAM loading is probably related to the inherent challenge of
cycling polymer electrolyte-based cells at correspondently high
current densities, owing to the sluggish lithium-ion diffusion
in the cathode and the accelerated lithium dendrites growth.
Overall, half of the studies reported 100 cycles or less, and only
10% of the studies reported more than 400 cycles. Note that
no HVLP cell with CAM loading > 10 mg cm~2 delivered more
than 1000 cycles (death zone top-right corner of Figure 8a).
This limit progressively decreased with the increasing
CAM loadings, that is, for loadings > 15 mg cm™, no study
reports more than 200 cycles. To date, achieving a suitable
cyclability is apparently challenging with practical loading
(>15 mg cm™2).

In half of the publications (vertical red line in Figure 8b), the
predicted number of cycles to 80% SoH was almost 200 cycles,
whereas in only 10% of the studies, the predicted cyclability
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Figure 8. Cathode loading, number of performed cycles, and predicted cyclability (until 80% capacity retention) of HVLP cells. a) Cathode loadings
versus the corresponding performed cycles. Red and blue dotted lines represent the values of 50 % and 90 % percentiles, respectively; b) Cathode load-
ings versus the corresponding predicted cycles at 80% capacity retention. The latter was calculated by linear fitting of the discharge capacity profiles;
c) Performed cycles versus predicted cyclability.
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Figure 9. Predicted cycles to 80% capacity retention in the publication utilizing a) PEO or PEG and b) PVdF or P(VdF-HFP) as main polymer or the

polymer facing the cathode side (in multilayer systems).

was greater than 800 cycles (vertical blue line in Figure 8b).
In general, the predicted cyclability is greater than the actually
performed cycles (e.g., median of performed cycles is 100, ver-
tical red line in Figure 8a). More specifically, this case refers to
cycling at high loadings, which is mostly terminated before the
SoH reaches 80% (Figure 8c). In contrast, several studies at low
CAM loadings are conducted until a low SoH is achieved. The
discrepancy between the predicted cyclability and performed
cycles can be explained by either a) a long experimental period
hindering further cycling, or b) the occurrence of sudden
capacity decay or shorts. At high loadings, both reasons may
account for influence as cycling is forcibly conducted at low
C-rates, and the probability of shorts and degradation is higher
than that at low loadings.

Overall, considering the large variability of polymer types
employed in the HVLP cells (Figure 7), no clear trend was
observed regarding the polymer type and its cyclability. To
further analyze the degradation of polyether-based electro-
lytes, their cycle life was compared with that of the second-
most common type, PVdF-based electrolytes. Accordingly,
the variations in the cycling stability with the upper cut-off
voltage are presented in Figure 9. As observed, the variation
follows an exponential trend, but considerable variations
(up to 2 orders of magnitude in case of polyethers) were
observed by employing the same cut-off voltage and the
same cathode material. This can be explained by the various
mass loading, C-Rate, and temperature employed, among
other factors.

Overall, the average capacity loss of polyether-based electro-
lytes is three-times greater than that of PVdF-based electrolytes
(analysis from 97 and 34 data entries, respectively). Within the
group of polyether-based electrolytes, the reduction in the cycle
life with the cut-off voltage (slope in Figure 9a) follows this
trend: NCA > LCO > LFMP. On the contrary, PVdF degradation
is apparently independent of the voltage (Figure 9b), as capacity
deterioration values for LNMO-PVAF cells were similar for a
cut-off voltage of 4.8 or 5V, and those are less than the capacity
losses obtained with NMC or LCO, cycled up to lower cut-off
voltages (=4.3 V). With PVdF-based systems (typically GPEs),
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the capacity deterioration is driven by the degradation of the
liquid electrolyte or plasticizer.

Owing to the low room-temperature ionic conductivity of
polymer electrolytes, ca. half of the long-term cycle stability
studies were performed at temperatures over 40 °C (Figure 10).
Specifically, with PEO-based electrolytes, most publications
presented data between 50 and 60 °C, and the PEO studies
performed at room temperature constituted only 30% of the
total number of studies. Based on these, one-third of the PEO
studies conducted at room temperature considered GPEs and
another third contains inorganic particles (hybrid polymer elec-
trolytes). In PVdF-based electrolytes, the operating conditions
primarily involved room temperature (31 out of 39). In most
PVAF and P(VdF-HFP) publications (17 out of 34), the polymer
electrolyte is employed along with liquid electrolytes forming
a gel polymer. This is because of the porous structure that
can absorb and fix liquid electrolytes.33 However, with other
polymer electrolyte types, several publications present cycling
data at room temperature.

Although the stability of the SPE interface is expected to
decrease at higher temperatures, the capacity decay of PEO
and PEG-based HVLP cells was less at 60 °C than that at
25 °C. This was reported in two distinct studies with LCO and
LFMP as the cathode material and an upper cut-off voltage of
4.3 and 4.25 V, respectively.l'%2%] In both cases, the C-Rate
employed at 25 °C was equal to or similar to that at 60 °C (0.2
and 0.3C, respectively), signifying that the effect of the elec-
trolyte diffusion overpotential at room temperatures is more
detrimental toward the battery life than the increased electro-
lyte oxidation or the structural degradation of the cathode at
60 °C. However, the variations in capacity fade with tempera-
ture in high voltage lithium metal-PEO cells might not follow
a diminishing trend. For instance, in the study by Homann
et al. with Li-PEO/LiTFSI-NMC battery, a 30% capacity loss
was observed after 50 cycles at 0.1 C at 60 °C, whereas no loss
was observed at 40 °C.[103]

Most scholars selected the operation at high temperature
(T > 40 °C) possibly because of the higher discharge capacities
compared to room temperature conditions, 103189227250 that i,
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Figure 10. a) Current density from all the data inputs. b) Operating temperature range of the different polymer electrolytes.

up to 35% less at 25 °C than at 60 °C.I"*° This variation in the
discharge capacity is caused by the higher electrolyte overpoten-
tial at room temperature. Although there are exceptions, certain
publications using GPEs reported similar or even higher dis-
charge capacities at RT than at higher temperatures.[200-211.251
The highest operating temperature reported in the 186 reviewed
papers was 100 °C, where an anion-anchored conjugated
microporous polymer with ionic liquid and LiTFSI was cycled
in LCO and NMC-111/Li metal cells.?*¥ In this case, the initial
discharge capacities were reduced considerably, despite the low
C-rate employed.

