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ABSTRACT: The role of the cathode—electrolyte interphase (CEI) on battery Surface passivation

performance has been historically overlooked due to the anodic stability of ¢ hode structure . Particle cracking
carbonate-based electrolytes used in Li-ion batteries. Yet, over the past few & composition
decades, degradation in device lifetime has been attributed to cathode surface aq. “ e
reactivity, ion transport at the cathode/electrolyte interface, and structural

CEIl formation

transformations that occur at the cathode surface. In this review, we highlight  Litransport - Reactivity of

recent progress in analytical techniques that have facilitated these insights and arrangement gaxbon additives

elucidated not only the CEI composition but also the spatial distribution of ‘

electrolyte decomposition products in the CEI as well as cathode-driven reactions o Metal

that occur during battery operation. With a deeper understanding of the CEI and reconstruction dissolution

the processes that lead to its formation, these advanced characterization tools can ._,_ . .

unlock routes to mitigate impedance rise, particle cracking, transition metal

dissolution, and electrolyte consumption, ultimately enabling longer lasting, safer

batteries.

1. INTRODUCTION degradation at the cathode begins, it manifests as caEacity
loss, impedance rise, and thermal instability.'>'®***" T

The global transition to electrified transportation and
intermittent sources of grid energy requires cheap, sustainable
Li-based batteries with high energy and power densities."”” To
achieve these goals, we need to understand and control
degradation in batteries with cathode materials that use widely
abundant and inexpensive elements while maintaining high
energy density (this is why there is a major push to eliminate
cobalt from commercial Li-ion batteries (LIBs)®). To this end,
there are four major classes of materials that minimize our
reliance on cobalt: Ni-rich (LiNi,Mn,Co0,0, (NMCXYZ, x = 1
— y — z > 0.8)) and Li-rich layered transition metal oxides
(Liy4NiyMn,Co;_,_, ,0,, Li;MnO3), Mn-rich spinels
(LiMn,0, (LMO), LiNiyMn, ;O, (LNMO)), and Fe-based
olivine materials (LiFePO, (LFP)). These cathodes use little
(<10%) to no Co in the active particles. However, all of these
materials exhibit structural and interfacial instabilities during
electrochemical cycling, resulting in insufficient lifetime and
safety needed for addressing long-term climate goals.1’4'5
Specific examples of surface instability in these systems include Received:  July 26, 2023
oxygen evolution,”* crystallographic reconstruction at the Accepted: September 19, 2023
particle surface that changes the Li (de)intercalation Published: October 10, 2023
behavior,”™'* cracking of secondary [,larl:icles,l‘c'_20 transition

metal (:I'Lssolutior_l,lf"2 ~?* and continuous electrolyte decom-

position during cycling in organic solvents.”>>° Once

addition, decomposition products from reactions between
the cathode and the electrolyte form a cathode—electrolyte
interphase (CEI) that alters Li transport as well as other
properties of the composite film, such as binder swelling and
electronic conductivity.”

The influence of the CEI on battery performance has only
recently been recognized. This distinctly differs from the
surface chemistry on the anode side of the battery, which has
traditionally been correlated with battery degradation. Conven-
tional carbonate solvents used in LIBs are not thermodynami-
cally stable <1.3 V,* so electrochemical reduction products
deposit on anodes of interest such as graphite, Li, and Si to
form a >10 nm thick interphase coined the solid—electrolyte
interphase (SEI).*’ For anodes like Li and Si that undergo a
large volume change during electrochemical cycling, this SEI
tends to crack and expose a fresh surface where the SEI can
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continue to grow and become more tortuous, impeding Li-ion
transport and exacerbating capacity fade.*' ~** Conversely,
these same electrolytes are electrochemically stable up to 4.5V,
which is well above the upper cutoff voltage used for most
cathode materials including LiCoO, (LCO), NMC, and LFP.
Therefore, no low- to moderate-voltage cathodes are expected
to exhibit a CEL

Nonetheless, evidence of the CEI was observed by
Goodenough and co-workers in 1985 when they noted
changes in the interfacial resistance of Li;_,CoO, (0 < x <
0.5) as a function of state-of-charge (SOC)."” These changes
in resistance were linked to a ~3 nm thick amorphous layer
observed on the surface of a delithiated Lij;CoO, particle with
transmission electron microscopy (TEM). The authors
speculated that when x > 0.35 in Li;_,Co0O,, Co* oxidized
the propylene carbonate (PC) solvent to form a polymer shell
around the active particles. Over the next two decades, several
groups used spectroscopic methods (e.g., Fourier transform
infrared (FTIR) spectroscopy, X-ray photoelectron spectros-
copy (XPS)) to characterize the chemical composition of the
CEI on a wide range of cathode materials, including LFP,
LCO, LiNiO, (LNO), LMO, and the NMC series.*>**%>733
For the layered oxides, ethylene carbonate (EC) solvent
decomposition starts at ~50% SOC”*****™>7 and continues
after chemical oxidation from reaction with evolved O, from
the lattice (onset at ~65—82% SOC, depending on
composition),”****°™® leading to a variety of carboxylic
acids, vinyl species, alcohols, and polymers in the CEIL The
CEI also exhibits native Li,COj; derived from exposure to
atmosphere that releases CO, upon charge.”**® Protons
generated from solvent oxidation accelerate PF,~ decom-
position, leading to insoluble phosphorus- and fluorine-
containing compounds (e.g,, metal fluorides, P,O,F,) upon
cycling in LiPFq salt.”>*”*°"%® The resulting CEI is also
dynamic in nature; carbonate- and metal fluoride-containing
CEIs can decompose or dissolve at high voltages,””~"* and
soluble species formed at the anode can migrate to the cathode
during cell discharge, a phenomenon known as “anode—
cathode crosstalk”.”>~"

When compared to the anode SEl, the
CEl is substantially more difficult to
characterize. Lower quantities of sur-
face species and oxidation products
require analytical tools with superior
sensitivity and chemical resolution to
distinguish from the bulk electrode and
electrolyte.