Conclusively, the first results indicated that the degradation
rate of HVLP batteries using PEO-based electrolytes is greater
at room temperature than at 60 °C. However, the optimum
operating temperature for maximizing the life expectancy is
situated in between, as high temperature accelerates the side
reactions. Thus, further studies are required for each electrolyte
system at varying temperatures to identify the most critical deg-
radation mechanisms at each temperature.

Despite significant progress in solid and quasisolid-state
battery technology over the recent years, the utilization of
high mass loading and high current densities are crucial for
achieving high energy and power density batteries. Around
20% of existing studies do not reveal information on the
active material loading of the cathode or the current den-
sity at which cells are cycled; only the C-rate is indicated. As
reported, these two factors crucially affect the degradation
rate. In papers that did not directly cite the current density,
the mass loading and theoretical capacity of the cathode mate-
rial were calculated based on the C-rate, (except in papers that
indicated 1C = specific capacity mAh g}, for which this value
was employed). As displayed in Figure 10, the cyclability
study in most publications was performed utilizing low cur-
rent densities (57% of the publications under 0.2 mA cm™).
In 28 out of 186 publications, the cells were cycled at either
moderate current densities (>0.5 mA cm™2) and/or CAM
loading (>5 mg cm™), and only in 9 out of 186 studies, both
criteria were fulfilled. The cycling performance of the HVLP
cells obtained from these 29 publications is summarized in
Table 7.
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4. Characterization Techniques for
Degradation Phenomena

As summarized in previous sections, a deep understanding
of the unique degradation mechanisms in HVLP batteries is
required to improve its life expectancy. This section describes
the techniques used to date for reviewing and characterizing
the degradation phenomena of HVPL batteries. A brief over-
view is also provided for the basic characterization techniques
for HVLP battery characterization.

4.1. Electrochemical Methods

CV is commonly used for determining the electrochemical
behavior of selected electrodes in contact with various elec-
trolytes and analyzing the reversibility of the system.3!l CV
is useful for determining the electrolyte stability window.
Although CV measurements are often employed to extract the
entire ESW of the electrolyte, CV poses several limitations: i)
any oxidation/reduction during the first half scan can influence
the electrochemical behavior during the following reverse scan
owing to the reaction of the decomposition products produced
in the first place, ii) Li plating and stripping delivers much
higher current densities than the electrolyte decomposition
process, and therefore, weak decomposition processes may be
masked, resulting in an overestimation of the electrochemical
stability. In this case, the reduction stability could be evalu-
ated by comparing the intensity of the plating/stripping peaks
in consecutive scans, for example, a progressive reduction in
the intensity may indicate a progressive degradation of the
electrolyte, iii) it is necessary to operate at an extremely slow
scan rate (0.1 mV s71),09! which is translated in large measure-
ment times. Altogether, the stability towards the reduction and
oxidation should be evaluated in separated experiments, and
CV is more useful for evaluating stability at low voltages. LSV
is more appropriate for evaluating the high-voltage stability,
because the reverse scan and following CV scans provide less
insights. LSV is the standard method to determine the oxida-
tion potential of the electrolyte, where the current is measured
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Table 7. Cell performances in long-term cycling studies, achieved with high cathode loadings (>5 mg cm™2) and/or high current densities
(>0.5 mA cm™2). Greyed cells indicate whether the cathode loading and/or the current density comply with these two criteria. Greyed cells in the
cycle number column highlight the two publications reporting 500 cycles or more.

Electrolyte Cathode Meath act/ Mg CM™2
PEO/LITFSI/ LIBOB/ LiPFq LCO
PDOL/LiDFOB NMC-811
PEO/lonic Liquid/LiFSI NMC-111
Polyamide/LiTFSI/LiBOB/EC/EMC?) NMC-622
Pyrd-PVA-CNP) gel/LiPF4 NMC-622
SICPE/LiBFMBY NCA
PDOL/LIFSI NMC-111
PEO/LITFSI NMC
PEGDA/LITFSI NMC-811
P(VdF-HFP)/LiPFg LMO
PEO/PAN/LITFSI NMC-811
PEGMA/LITFSI NMC-532
PDADMATFSI/ LiFSI NCA
PMMA/LIiTFSI/LIBOB NMC-111
PMMA/LiBOB LCO
NMC

P(VdF-HFP)/LiIBOB LisV,(POy)3
PVdF/LiFSI NMC-532
P(VdF-HFP) /LiTFSI NMC-532
PEO/LITFSI LCO

NMC-111
P(VdF-HFP)/LiPFg LCO
PFECY/LiDFOB LCcO
PDOL/LITFSI NMC-111
P(VdF-HFP)/LiPFg NMC-532
PEO/LIFSI NMC-811
PVdF/PMMA/PEOQ/ LiPFg NMC-532
P(VdF-HFP)/LiFSI NMC-111 3.4
PEO/LITFSI NMC-111 2.65
PVC/PEO/PTFE®)/LITFSI NMC-111 2

LCO 2

I/mA cm™ Neycle Cap gisch.inMAh g7 Cap loss percycle/%  Ref.

400 131 0.045 [227]

160 167 0.15 [198]
148 0.039 [135]
200 0.018 [296]
178 0.09 [272]
151 0.195 [120]
120 0.0475 305]
156 0.083 [203]
200 012 poy]
95 0.084 [270]
177 0,22 306]
120 0 1307]
150 14 [165]
136 0.051 308]
140 0.94 1309]
131 0.83
130 0.025 1310]
161 0.063 [43]
147 0.087 [168]
140 0 311]
140 0.07
150 0.098 1312]
173 0.073 1313]
153 033 [200]
149 0.21 [198]
148 0.049 [282]
167 200 0.029 314
196 100 031 [228]
126 120 031 1315]
140 100 0.25 [209]
120 100 01

AEMC: ethyl methyl carbonate; ®)Pyrd-PVA-CN: cyanoethyl poly(vinyl alcohol) having pyrrolidone moieties; 9LiBFMB: lithium bis(fluoromalonato)
borate poly(diallyldimethylammonium); 9PFEC: poly(fluoroethylene carbonate); ©/PTFE: poly(tetrafluoroethylene).

as the potential between the working electrode and reference
electrode is swept linearly with respect to time. The onset of
oxidation can be detected using an exponential (Butler—Volmer-
like) increase in the current.’"318] Generally, LSV with polymer
electrolytes is conducted in a two-electrode configuration with
a blocking working electrode (typically composed of stainless
steel) and a Li foil used as a reference and counter electrode.
A common problem related to LSV (and CV) is the low signal/
background ratio caused by slow reaction kinetics. In addition,
there is no consensus in the scientific community regarding
the determination of the oxidation onset. In particular, two
distinct methods have been used: i) to consider the voltage at
which an arbitrary current density limit is achieved (current
cut-off method), ii) to consider the intersection of the tangent
of the LSV profile above the oxidation onset with the x-axis, or
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iii) consider the intersection of tangents of the LSV curves at
potentials below and above the onset of electrolyte decomposi-
tion (Figure 11). The determination of the oxidation onset with
the current cut-off method is influenced by the scan rate (cur-
rent increases with the scan rate, Figure 11a,b) as well as the
mass transport limitations, which may be severe with polymer
electrolytes. Although the tangent methods (ii and iii) are less
affected by the scan rate and mass transport limitations, the
selection of the intercept and the determination of the regions
for linear fitting (for tangents construction) remain as arbitrary
parameters (Figure 11c,d).?*l Following Mousavi et al.,32 the
linear fitting of I versus E profiles should be performed in the
LSV regions in which the differential profile dI/dE approaches
zero. Generally, the potential respective to the steep increase of
the current was selected, corresponding to the final breakdown
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Figure 11. Determination of the oxidative stability by LSV of a,c,e) PTMC/LITFSI and of b,d,f) PEO/LITFSI. Panels (a) and (b) show the effect of the scan
rate on the shape of the LSV profiles; panels (c) and (d) show the tangent method for the determination of the oxidation onset; panels (e) and (f) show
the derivative profiles dI/dE at different scan rates. The insets show magnifications of the derivative profiles at the lowest scan rate. Reproduced under
the terms of Creative Commons Attribution 4.0 License.’' Copyright 2021, The Authors, published by IOP Publishing.

of the electrolyte. Below these limits, all current responses were
neglected, possibly resulting in an overestimation of the elec-
trochemical stability of the electrolytes. Furthermore, in cer-
tain cases, the inflection points may be difficult to distinguish.
The analysis of the derivative profile dI/dE may be useful for
detecting the low-intensity faradic processes (Figure 1le,f).
Floating test is an alternative method that determines the oxi-
dative stability limit of electrolytes.'%®] In the floating test, the
cell is charged at a constant current up to a selected potential,
and this voltage is maintained. To explore the oxidative limit of
the electrolyte, the cell was progressively placed at higher volt-
ages until the breakdown voltage is achieved. The oxidation sta-
bility limit corresponds to the voltage at which the steady-state
or leakage current attains a predetermined value, or it repre-
sents the voltage at which the leakage current starts to increase
with the voltage. This method is a more stringent test of oxida-
tive stability, with respect to LSV or CV, because the electrolyte is
maintained at each voltage step for a considerably longer period.
This can be performed either with a blocking working electrode
or with a cell cathode as working electrode, considering the
electrolyte-electrode interaction.[>0:197.200.203.246]  If aluminum
is used as a working electrode, this test indicates the passiva-
tion ability of the electrolyte with regard to the current col-
lector corrosion.3# Similar to other voltammetric methods, the
floating test presents certain interpretation issues. In context,
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abrupt increases in the current may result from ultimate elec-
trolyte decomposition, but this event may be preceded by a
more gradual increase of the leakage current at lower voltages.
Therefore, the interpretation of the floating test results is chal-
lenging in this case, because the last sudden increase of the
current may mask the degradation events occurring at lower
potentials, which may not be observed distinctly.

Alternative electrochemical methods employed for stud-
ying the electrolyte electrochemical stability include i) differ-
ential pulse voltammetry (DPV) that is a technique involving
the application of amplitude potential pulses on a linear ramp
potential. It is faster than CV with an improved signal-to-back-
ground ratio;1%! ii) synthetic charge-discharge profile voltam-
metry (SCPV), which replicates the potential versus time profile
of a full cell containing a blocking working electrode;319322 iij)
reversible/irreversible capacity analysis, /10938323 that uses the
ratio of anodic versus cathodic capacity in CV as a measure of
the irreversibility of the electrochemical process; and iv) cut-off
increase cell cycling (CICC),"! in which a full cell is galva-
nostatically cycled at progressively increasing cut-off voltages.
Moreover, the reversibility of the electrochemical reactions is
monitored by the evolution of the coulombic efficiency with the
cut-off voltage.

Thus, each technique offers its own merits and limits. The
cell setup and experimental conditions impact the stability
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of the electrolyte, and the interpretation of the experimental
results is often ambiguous, resulting in significant discrepan-
cies in the literature for the electrochemical stability of the same
materials.l'% Furthermore, the influence of the specific cathode
chemistries and electrode geometries (flat vs porous electrodes)
cannot be neglected. The results obtained by standard voltam-
metric experiments with flat blocking electrodes have to be
considered only as orientative, and additional stability tests
should be performed with cell setups representing real cell con-
ditions, that is, employing the concerned cathodes as working
electrodes. In this activity, the degradation effects related to the
anode and dendrites growth must be carefully distinguished.
Ultimately, electrolyte degradation can be correctly assessed
only by coupling electrochemical techniques with other ana-
lytical techniques.