Yet, how these reaction byproducts can be arranged to form
a functional CEI is still not well understood. When compared
to the anode SEI, the CEI is substantially more difficult to
characterize. First, the CEI is typically much thinner than the
SEI, likely due to the fact that the anodic stability of carbonate
solvents leads to less electrolyte decomposition.”*"’® Lower
quantities of surface species and oxidation products require
analytical tools with superior sensitivity and chemical
resolution to distinguish from the bulk electrode and
electrolyte. Second, the composition of the active material on
the cathode side of the battery is more complex than the anode
side. With a mixed metal oxide, there are multiple surface sites
that can react with the electrolyte, such as nucleophilic oxygen
atoms (e.ég., Ni—O) or catalytically active metal centers (e.g.,
Ni*).>#***7"7 Emerging anodes, like Li, only involve a single
element and completely eliminate the need for carbon
additives, simplifying reduction reactions. During lithiation/
delithiation, many cathode materials undergo surface recon-
struction that will further alter surface reactivity, leading to
changes in CEI formation mechanisms with cycling. In
addition, crystallographic reconstruction at the particle surface
is often coupled to cracking of secondary particles, where
electrolyte can penetrate and form more CEL'®'77%7?

Given the complex nature of the CEI, it is incredibly
challenging to link basic compositional knowledge to battery
degradation. In this review, we focus on state-of-the-art
methodologies used to study the CEI that offer remarkable
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Figure 1. Different types of spatial and temporal resolution needed for characterization of the CEI structure and formation mechanisms.
(Left) Methods that offer depth resolution can provide information on the origin of CEI species (and thus particle reactivity) and as well as
the relative location of electrolyte decomposition products, offering information on Li* conductivity barriers. (Center) Micrometer-scale
lateral resolution is needed to probe CEI (blue) conformality and its distribution on the composite film, providing insight on the reactivity
of each individual film component, such as active particles (gray), conductive carbon (black), and binder (purple). Nanometer-scale lateral
resolution is necessary for evaluating the distribution of CEI compounds across the particle surfaces. (Right) Time-resolved techniques (in
situ/operando) examine the electrolyte—particle interactions that lead to CEI formation, especially processes involving transient
intermediates that are difficult to detect with ex situ methods like surface-adsorbed species (e.g., surface protons, solvent fragments), acids
(e.g., HF), and gases (e.g., CO,, O,, POF;).
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Figure 2. (A) TOF-SIMS depth profiling of secondary ion fragments from a cycled LiNi,,Mn,,sCo,,50, cathode, and a representative
schematic of the radial arrangement of CEI species on the particle surface. Reprinted with permission from ref 22. Copyright 2017 Springer
Nature. (B) 3D ion map generated by APT of the CEI on LiMn,0, after holding at open-circuit voltage for 240 h. Ions detected in regions 1
and 2 are depicted as spheres, while the CEI species (regions 3 and 4) are shown as solid layers. Adapted with permission from ref 99.
Copyright 2020 Elsevier. (C) '*C SSNMR spectroscopy of an NMC811 cathode film that underwent 50 galvanostatic cycles showing carbon-
containing components in the CEL Based on spinning sideband analysis from the paramagnetic cathode surface (marked with asterisks),
Li,CO; and carboxy-containing CEI species are within ~1 nm of the particle surface in the inner CEI; vinyl compounds and alkyl carbonates

are found in the outer CEI. Adapted with permission from ref S5.

Copyright 2021 American Chemical Society.

chemical and spatial or temporal (e.g, in situ/operando)
resolution (Figure 1), shedding light on how the surface
structure and reactivity is related to the performance.
Specifically, we discuss characterization methods that offer
molecular information (from the elemental properties or mass
of the light elements) on the CEI generated in nonaqueous
liquid electrolytes for technologically relevant cathode
materials that can be performed in a distance- and/or time-
resolved manner (note that several excellent reviews provide a
comprehensive overview of the individual characterization
techniques that have been employed to study CEI
composition*”’***78) In section 2, we discuss chemical
probes that yield depth information to pinpoint the precise
location of individual compounds in the CEI from the cathode
surface to the CEl/electrolyte interface. Section 3 focuses on
imaging-based techniques that offer lateral resolution to
determine where electrolyte decomposition products are
located on the cathode composite (on the active particles
versus the carbon additives) to understand the reactivity of
each film component and how the CEI impacts the composite
properties. In section 4, we cover advanced characterization
techniques that provide both high chemical and temporal
resolution to elucidate (electro)chemical decomposition path-
ways for both electrolyte salt and solvent molecules. Equipped
with this insight on the surface reactivity and the structural
arrangement of the CEIL we address how these cutting-edge

analytical tools can help answer the following questions
regarding cathode-based degradation in LIBs.

(i) What are the chemical compounds in the CEI that
impede Li intercalation/deintercalation?

(ii) Do distinct parasitic reactions occur on different surface
structures/compositions that require unique solutions
for each cathode type?

(iii) What is the mechanism underpinning transition metal
dissolution from the cathode, and what are the tools that
we can use to prevent it?

(iv) What role does electrolyte oxidation play in the
crystallographic reconstruction observed at the surface
of cathode active particles?

(v)
(vi)

How does the CEI affect particle cracking, which is
typically thought of as a bulk phenomenon?

How stable is the CEI in terms of dissolution and
adhesion to the cathode surface?

(vii) What roles do other battery components (e.g.,
conductive carbon, binders) and surface species (e.g,
native surface compounds) play in CEI formation and its
final properties?

2. PROFILING THE CElI STRUCTURE FROM THE
CATHODE SURFACE TO THE ELECTROLYTE

The arrangement of the CEI from the solid cathode film to the
liquid electrolyte dictates Li* intercalation in and out of the

4574 https://doi.org/10.1021/acsenergylett.3c01529
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active particle. For example, metal fluorides in the inner CEI
(i.e.,, closest to the inorganic active material) are associated
with increased resistance due to their poor ionic conductivity.
Transient organic components in the outer CEI that move
from the anode to the cathode during cycling may also lead to
cycle-to-cycle changes in resistance during lithiation/delithia-
tion but fail to protect reactive sites on the surface.

How do we get information on the exact location of discrete
CEI components? XPS is one of the most common tools for
characterizing interphase chemistry on electrode surfaces. Most
ultrahigh-vacaum (UHV) XPS instruments are equipped with
an Ar sputtering gun that enables spectral acquisition as a
function of sputtering depth to understand the structural
arrangement of the CEI from the outermost surface of the CEI
(i.e., closest to the electrolyte, collected before sputtering) to
the innermost surface (i.e., closest to the cathode film,
collected after sputtering).*>** In addition to XPS, time-of-
flight secondary ion mass spectrometry (TOF-SIMS) is
another UHV technique that offers better chemical and
depth resolution. Given the ubiquitous nature of XPS and
the improved chemical resolution provided by TOF-SIMS, this
section will only focus on TOF-SIMS out of the two
techniques. In addition, we also describe two other techniques,
atom-probe tomography (APT) and solid-state nuclear
magnetic resonance (SSNMR) spectroscopies, that also
provide depth resolution of the CEI, offering insight into
particle reactivity and barriers to Li intercalation.

2.1. Time-of-Flight Secondary lon Mass Spectrometry
(TOF-SIMS). In time-of-flight secondary ion mass spectrom-
etry (TOF-SIMS), a focused ion beam is used to eject
secondary ions from the outermost layer of the sample surface.
These secondary ions (which are comprised of molecular
fragments from the surface) are accelerated and separated
based on their mass-to-charge ratio (m/z) and detected using a
mass spectrometer. The m/z value and the peak intensity in
the mass spectrum correspond to the identity and the quantity
of a specific ion fragment. When evaluating the CEI
composition, TOF-SIMS offers atomic-level surface sensitivity
(probes a depth of <1 nm via detection of sputtered ion
fragments) and exceptional elemental sensitivity (0.01—0.1%
elemental concentration) and can be paired with high-
resolution rastering, providing elemental images with a lateral
resolution of ~200 nm (this will be discussed in the next
section).?>307983787 Thege capabilities are distinct from XPS,
which probes ~2 nm deep (determined by the escape depth of
the photoelectrons) and requires >0.1% elemental concen-
tration for detection.””** Similar to XPS, a sputter gun is used
for depth profiling.

In 2017, Manthiram and co-workers constructed a mosaic
model for the arrangement of the CEI on Ni-rich
LiNiy;Cog5Mng 50, upon cycling in 1 M LiPFy in ethylene
carbonate/diethyl carbonate (EC/DEC, 1:1 v/v) based on
TOF-SIMS depth profiling measurements (Figure 2A).”” The
authors discovered carbonate fragments and Li,PO,F, electro-
lyte decomposition species in the outer CEI and insoluble
species like transition metal fluorides and Li,COj in the inner
CEL In this experiment, LiF was found randomly deposited in
both the inner and the outer portion, which points to a mosaic
CEI rather than a multilayer architecture. We expect that a
mosaic CEI structure causes nonuniform Li flux to the particle
surface since Li" transport through different CEI phases is
likely disparate. These findings are similar to an earlier TOF-
SIMS study, where Kim and co-workers used depth profiling to

4575

sputter away organic decomposition products in the outer CEI
on the surface of LNMO after cycling and storing in a
comparable electrolyte (1 M LiPF4 in EC/DEC, 1:2 v/v).*
On the inner CEI, the authors found metal fluorides like MnF,,
NiF,, and LiF. These data indicate that layered and spinel
cathodes that are susceptible to transition metal dissolution in
HF-forming electrolytes (like LiPF;) are likely to be coated
with resistive CEI compounds.

Manthiram and co-workers also investigated the initial CEI
that spontaneously forms upon soaking cathodes with different
amounts of carbon black (from 1 to 10 wt %) in electrolyte.
TOEF-SIMS spectra collected after 30 days of aging showed
that both the active particles and the carbon black chemically
react with acidic species (e.g, HF) present in the electrolyte.
Films with high carbon contents (10 wt %) were linked to
increased C,F~ and C;0F" species, which heavily coated the
carbon black region and, to a lesser extent, the active particles.
Meanwhile, samples with higher quantities of active particles
(1 wt % carbon) showed significantly more LiF and MnF,
compared to the 10 wt % carbon sample and are derived from
acid etching of the active particle. These fragments were also
detected on the carbon/binder regions (in much smaller
quantities), which the authors claim was due to migration
during aging. These results indicate that tuning the carbon
content or secondary particle size changes the amount of
ionically insulating compounds, such as metal fluorides, on the
active particle surface that form upon exposure to the
electrolyte. However, it is not clear if lower surface area
particles prevent these metal fluorides from forming or if
degradation products formed at the carbon surface (e.g., C,F~
and C;0F") serve to protect against transition metal leaching.
In order to decipher how carbon additives impact the CEI
structure, the role of different conductive carbons (e.g,
nanostructured carbon, carbon fiber, high surface area carbon)
and polymeric binders (e.g., those used in wet and dry coating)
needs to be examined in more detail. These studies should
preferably be performed in conjunction with characterization
methods that do not require sample rinsing that can alter the
placement of CEI species, given that each component is
expected to exhibit unique surface chemistry. Further, the
boundary between carbon additives and active particles may be
more reactive than either component alone, presenting
additional challenges in studying local changes in composites
and thus presents the need to use techniques, like TOF-SIMS,
that offer additional lateral resolution (see the next section).