Electrochemical impedance spectroscopy (EIS) is an efficient
and nondestructive technique for characterizing the evolution
of interfacial degradation or the growth of passivation layers in
solid-state batteries.>8l

EIS is routinely used for studying the stability of polymer elec-
trolytes with high-voltage cathodes, and the influence of cathode
coating layers (artificial CEI).[168171.209.210,222-22427-230.237,240,324,325]
An increase in the interface resistance is indicative of the deg-
radation reactions occurring at the interfaces, corresponding
typically to a degradation of cell performance. Conversely, the
stabilization of the impedance spectrum upon cycling or the
reduced impedance after coating is indicative of a higher cell
cyclability, owing to either improved electrolyte stability or
cathode interface protection.

The degradation of the polymer electrolyte during cycling
in a full cell can be determined by following the evolution of
the cell impedance, and in particular, the interfacial imped-
ance contribution caused by either the SEI or CEI. Nonetheless,
the individual contribution may not be easily distinguished in
a two-electrode setup. Note that the EIS spectra of full cells
are dependent on the voltage at which they are collected. The
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monitoring of the EIS spectra at various voltages can be useful
for distinguishing the cathode interface impedance from the
anode interface resistance. For instance, the EIS spectra of an
NMC/Li cell at the end of discharge (3.0 V) and charge (4.3 V)
over 200 cycles are presented in Figure 12.71 The cell displays
higher impedance at the HV, and an additional impedance con-
tribution that is attributed to the cathode interface. Notably, the
cathode interface impedance is inaccessible in the discharged
state and completely masked by the anode counterpart.

EIS can be monitored also in other conditions, for instance
over a period of time at a fixed voltage.??’l If the impedance
spectra are recorded at the end of charge, the high voltage
causes oxidative degradation of the electrolyte at the cathode
interface. Predictably, this increases the corresponding inter-
face resistance, although the anode interface resistance should
remain stable.

Furthermore, the EIS can be utilized to monitor the cathode/
electrolyte interface using cathode symmetrical cells.2?! In
this setup, the cathode interface resistance is determined
without interference from the anode. By measuring EIS over
time, the stability of the electrolyte with the cathode material
can be evaluated in static conditions. Additionally, if EIS is
measured at various temperatures, the activation energy for
the charge transfer between the electrolyte and cathode can be
determined. The issue with this setup is that it allows meas-
urements only at a fixed voltage. Probably the most beneficial
approach to employing EIS with symmetric cathode cells would
be with the use of delithiated cathodes (i.e., in their most reac-
tive form), which requires previous activation (delithiation) of
the cathodes in a full cell. EIS in three-electrode configuration
cells can separate the cathode interface resistances from those
at the anode.??®! However, this procedure is more common
with liquid electrolytes because of the challenges pertaining to
the introduction of a reference electrode in a polymer cell.

Overall, the EIS spectra provide useful information on
the evolution of the cell impedance upon cycling, and are

(b)

-Z''lohm

500 1000 1500

Z'lohm

2000

Figure 12. Nyquist plots of a Li/NMC-811 cell measured at a) 3.0 and b) 4.3 V. Adapted under the terms of Creative Commons Attribution 4.0 License.[7]

Copyright 2021, The Authors, published by Wiley-VCH.
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particularly insightful in the study of electrode/electrolyte
interfacial resistances. The standard procedure for the anal-
ysis of EIS spectra requires fitting with electrical equivalent
circuit models, which is in general straightforward. However,
the interpretation of the EIS results is often difficult. The two
biggest issues regard the selection of the correct fitting model
(most EIS spectra can be perfectly fitted by varying equivalent
circuit models) and the physicochemical interpretation of the
equivalent circuit elements.’?/] Last, care must be implemented
to avoid overinterpretation of the EIS spectra, namely, by lim-
iting the minimum number of fitting parameters. The risk
of misinterpretation is especially high for EIS spectra of two-
electrode cells, as the contributions of various electrochemical
phenomena (e.g., SEI impedance, anode, and cathode charge
transfer impedances) are often overlapped and cannot be con-
veniently separated.

4.2. Diffraction and Microscopy Techniques
4.2.1. X-Ray Diffraction (XRD)

X-ray diffraction (XRD) is a non-destructive technique that pro-
vides information on the crystallographic structure of a mate-
rial. The degradation of high voltage cathode materials upon
cycling can be accompanied by the variations in the lattice
parameters, strain, phase transformation, or by the appearance
of new phases.[271:328,329]

XRD can be employed for monitoring variations in the
crystallinity of polymer electrolytes.?3%331 An increase in the
crystallinity of the polymer electrolyte with storage or cycling
is generally related to reduced ionic conductivity. However, the
recovery of the aged electrolyte after cycling might hinder this
analysis, as nonnegligible amounts of material are required for
this technique.

4.2.2. Scanning Electron Microscopy (SEM)

SEM is utilized to identify the variations in the morphology of
pristine or cycled electrodes and polymer electrolytes. In addi-
tion, SEM is widely employed to characterize lithium metal
electrodes after cycling.[#3128:219.240.263,332.333] [p this case, SEM
enables the determination of the morphology of Li deposits and
detect inhomogeneous Li deposition that might result in den-
drites formation.'2151

SEM analysis on the cathode is more difficult, as it is not
always possible to separate the electrode from the polymer
electrolyte. In principle, only a small number of studies,
usually involving GPEs, conducted SEM analysis on cath-
odes.[154187.193.19] Moreover, SEM analysis on the cathodes can
detect typical degradation effects such as the presence of exten-
sive CEI on the cathode surface and cracks in the particles.

In situ studies allow the identification of variations in the
electrolyte morphology over time (i.e., shrinkage, dendrite
growth) and it is an extremely useful technique for identi-
fying the primary source of degradation. A recent study by
Kaboli et al. investigated the behavior of an NMC-PEO-Li cell
via in situ SEM, observing a continuous reduction in the SPE
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thickness upon cycling. This could be attributed to the elec-
trolyte chemical degradation facilitated by the electrochemical
process at the cathode electrolyte interface.'"” The absence of
this type of degradation with an LFP-PEO-Li cell further indi-
cated that this degradation mechanism is specific for NMC.
Ultimately, the authors observed similar Li-dendrites forma-
tion with both LFP and NMC, implying that Li-dendrites
growth is dependent on the experimental conditions but not
on the cathode chemistry. However, the electrode setup varies
from that used in commercial cells (side-by-side instead of
face-to-face), which might cause differences in the electro-
chemical response, and therefore, the evolution of the aging
mechanisms.