Moving beyond conventional carbonates, Peng and co-
workers used TOF-SIMS to examine the CEI formed upon
cycling NMC111 (for 100 cycles) in 1 M LiPF, in EC/DMC/
EMC (1:1:1 by weight) in the coadditive solution containing 1
wt % LiPO,F, and 10 wt % fluoroethylene carbonate (FEC).**
The additive-containing electrolyte improved capacity reten-
tion after 400 cycles by about 200% compared to the baseline
electrolyte. TEM images show that the baseline electrolyte (no
additive) generated a 24 nm thick CEI, while the CEI formed
in the presence of coadditives was only 6.8 nm thick, indicating
that the additive helped form a passivating layer that mitigated
electrolyte decomposition/CEI growth in long-term cycling.
TOE-SIMS of both the baseline and the additive-containing
electrolyte showed that the outer CEI is comprised of organic
species (CH,~, C,HO", C,P™ C,P7, CyF), Li,PO,F,, and
Li,CO;, while the inner CEI is comprised of transition metal
fluorides and oxides. LiF distributes in both the inner and the
outer CEL LiF, C,P~ C;P7, and Li,PO,F, were detected in

https://doi.org/10.1021/acsenergylett.3c01529
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relatively higher quantities in the FEC/LiPO,F,-containing
electrolyte. There were also fewer organic species and
transition metal fluorides in the CEI when additives were
present compared to the control, indicating that both solvent
oxidation and salt decomposition (which forms HF and
transition metal fluorides) were mitigated upon addition of the
additives. Together, the findings from TOF-SIMS and TEM
indicate that the thin, dense LiF-rich (although the function of
LiF is not entirely clear, vide infra) CEI formed by the FEC/
LiPO,F, additives prevented decomposition of the organic
solvents, LiPF salt, and dissolution of the transition metals.
These results agree with separate literature that reports the
addition of FEC to a LiPO,F,-containing carbonate electrolyte
increases the quantity of fluorine content in both the CEI and
the SEI, which results in better cycle life in NMCS$32/graphite
pouch cells and reduced parasitic heat flow during cycling.**

There are a few routes that these coadditives may alter the
CEI and enhance LIB performance. For example, excess
LiPO,F, at the particle surface could shift the equilibrium of
salt hydrolysis in favor of the reactants, preventing LiPFy
breakdown,”® ultimately minimizing the amount of HF
formation and transition metal leaching. A LiF-rich CEI is
often correlated with improved cycle life, but the origin of LiF
and its role is not well understood since it is randomly
dispersed throughout the inner and outer CEI and is a
relatively poor ion conductor.”” Given the high oxidative
stability of FEC, the increased quantity of LiF in the CEI may
arise from the reductive defluorination at the anode, where LiF
is produced and then later transferred to the CEI through
crosstalk. Another byproduct of FEC reduction is poly-
(vinylene carbonate) (poly(VC)), which may also move to
the cathode surface, where it passivates the surface and
prevents mechanical degradation of the NMC secondary
particles.'”*° Additional work to elucidate the source of
organic fragments in the outer CEI with TOF-SIMS through
experimental strategies, such as isotopic labeling of small
molecules, can help parse the role of different additives on the
CEI structure and functionality.

Opverall, the spatial resolution and chemical sensitivity of
TOF-SIMS as well as its accessibility (laboratory based) make
the technique an important tool for CEI characterization,
although we do note that many institutions are more likely to
have access to an XPS than a TOF-SIMS instrument. TOF-
SIMS offers deeper insight into the molecular structures,
particularly for light elements (present in both the organic and
the inorganic CEI), compared to X-ray-based techniques while
still maintaining information on the radial arrangement. For
example, TOF-SIMS can resolve the different types of metal
fluorides that form upon cyclin% mixed metal oxide cathodes
(e.g, LiF, MnF,, and NiF,),>*% a task that is much more
challenging with XPS due to overlap in the F 1s orbital. In
section 3.2, we also discuss the utility of TOF-SIMS for
imaging the lateral distribution of chemical compounds in the
CEI, making it a versatile tool to characterize the CEI in three
dimensions. However, for TOF-SIMS, the user relies on
detecting ion fragments as well as sputtering to obtain a depth
profile, which may result in damage to the CEI, particularly for
reactive solvent decomposition species. As with other UHV
methods, rinsing during sample preparation to prevent
charging may alter the CEI and/or remove soluble species.

2.2. Solid-State Nuclear Magnetic Resonance
(SSNMR) Spectroscopy. In nuclear magnetic resonance
(NMR) spectroscopy, the sample is placed in a strong
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magnetic field and irradiated with radiofrequency (rf) pulses
to excite NMR-active nuclei. The energy released from nuclear
spin relaxation is detected to produce an NMR spectrum with
peaks at distinct frequencies that depend on the local
electronic structure as well as the dynamics in the system. As
a result, NMR enables precise assignment of molecular
structures and interactions between different components in
the CEL Therefore, solid-state NMR (SSNMR) spectroscopy
provides a sensitive readout of the different types of organic
molecules, inorganic compounds, and functional groups as well
as their interactions in the CEL

For instance, Dupré and co-workers used SSNMR spectros-
copy to examine the dynamics of the CEI during battery
operation for LFP and LiMn,Ni; O, using "Li, '°F, and 'H
SSNMR spectroscopies.”””® In both of these studies, the
authors found evidence of anode—cathode crosstalk (the
movement of interphase compounds from the anode to the
cathode during discharge/charge) when the NMR resonance
corresponding to the CEI (e.g, LiF) would increase in
intensity at discharge but decrease at charge. These reports
also showed that the NMR spectra of CEI species attached to
strongly paramagnetic cathode materials are broadened due to
nuclear coupling to nearby unpaired electrons’”* (nearly all
technologically relevant cathode materials are strongly para-
magnetic). This broadening can provide an advantage and a
disadvantage; on one hand, it offers distance-dependent
information on where certain compounds are located in the
CEI, but it may obscure differentiation of overlapping
resonances if it is too severe.

We were able to obtain high-resolution structural
information on the CEI of select cathode materials by
intentionally manipulating the paramagnetism of the active
material either through material choice or electrochemistry. In
the first example, we used Li,RuO; as a model compound to
study the CEI composition and anode—cathode crosstalk after
cycling in 1 M LiPFg in EC/DMC” because it has
substantially lower paramagnetism than other cathodes but
retains the degradation processes common to layered Li-rich
materials (e.g., oxygen evolution). Using surface-sensitive
dynamic nuclear polarization (DNP) NMR spectroscopy, we
identified several different organic components in the CEI,
including poly(ethylene oxide) (PEO)-type polymers, alkyl
carbonates, and Li salts, on Li,RuQy; after just one cycle.”” The
composition of the CEI remained nearly identical between the
Ist cycle and the 100th cycle, indicating that the cathode
decomposition processes that occur in cycle 1 dictate the
electrolyte decomposition. In Li,RuQO;, most oxygen is evolved
in the first cycle,94 where it can attack the carbonate solvent;
the resulting decomposition products then deposit on the
cathode surface. By comparing the spectra acquired on charge
and discharge, we see that Li-coordinating small molecules in
the outer CEI (e.g, acetate, small oligomers) desorb during
delithiation but are reversibly redeposited during the
subsequent lithiation step likely due to crosstalk.

In separate work, we took advantage of the fact that upon
charging NMC811 to 4.6 V, most of the paramagnetic Ni** is
oxidized to diamagnetic Ni*" to produce a material that is less
paramagnetic than its fully lithiated counterpart and that can
be used to study the CEI formed on NMC811 with high-
resolution, magic-angle spinning (MAS) SSNMR spectrosco-
py.>> Since the active particle is still paramagnetic (e.g., due to
Mn*" centers and reduction that occurs during surface
reconstruction), CEI compounds closest to the delithiated
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NMCS811 surface will still experience line broadening (as noted
above). When spinning a sample that contains a paramagneti-
cally broadened NMR line at the magic angle, the broad peak
will split into a spinning sideband pattern that contains
multiple peaks. The spinning sideband manifold contains the
isotropic resonance (that corresponds to a specific functional
moiety) surrounded by sidebands that appear at integer units
of the MAS frequency. This discretization of the broad NMR
peak allows the user to assign the chemical shift for each CEI
component and determines which species is closest to the
paramagnetic cathode surface. (This line broadening effect is
distance dependent, so CEI compounds far away from the
particle surface will only show an isotropic resonance with no
spinning sideband pattern.) From this analysis, we found that
the carbon-containing CEI on NMC811 produced after SO
cycles in 1 M LiPF, in EC/DMC contained Li,CO; and Li
acetate/oxalate within 1 nm of the particle surface (Figure
2C). Other species observed in *C SSNMR spectroscopy
(e.g, alkyl carbonates/esters and vinyl compounds) do not
exhibit spinning sidebands, indicating these species are >1 nm
from the active particle. The exact location on the composite is
difficult to decipher with this technique, but it could be
inferred that these compounds are either on the outer radius of
the CEI deposited on the active particle itself and/or on the
carbon additives. Our study paired these experiments with a
laterally resolved microscopy technique (XPEEM, see section
3.3), which supported that these CEI components are
distributed on the entire composite surface. In situ 'H solution
NMR spectroscopy (vide infra) also detected the presence of
vinyl compounds, indicating that these species are soluble and
may desorb from the surface and redeposit on either the
particle or the carbon additives. There is a growing body of
evidence indicating that the presence of these Li alkyl
carbonates and vinyl species is correlated with increased
impedance in LIBs that use Ni-rich cathodes.

SSNMR spectroscopy is a potentially powerful tool to
address how organic compounds, in particular, may impact the
interfacial properties in LIB cathodes. However, one drawback
of using SSNMR spectroscopy for depth probing is that high-
resolution structural assignment strongly depends on the
magnetic properties of the bulk cathode material. Therefore,
examination of the organic CEI with SSNMR spectroscopy is
most likely applicable to Ni-rich compounds with Ni**/** redox
chemistry, such as NMC811, LiNij3Coq;5Aly0s0, (NCA),
and/or LiNiO, (LNO) at high voltage, and can be used to
systematically evaluate the impact of electrolyte additives and
cycling protocols within those systems. Further, many CEI
species themselves are paramagnetic and are not easily
detected with SSNMR spectroscopy, like transition metal
fluorides, so studies should be complemented with other
techniques to gain a full understanding of the CEI
composition. In general, SSNMR spectroscopy is a non-
destructive bulk analytical technique (no exposure to electron/
X-ray beams, UHV, or sputtering) that can be carried out in
air-free conditions and is readily available at many research
institutions. Although the methods described above are
performed postmortem, samples can be prepared in such a
way that they closely resemble or minimally disturb their native
environment (e.g., sample rinsing/drying is not needed; the
cathode sample can even be packed with liquid electrolyte and
separator%).