4.2.3. Transmission Electron Microscopy (TEM)

Owing to its high resolution, TEM is frequently employed for
determining the thickness and uniformity of the CEI. As an
extremely thin layer (few nm) cannot be conveniently charac-
terized, the distinct nature of its carbonaceous components
with respect to the cathode material is represented by a lighter-
colored region at the surface of the cathode particles. Studies
have been reported for cells employing GPEs,[13%154182.201.251)
SPEs,[1°2183194226]  and  using various cathode materials:
LCO,[152154183,194201,222.226] | NMO (182 MO 25U and NMC.[135)

High-resolution TEM comprises the direct imaging of
the atomic structure of samples. It can determine whether
the structural variations have occurred during cycling in the
cathode material. In post-mortem analysis, this technique can
determine whether the original morphology is maintained
during cycling™ or if the cathode surface becomes less crys-
talline, thereby being able to identify the appearance of amor-
phous layers comprising electrolyte decomposition prod-
ucts.??) This could be identified by the inorganic particles from
composite electrolytes and whether they are participating in the
formation of the CEL[3°]

4.3. Spectroscopic Methods
4.3.1. Energy-Dispersive X-Ray Spectroscopy (EDS)

Energy-dispersive X-ray spectroscopy (EDS) is a common char-
acterization technique for materials, often coupled with elec-
tron microscopy experiments. Upon excitation by the electron
beam of the electron microscope, the sample emits X-rays
with characteristic energies corresponding to the particular
elements of the sample. EDS is considered relatively bulk-sen-
sitive with X-rays escaping from several tens of micrometers
within the sample, and it can be quantitatively used to reason-
ably determine the composition. EDS can be used for identi-
fying the chemical variations in the components of cycled or
aged cells and to aid in the determination of their degradation
mechanisms. EDS is particularly useful for detecting transition
metal-ion cross-talk in HVLP cells: transition metal ions dis-
solved from the cathode and deposited on the anode can be
detected by conducting the EDS analysis on cycled Li-metal
anodes.[143:182]
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4.3.2. Gas Analysis

The analysis of gases evolved during battery operation can
reveal important information pertaining to the reaction mecha-
nisms of the cell components. This type of analysis is particu-
larly applicable to high voltage processes, during which gas
evolution is more likely to be observed. Such techniques, com-
monly known as DEMS or online electrochemical mass spec-
trometry, usually require specially produced cells and comprise
in-house built equipment.

Upon employing a GPE of cyanoethyl poly(vinyl alcohol) with
pyrrolidone moieties (Pyrd-PVA-CN) in 1 m LiPF¢ in EC/EMC,
Cho et al. measured the gas evolution for a cell with NMC-622
cathode and Li metal anode by maintaining at 70 °C and 4.5 V
versus Li/Li*.l?’2l Compared with a standard liquid electrolyte,
heating of the GPE-containing cell resulted in substantially
lower oxygen evolution over a period of 20 h. The authors con-
cluded that the GPE stabilized the cathode material and sup-
pressed the TMD, which has been reported to bear a catalytic
effect on the gas evolution because of electrolyte oxidation.

However, the PEO severely decomposed in combination with
LiCoO, versus Li/Li*. The evolution of gases including H, and
simple hydrocarbons (e.g., C,H,, C,H,, C,H¢) was determined
to initiate at =4.5 V versus Li/Li* (Figure 13). Moreover, the
LiCoO, electrode cycled in combination with the SPE yielded a
surface catalytic effect, resulting in H, evolution at only 4.2 V.
This was mitigated by employing a LATP surface coating of
LiCo0,, which provided stability to the system up to 4.6 V.l
Seidl et al. demonstrated H, evolution from LiTFSI in PEO
when in contact with Li metal, and the evolution of species
such as methanol and 2-methoxyethanol during a voltage ramp
to 5 V versus Li/Li*.[10]

Such decomposition and gas evolution can be circum-
vented by a sandwich-structured HSE, as demonstrated by
Li et al.2”l The study employed a PAN-based electrolyte on
the cathode side and a PEO-based electrolyte on the anode (Li
metal) side. The LLTO nanofibers were used as an inorganic
filler in each phase and as a polymer-in-ceramic center layer
of the sandwich. In situ DEMS analysis was used to demon-
strate that the application of multiple polymer electrolytes on
each side of the cell suppresses the side reactions, whereas it
typically results in gas evolution if only a single polymer had
been used.

4.3.3. X-Ray Photoelectron Spectroscopy (XPS)

A technique now popular in the investigation of battery inter-
faces is X-ray photoelectron spectroscopy (XPS). This surface-
sensitive method can be performed without using large-scale
facilities and is used to characterize the interfacial reactions
between battery components. For instance, this offers high
chemical sensitivity with the ability to determine transition
metal oxidation states or to distinguish between the envi-
ronments of carbon (e.g., carbon black vs PVAF vs SEI com-
ponents). The use of XPS to study the interfacial reactions
in solid-state batteries is already well-reviewed by Singeland
et al.33 However, the instability of interfaces within the high
voltage systems is of paramount importance and can be classified
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as severe. As XPS is commonly used to study SEI on anode
materials from liquid—electrolyte systems, the SEI formed
between polymer electrolyte-based systems can reveal their
degradation mechanisms. As observed, the SEI chemistry for
polymer electrolyte-based systems can substantially differ from
that for liquid-based systems.!?’%3% This is typically determined
through the manifestation of peaks for species only present
in the polymer electrolyte or through variations in intensity
for certain decomposition products, for instance, Li,COs,
Li,PO,F,, LiOH, LiF, Li;N (Figure 14). This has been demon-
strated using XPS that GPEs can effectively suppress excessive
SEI formation at the anode surfaces and CEI formation at the
cathode surfaces, compared with that obtained using a liquid
Electrolyte.[336-338]

The sample preparation for XPS from polymer electrolyte-
based systems is particularly challenging because of the strong
adhesion occurring between the electrolyte and the electrodes,
which raises the difficulty to access the interfaces of interest.
Certain studies determined that dissolving the electrolyte (PEO-
based SPE) using acetonitrile could resolve this limitation.l***!
However, similar to washing electrodes that have been in con-
tact with liquid electrolytes, the extent of influence of such a
dissolution on the interphase under investigation should be
clarified.