2.3. Atom-Probe Tomography (APT). In atom-probe
tomography (APT), an electric field is used to evaporate ions
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from a conical sample tip (radius of ~100 nm) under UHV at
cryogenic temperatures. The evaporated ions are collected
onto a position-sensitive TOF-MS. The m/z ratio in the mass
spectrum coupled with the position data enables reconstruc-
tion of a three-dimensional (3D) compositional map of
individual compounds in the CEIL

Until recently, APT had only been used to study the
structure of the bulk cathode particle itself "°™* In 2020,
Scipioni et al. used APT to generate a 3D elemental map of the
CEI that forms at open-circuit voltage (OCV) on a single
LMO particle after aging9 for 240 h in 1 M LiPF, in EC:DMC
(1:1 v/v) (Figure 2B).”” The structures generated with APT
showed homogeneous inner layers of MnF, stacked on top of
Mn,O, and an outer layer containing a mixture of LiF, Li,O,
and polycarbonates from chemically-driven electrolyte decom-
position (Figure 2B). The authors were also able to
quantitatively plot how CEI composition changed as a function
of depth, moving from the outer to the inner CEL

Time-resolved electrochemical impedance spectroscopy
(EIS) showed an increase in charge-transfer resistance in the
first 24 h of aging, which the authors attributed to the
formation of manganese fluoride from reaction between the
particle and trace HF, which has a lower electronic
conductivity than LMO. The authors attributed the gradual
increase in charge-transfer resistance over 240 h to the
deposition of organic and inorganic compounds on the
cathode surface. These EIS findings suggest that transition
metal fluorides are resistive species that impede Li-ion
intercalation/deintercalation, which is consistent with their
bulk properties. The findings on CEI arrangement agree with
those from TOF-SIMS and XPS’”**'®’ while providing a
compelling visualization of an intact CEI. Moving forward with
detailed chemical mapping, we can more rationally fit
ambiguous EIS data with the appropriate equivalent circuit
that accurately describes the electrochemical behavior.

Unfortunately, APT is complex and requires highly
specialized equipment. Sample preparation is nontrivial—it
requires a needle-shaped sample with an apex diameter of 10—
100 nm, which is obtained by focused-ion beam (FIB) milling
from the cathode, which may disrupt the CEIL Since the
measurement probes only a very small portion (few nanome-
ters) of the cathode, the sample may not be representative of
the entire surface. Despite these challenges, APT has the
unique ability to map both heavy and light elements with high
chemical sensitivity (0.01—0.1% elemental concentration) and
subnanometer resolution (~0.2—0.5 nm), making the
technique one of the highest resolution characterization
techniques accessible for CEI studies.'*

2.4. Insights into the CEl Gained from Depth-
Resolved Techniques. Most methods that provide depth
resolution on the order of nanometers or subnanometers agree
that inorganic metal fluorides (LiF, MnF,, NiF,) and
carbonates (Li,CO;) lead to lower ionic and electronic
conductivity and are often concentrated in the inner CEI for
Li- and Mn-rich cathodes.””**”” Organic species, Li alkyl
carbonates, and other more soluble electrolyte decomposition
species (which can include metal fluorides that are dissolved at
high voltage when local HF concentrations are high) are often
found in the outer CEL’®” The effect of these organic
components on the ionic and electronic conductivities of the
CEI is still less understood, and comparing the ionic
conductivities of each CEI component (transition metal
fluorides, LiF, alkyl carbonates, polymers, etc.) can help
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inform CEI design beyond what is currently known for bulk
inorganic compounds. In addition, it is possible that the
organic CEI imparts flexibility at the surface to prevent particle
cracking and electrolyte consumption, but in order for this to
happen, it must remain attached to the particle surface. All of
the aforementioned methods can, in principle, quantify organic
species in the CEI and can establish their role in battery
performance.

An understanding of the structural arrangement of the CEI
across different cathode materials can also provide insight into
reactivity. While fewer reports provide depth information on
the CEI for Li-rich structures, intuition suggests that it may be
similar to that observed for Ni-rich cathodes. Since Li-rich
cathodes tend to evolve more O,,°"">'%'% we expect that
these CEIs may exhibit higher quantities of polymeric
structures, further emphasizing the need for more detail on
the organic portion of the CEL In high-voltage cathode
materials, the CEI is not stable above 4.5 V vs Li/Li* due to
the highly acidic environment that dissolves the CEI,
highlighting the dynamic nature of these structures.”®%%7*
For all cathode compositions, the apparent concentration and
location of all of the CEI components appear to depend on
whether the cell is analyzed at charge or discharge due to
anode—cathode crosstalk, and this should be taken into
consideration before drawing conclusions. Finally, due to its
low operating voltage, LFP has not been explicitly mentioned
above because it is believed to form a relatively thin CEI layer
in typical carbonate solvents based on XPS and TOEF-
SIMS.*'” The literature consensus at this time is that the
CEI on LEFP is relatively homogeneous and predominantly salt
derived.””'” To the best of our knowledge, no Fe,F, species
have been detected on the surface of LFP under typical cycling
conditions, **1%° although further investigation is warranted.

For all cathode compositions, the
apparent concentration and location of
all CEI components appears to depend
on whether the cell is analyzed at
charge or discharge due to anode—
cathode crosstalk, and this should be
taken into consideration before draw-
ing conclusions.

For all cathode materials, a thick, mosaic CEI on the active
material as well as the presence of species that dissolve or
diffuse away are undesirable. Instead, a compact, multilayered
CEI that does not react away (through either crosstalk or acid
dissolution) would allow consistent Li transport and prevent
impedance buildup over time. Achieving this requires an
electrolyte that, upon oxidation, forms a passivating CEI on the
particle and is (electro)chemically resistant to further
degradation. Several strategies exist to improve performance
in this realm, such as coating the cathode and/or optimizing
the electrolyte.'>'*” Yet, how these approaches alter the radial
arrangement of the CEI (beyond adding a coating, for
example) is still not well understood and will require concerted
effort of multiple characterization techniques as CEI thickness
is reduced to sub-3 nm and exhibits only short-range order.
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3. LATERAL RESOLUTION OF THE CElI ACROSS THE
COMPOSITE CATHODE FILM

Most cathode films are composites that contain high surface
area conductive carbons and polymeric binder in addition to
the active particles. Understanding CEI conformality and its
deposition on active particles and carbon additives is required
to identify the formation reactions at play during cycling and
the functional properties of the CEI, such as ionic and
electronic conductivity. Therefore, surface characterization
tools equipped with lateral resolution are required to parse
the role of all film components within the CEI Since cathode
active particles are usually between 1 and 30 ym (LNMO and
LFP particle size is ~5 um, NMC811 and NCA secondary
particles are around ~10—30 um, while primary particles are
~200—1000 nm), we must be able to probe the lateral CEI
composition at submicrometer levels to distinguish the carbon
additives from the active material.

3.1. Transmission Electron Microscopy (TEM). Trans-
mission electron microscopy (TEM) passes an electron beam
through an ultrathin (<100 nm) sample (e.g, electrode
particles suspended on a grid) to produce a highly magnified
image after interacting with the sample. High-resolution (<0.2
nm) images are captured due to the short wavelength of
electrons compared to light. Although standard sample
preparation methods and accelerating voltages used in
conventional high-resolution (HR) TEM may compromise
the CEL'%" advances in cryo-TEM (typically used to study
sensitive biological samples) sample preparation have been
used to preserve the surface structure of battery electrodes
under cryogenic temperature, reduce reactivity with the
electron beam through lower doses, and protect the sample
from air. 24108109

In a traditional HRTEM study (noncryogenic), Kim and co-
workers™ found a S nm MnF, nanoparticle at the surface of
LNMO extracted from a cell that was stored at 100% SOC at
60 °C for 60 days. Detection of MnF, on LNMO particles is
consistent with observations from our laboratory using X-ray
photoemission electron microscopy (XPEEM), where we see
higher quantities of MnF, build up on the surface of spinel-
type cathodes compared to layered cathodes (which
predominately contain LiF) due to increased transition metal
dissolution from high voltage operation.”>*® Upon subsequent
storage at high SOC, Kim and co-workers reported that
LNMO will self-discharge, leading to more electrolyte
oxidation and HF production. As a result, more transition
metal fluorides are expected to accumulate on cathodes stored
at high SOC compared to storage at lower SOC. In separate
work, Xu and co-workers'” used cryo-TEM to examine the
CEI formed on LNMO cathodes after 50 cycles in a standard
carbonate electrolyte (1.2 m LiPF, in EC/EMC 3:7) versus a
concentrated, sulfone-based electrolyte (3 m LiFSI in
sulfolane, Figure 3A).”* Cryo-TEM images of the CEI
generated in the carbonate electrolyte showed an uneven,
nonconformal CEI along the surface of the active particle
(Figure 3A, left). In contrast, the sulfone-based electrolyte
produced a conformal CEI with a consistent thickness of ~0.6
nm across the LNMO surface (Figure 3A, right) and extended
cell lifetime from 150 cycles to 1000 cycles with 69% discharge
capacity retention by the 1000th cycle. The authors proposed
that the enhanced performance observed in the sulfone-derived
CEI was due to the large energy barrier to gas (SO,)
generation upon ring opening of the sulfone solvent (0.93 eV),
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Cryo-TEM

LNMO particle (1.2m LiPF; EC/EMC 3:7)
After 50t discharge
(C/2),3.5-4.85V

LNMO particle (3mLiFSI-SL)
After 50t discharge
(C/2),3.5-485V

CEl: 0.612 nm

Figure 3. Characterization of the lateral deposition of the CEI (A) Cryo-TEM images of the CEI formed on an LNMO cathode after cycling
in a standard carbonate electrolyte (left) versus a carbonate-free (sulfolane-based) electrolyte, where the latter electrolyte shows a more
conformal CEI that is associated with improved cycling performance. Adapted with permission from ref 24. Copyright 2018 Elsevier. (B)
TOF-SIMS chemical mapping of an Ni-rich cathode (LiNiy,C0,0,), a high-voltage spinel cathode (LiNi, Mn, ;O,), and a Li-rich cathode
(Li; ,Niy,Mn, 40,) after 115 cycles. Each image includes maps of the signal from decomposed organics in green (left), phosphates in red
(middle), and polymeric carbons in blue (right). The scale bar corresponds to 10 gm. Adapted with permission from ref 100. Copyright

2020 American Chemical Society.

whereas EC is known to readily decompose into CO, and CO
at high voltage. Instead, the sulfolane molecules were
hypothesized to polymerize on the LNMO surface and form
the dense, conformal CEI observed in cryo-TEM that may
prevent further electrolyte decomposition. This work suggests
that the decomposition of organic solvent is critical to
improving the performance, and knowledge of the resulting
CEI structures can be leveraged to prevent capacity fade. From
the imaging analysis, we know that we will need analytical
methods that can probe light elements (C, O, S) in a
subnanometer CEI to fully understand the proposed
mechanism.