The ether chain of PEO itself oxidizes at voltages above 3.4 V
versus Li*/Li, as determined by the reduced relative intensity of
the hydrocarbon peak, compared to the peak for C—0, in C 1s
spectra.'® However, multiple studies have employed XPS for
characterizing hybrid systems with both solid, inorganic elec-
trolytes and SPE/GPE. Consequently, the SPE can be used as
a thin protective layer between the solid electrolyte and elec-
trode to enhance interfacial contact.?3%! Others use homoge-
neous mixtures of the inorganic and SPE to create hybrid solid-
state electrolytes (HSEs) that can combine the advantages of
each mixture to offer high performance.[128:324340] XPS is used
to characterize the electrode/electrolyte interphase formed
between the HSE and electrode.

4.3.4. Nuclear Magnetic Resonance (NMR) Spectroscopy

Nuclear magnetic resonance (NMR) spectroscopy is a non-
destructive method that is able to characterize materials in the
solid state (ss-NMR) and can determine molecular conforma-
tion in solution. Operando NMR, as well as XRD, are the two
major tools that can be utilized to understand structural varia-
tions and phase transformations in cathode materials at high
voltages.3*!

For polymer electrolytes, magic angle spinning nuclear
magnetic resonance (MAS NMR) provides insight into their
transport properties and can aid in identifying preferen-
tial Li pathways between polymer, inorganic fillers, or addi-
tives.[128.152.183.219392] A detailed perspective of the use of this
technique in solid-state batteries has been proposed by Foran
et al.B4]

For investigating the degradation phenomena, MAS-NMR
can be employed in Li cathodes to quantify the lithium
content after cycling based on the chemical shift of the
signal in the paramagnetic region.?*! This can be used for
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Figure 13. a) Schematic diagram of the experimental setup for DEMS. b) Voltage profile and partial pressures of various gases from the in situ DEMS
experiment for the SPE ‘half-cell’ with active material-free working electrode. Reproduced with permission.'l Copyright 2021, American Chemical

Society.

determining the lithium content at the CEI/SEI of varying
cathodes or anodes, based on the region below the peak of the
diamagnetic region.?*3#] Other elements such as P or F can
be screened for studying the chemical composition of these
interfaces.

In lithium metal anodes, ’Li NMR chemical shift imaging
(CSI) provides chemical and spatial information on the micro-
structural growth of Li. Consequently, it has been employed
to study dendrite growth in liquid®*®3*! and inorganic
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electrolytes,>> but not yet in polymer electrolytes. In addition,
dynamic nuclear polarization-enhanced NMR has been
employed to investigate the SEI on metallic lithium, and
in a recent study by Hope et al., this was achieved at room
temperature.l*>!

To investigate the degradation of multilayer or CPEs, the uti-
lization of ss-NMR can be a powerful tool to elucidate the tem-
poral variations in Li conduction pathways and during cycling,
indicating the component that limits the performance.
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Society of Chemistry.

4.3.5. Fourier Transform Infrared (FTIR) Spectroscopy

FTIR spectroscopy is extensively used to understand the nature
of bonding and functional groups present in the polymer elec-
trolytes. In particular, this technique is used to investigate
the interaction between the salt and polymer matrix, study
the polymerization process, and determine the structure of
GPEs, etc. The degradation or the chemical transformations
in the polymer electrolytes after cycling can be ascertained by
Fourier transform infrared (FTIR) spectroscopy. Chai et al.l%3l
reported a high voltage CPE poly(methylethyl o-cyanoacrylate)
for LNMO half-cell. The absorption peaks in the FT-IR spectra
of the polymer electrolyte before and after 100 cycles remained
intact and displayed its excellent electrochemical stability along
with interfacial compatibility. Qiu et al."% studied the failure
mechanisms in LCO/PEO/Li solid-state batteries using FTIR
and other techniques. To study the degradation of PEO, elec-
trodes containing Super-P carbon additive and PEO were main-
tained at varying potentials (3.9-4.4 V) for 48 h, and thereafter,
disassembled. The intensity of the FTIR peaks referring to ester
species increases when moving from the lower to higher poten-
tials, indicating the degradation of PEO.

Zhao et al.?*l used attenuated total reflectance Fourier-
transform infrared spectroscopy (ATR-FTIR) to study the anode
and cathode interfaces in NMC/Li cells with PEO/LiTFSI SPE.
After cycling, the anode surface did not exhibit variations in
the FTIR spectra. In contrast, the cathode interface spectra
depicted a new peak at 1000 cm™ in the aged cathode, which
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could be attributed to the decomposition of PEO at higher
potentials, because the original peak of CH, from PEO almost
disappeared.

In addition, in situ FTIR is an advanced variation of this
technique that can be used to decipher the interface chemistry.
Wang et al.'>?ll employed the in situ FTIR technique to monitor
the variations occurring at the electrolyte/cathode interface in
the charge—discharge process in a LiCoO,/PDES-CPE/Li cell.
Herein, PDES-CPE refers to polymerized deep eutectic solvent—
CPE, which is a combination of various molten solid powders
and lithium salts. At the cathode—electrolyte interface, a revers-
ible increase or decrease in the anion peaks was observed that
corresponded to the charge/discharge process. The in situ FTIR
revealed that the TFSI salt peaks, C—O—C and C=N from
PCUMA, and SN peak reversibly varied over cycling, whereas
all other peaks remain unchanged. Overall, in situ FTIR is a
powerful technique that can be used to investigate the degrada-
tion of the polymer electrolyte and its contribution to forming
stable CEI/SEI layers at the electrodes.

Seidl et al.%! studied the oxidative stability of PEO/LiTFSI
electrolyte, which was subsequently tested in NMC/Li cells.
In addition, FTIR spectroscopy was employed in post-mortem
analysis to identify the decomposition products of the PEO oxi-
dation. The FTIR was performed on PEO/LiTFSI supported on
glass fiber separators, which were previously extracted from
Li/SS (stainless steel) cells and maintained at voltages var-
ying from 3.2 to 4.6 V. For the cells maintained at OCV and
3.2 V, the FTIR spectra did not exhibit any variation. After
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increasing the voltage to 3.4 V, a reduction in the peak intensity
of C—Ogyetching mode was observed. This mode corresponds to
the C—O bond at the terminal C—OH alcohol group of PEO.
At voltages greater than 3.6 V, several variations were observed
in the entire spectra, especially 1) the peak intensities of the
C—Ogpretching and C—Cyieonol almost disappeared after 3.4 V. 2)
The asymmetric S—N—S vibration for TFSI" anion was replaced
by HTFSI, which was formed by the reaction of TFSI" and the
protons released during PEO oxidation. 3) A gradual reduction
in the peak intensity of C—C, C—0O, and H—C—H vibrations
was observed, which arises from PEO chain oxidation into
smaller fragments. The variations observed in the FTIR spectra
were confirmed in the electrochemical techniques performed
in the study.

4.3.6. X-Ray Absorption Spectroscopy (XAS)

X-ray absorption spectroscopy (XAS) is a synchrotron tech-
nique that is useful for determining the electronic states of
elements within a material. In particular, the oxidation states
of transition metals can be assessed to evaluate the extent to
which a transition metal is still involved in the redox reactions
of a battery.

Co K-edge spectra measured by Li et al. for LAGP-coated
LiCoO, (LCO) cathodes, cycled for 50 cycles using a PEO-
based SPE, displayed that Co** was still the predominant oxi-
dation state after discharge (3 V).??! This is in contrast to
uncoated LCO in which the cobalt existed in the 4+ oxidation
state after discharge, thereby implying that it had not been
reduced as expected on lithiation. This was confirmed
through 2D X-ray absorption in the near-edge structure
(XANES) mapping, including Co L-edge and O K-edge soft
XAS.

Another study on LCO exhibited an incomplete reduction of
cobalt after cycling in LiCoO,/PEO-LiTFSI/Li cells.''™ This was
inferred from the emergence of weak pre-edge peaks in the O
K-edge XAS spectra measured in the total fluorescence yield
(TFY) mode. An absorption shoulder after the edge could be
attributed to the formation of CoO or Co;0, phases, most prob-
ably at the electrode—electrolyte interface. The study demon-
strated an improved performance using the same SPE but for
Li; 4Alg 4Ti; 6(POy4)5-coated LiCoO, and an additional cathode
material of LiMny,Feg ;PO,.

Furthermore, Liang et al. investigated various binders
including PEO, PVdF, and two carboxyl-rich binders (Na-alg-
inate and CMC) with LCO, a PEO-based SPE, and Li metal
anode.?*®! The XAS measurements of the O K-edge and Co
L-edge spectra for the electrodes with multiple binders before
and after cycling demonstrated the various interactions occur-
ring between the binder and LCO particle surfaces. In par-
ticular, two XAS modes were used, namely, TFY for more
bulk sensitive measurements and total electron yield (TEY)
for greater surface sensitivity. Conclusively, the carboxyl-rich
binders exhibited a greater degree of interaction with the LCO
particles and appropriate coating of the particles, as the PEO
exposes the LCO surfaces. They further determined that the
CMC/LCO interface provided greater stability during cycling
than the PEO/LCO interface.
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5. Conclusions and Perspectives

Despite the increasing interest in HVLP batteries for commer-
cial advanced lithium metal batteries, their application is still
hindered by the limited oxidative stability, especially of the
polyether-based polymer electrolytes. Currently, the ultimate
oxidative stability limit of PEO and PEO-based electrolytes
is debated, with a few groups reporting stability limits up to
4.5 V versus Li/Li*, whereas the commonly accepted value for
PEO decomposition is below 4.0 V. This discrepancy is exacer-
bated by the common use of voltammetric methods for deter-
mining the electrolyte oxidative stability, which overestimates
the polymer electrolyte stability. However, polyether-based
electrolytes are now commonly cycled with 4-V-class cathode
materials, and they exhibit decent results in terms of cyclability.
Nonetheless, up until a few years ago, 3-V-class cathode mate-
rials (such as LFP and V,0s) were used. This is possibly one of
the most important advancements in the field of polymer elec-
trolytes achieved in recent years, resulting from the implemen-
tation of diverse strategies, such as passivation of the cathode
surface and modification of the electrolyte chemical structure
(e.g., multilayered electrolytes, composite, hybrid, and cross-
linked electrolytes). Other polymers with higher oxidative sta-
bility included polycarbonates, PAN, PMMA, and PVdF, but
these were commonly employed in GPEs or using plasticizers,
as they have lower ionic conductivities than PEO. In contrast,
the GPEs exhibit reduced thermal and mechanical stability
compared to SPEs.

Herein, we conducted a statistical analysis considering
186 publications from 2005 to 2022 of HVPL-based lithium bat-
teries (>4 V), with the aim of determining any specific trend
in the cyclability and degradation of HVPL batteries. The most
popular cathode—electrolyte combination is NMC-PEO, and
LiTFSI is the most used salt with these two materials appearing
in at least 50% of the publications. As expected, the discharge
capacity increased with the cell cut-off voltage. However, very
few studies employed an upper cut-off potential over 4.3 V
versus Li/Li*, that is, the common maximum potential attained
by cathodes in commercial LIBs. Despite the challenge in ana-
lyzing long-term cycling stability, certain trends were detected
between the two most employed polymer types (polyether and
PVdF-based). Although the degradation rate of HVLP cells with
polyethers in the electrolyte increases with the application of a
higher cut-off voltage, this was not the case with PVAF systems
as LNMOJ/Li cells cycled up to 5 V exhibited the lowest degra-
dation values. Moreover, on average, the cells with polyether-
based electrolytes degraded three times faster than the ones
with PVdF-based electrolytes (66 vs 200 cycles to attain 80%
SoH). Only 5 out of 186 publications displayed a cycle of over
1000 cycles, which is less than that for current state-of-the-art
commercial lithium-ion batteries.

The results of the statistical analysis indicated that the per-
formances of HVPL batteries lagged behind the performance
of commercial LIBs. Note that cells employing SPEs generally
operate at high temperatures that may further adversely impact
cyclability. In most publications, extremely low cathode load-
ings were employed, further complicating the comparison with
commercial LIBs. Among the various types of polymer electro-
lytes, the comparatively worse performance of polyether-based
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electrolytes apparently confirmed the predictions regarding
the low oxidative stability of these materials. To date, the most
viable solution for HVLP batteries, considering other perfor-
mance parameters such as the operation temperature, involves
the use of non-polyether-based GPEs.

To review the oxidation of polymer electrolytes and the effec-
tiveness of strategies to stabilize them, an increasing number of
studies include post-mortem characterization of the electrodes
and electrolytes. In most cases, a comparison is performed
between the cells cycled with liquid and SPEs. However, the
recovery of both electrodes and the separation from the elec-
trolyte is challenging in solid-state cells, which hinders a com-
plete study of the system compared to liquid electrolyte cells. In
context, only a handful of operando studies on HVLP batteries
have been performed, but they are essential for an improved
understanding of the vital factors that limit the cycle life of
such systems.

Overall, SPEs (mainly polyether-based electrolytes, poly-
carbonates, or HSEs with other polymer matrices) have dem-
onstrated significant prospects for use in combination with
4V-class cathode materials. In contrast, the use of polyethers
with 5V-class cathode materials will be potentially hindered
by the low oxidative stability of these materials over 4.5 V. The
operational temperature and rate capability of SPE-based bat-
teries are limited by their poor ionic conductivity, and therefore,
GPEs are more suited for applications requiring high power
density and low-temperature operation. Furthermore, GPEs
typically employ polymer matrices with high voltage stability,
such as vinylidene fluoride copolymers, PAN, and PMMA
derivatives. Thus, they are promising for application with
5V-class cathode materials. On the downside, most of these
polymers exhibit lower stability versus lithium metal, and the
introduction of liquid electrolytes reintroduces the safety issues
that could be avoided using SPEs. The anode passivation and
the use of flame retardant additives may aid in overcoming
these problems.

Sufficient cyclability at practical cathode loadings remains to
be demonstrated with both GPEs and SPEs, and the issue of
lithium dendrites growth, in case lithium metal is used, has not
yet been solved. The uneven lithium electrodeposition, which
is exacerbated at high current densities, poses a severe limit to
the achievable rate capability and cathode loadings of lithium
metal batteries. The resolution of this issue will require fur-
ther advances in lithium interface engineering and consider-
able enhancement of the electrolyte mechanical properties, for
both SPEs and GPEs. For 5V-class lithium batteries, the issue
of TMD should be addressed, although the use of polymer elec-
trolytes and the introduction of metal-ion trapping moieties
appear to be beneficial in this sense.

Thus, we suggest the following research directions for fur-
ther improving the performance of HVLP batteries:

— With both SPEs and GPEs, the enhancement of the mechani-
cal properties is required to hinder the growth of lithium den-
drites. The cross-linking and addition of inorganic fillers are
beneficial strategies, but not yet adequate to ensure the safety
requirements for commercial application.

— For SPEs, a reduced thickness—possibly down to 5 pm—may
compensate the low ionic conductivity, thereby improving
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the rate capability and diminishing the operational tempera-
ture of SPE-based cells. Thus, again, further improvement is
required in terms of the mechanical properties and process-
ability of SPE membranes.

— The introduction of inorganic ionic conductors in HSEs, es-
pecially in the form of nanowires and nanofibers, has proved
to enhance the electrochemical stability and ionic conductiv-
ity of SPEs. This could potentially create an avenue for utiliz-
ing SPEs with high-voltage polymer hosts (e.g., PAN, PVdF,
and others) in combination with 5V-class cathode materials.
However, the ionic conductivity of HSEs is still inadequate
for practical room-temperature operation. Thus, the addition
of plasticizer or liquid electrolytes is necessary also in this
case.

— Despite recent studies reporting oxidative stability for poly-
ethers up to 4.5 V versus Li/Li*, we observed that polyether-
based HVLP cells have lower cyclability, by average, than
non-polyether cells. Therefore, we consider the applica-
tion of high-voltage stable polymer electrolyte interlayers
as the safest option for using polyether-based electrolytes
with high-voltage cathode materials. Moreover, this appears
to be the only solution for their use with 5V-class cathode
materials.

— Further efforts should be devoted for the development of cells
based on GPEs with 5V-class cathode materials. This combi-
nation offers the potential of outperforming the correspond-
ing cells with liquid electrolytes, as they are probably a safer
option and might suppress the migration of transition metal
ions to the anode.

— Regarding the HVLP cell performances, the focus should be
on achieving appropriate cyclability with practical cathode
loadings (=2 mAh cm™2). This will require concurrent en-
hancement of the electrolyte transport properties and hin-
dering of lithium dendrites growth. Considering the current
development stage of this technology, cathode loadings of at
least 1 mAh cm™ should be used when cycling HVLP cells,
otherwise, the resulting cell performances may have little rel-
evance for practical applications.

— The oxidation stability of the electrolytes is still debated, and
the use of complementary operando techniques, coupled
with electrochemical methods, will shed light on this issue.
In this regard, specific post-mortem protocols should be
employed to systematically analyze aged electrodes and elec-
trolytes based on the challenges of recovering all the compo-
nents in these solid or quasisolid systems.

Overall, the prospects for polymer-based high-voltage cells
are highly encouraging. In the last few years, cycling with
HVLP cells has been reported in an increasing number of
studies, marking a striking improvement in the field. Although
several challenges require addressal, further research on the
main gaps identified in this review should enable the develop-
ment of HVLP cells for overperforming Li-ion technology.
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