Uneven CEI deposition is consistently correlated with poor
battery performance across the board for all cathode materials,
with the NMC series being some of the most studied
compounds. Work by Feng, Wang, Ouyang, and co-workers
on NMCB811 showed that replacement of the carbonate solvent
with an all-fluorinated electrolyte (1 M LiPF4 in FEC:-
FEMC:HFE) results in a more uniform (in thickness), thinner
CEI measuring ~1.9 nm, which is correlated with increased
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thermal stability and less surface rocksalt reconstruction.''’

Cryo-TEM was also used to understand the cycling stability in
NMCS811 in ether-based electrolytes upon modifying LiTFSI
(terminated by —CF; groups) to LiNFSI (terminated by
—C,F, groups), where the cycling lifetime was extended from
26 cycles to 100 cycles.''" Analysis with cryo-TEM showed
that cycling in 1 M LiNFSI in DME produces a thinner CEI of
~S nm compared to 1 M LiTFSI in DME, which was ~13 nm.
XPS experiments indicated that continuous CEI growth in the
LiNFSI electrolyte was mitigated because of perfluoroalkane
byproducts that formed a passivating CEI that ultimately
extended the battery lifetime. Given these findings, examining
the decomposition products generated from LiTFSI and
LiNFSI with techniques that offer high chemical resolution
for light elements will provide deeper insight into the exact
CEI structures that impart longer cycle life.

One route to probe light elements in TEM is through the
use of electron energy loss spectroscopy (EELS). For example,
Cui and co-workers used EELS in cryo-EM measurements to
produce elemental maps of the CEI deposited on both the
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conductive carbon and the NMCS32 particles after electro-
chemical shorting in 1 M LiPF4 in EC/DEC 1:1, v/v.'%® The
short circuit was used to generate a CEI on the nanoparticles
after no CEI was visible in cryo-EM on nanoparticles that had
undergone 100 cycles at 2.7—4.3 V, which the authors
attributed to a highly heterogeneous CEI. This report
demonstrates that sample preparation and sampling size
(how many particles are measured) may present a challenge
for CEI detection in cryo-TEM, as a CEI is certainly expected
to be detected after 100 cycles on NMC811. However, they
did detect a conformal CEI on the active material and carbon
black particles from samples extracted from a cell that
underwent 30 s of electrochemical shorting, illustrating how
cryo-TEM/EELS can be leveraged to study CEI chemistry
under failure conditions. In the EELS experiments on the CEI
formed via shorting, the authors were able to assign some
functional groups present with C K-edge measurements, but
no fluorine (F K-edge) signal was detected, indicating that the
shorting experiment only resulted in decomposition of the
solvent rather than the salt. Accordingly, the CEI layer (~$
nm) did not exhibit any crystalline phases in the CEL

One of the few TEM reports on the CEI on LFP also
showed that a nonconformal layer is detrimental to cell
performance in terms of cycling (capacity retention and rate
capability) as well as thermal stability. Wang and co-workers
compared the CEI generated on the surface of LFP in 1 M
LiPF; in EC/EMC vs that with 6 vol % of a fluorinated flame
retardant, ethoxy (pentafluoro) cyclotriphosphazene (EPCP)
with conventional TEM and TOE-SIMS.'” For the sample
cycled in the standard carbonate electrolyte, TEM showed that
the thickness of the CEI varied across the surface, with regions
ranging from 3—4 to 8—10 nm. Upon addition of EPCP, the
CEI was smooth and approximately 2—3 nm thick. The
authors propose that HF attack (due to lack of passivation)
was responsible for the poor performance of LFP in the
absence of any additive. In turn, the addition of EPCP
prevented particle pitting and reduced the amount of ionically
and electronically resistive LiF deposited on the surface of the
active particles and the carbon additives. Interestingly, this
finding implies that the presence of LiF in the CEI is
detrimental to battery performance, which is counter to many
arguments made in the literature. One distinction with this
system is that LFP is less conductive than other cathode
materials, making it potentially more sensitive to LiF in the
CEL These data suggest that LiF in the CEI may also actually
hinder ionic and electronic transport in other cathodes as they
become more resistive over the course of electrochemical
cycling (e.g,, due to surface reconstruction) and needs to be
more critically examined, especially as the system evolves.

In addition to ex situ TEM, research efforts are also
underway to develop approaches to track the nucleation and
growth of CEI compounds in real time using in situ TEM. For
example, Li, Li, Zeng, and co-workers used in situ TEM to
visualize LiF nucleation on a patterned Ti electrode at positive
potential.''* In this work, the authors biased a symmetrical cell
containing 1 M LiPF¢ in PC to 4 V relative to the Ti counter
electrode. While precise determination of the voltage was not
possible without a third reference electrode, the measurement
of positive current indicated that the working electrode was
inducing electrochemical oxidation events. At positive current,
discrete LiF particles nucleate and grow into larger particles
that can detach and disperse into the electrolyte, simulating
events that may occur during battery charging. Development of
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this technique to enable usage of industrial electrodes and
cycling protocols would be a significant breakthrough for
battery interface science.

In both ex and in situ TEM, interactions between the sample
and the electron beam are a concern, so cryo-TEM remains the
state-of-the-art to acquire subnanometer-scale (atomic reso-
lution) images of the CEIL The expertise to carry out cryo-
TEM is commonplace at research institutions that host
biomedical research, and proper sample preparation is key to
achieving reproducible results. For example, submerging the
sample in liquid nitrogen may alter Li surface species, whereas
specialized cryoholders that can transfer the sample to the
instrument under Ar may better preserve the CEL''® Sample
rinsing prior to mounting may also impact the surface
chemistry. For the CEI in particular, it can be difficult to
search for and identify individual compounds in the CEI from
diffraction because it tends to be very thin and amorphous
(especially compared to the SEI on the anode side of the
battery which can grow up to tens of nanometers),"'*""> but
users may complement these measurements with EELS for
chemical characterization.

3.2. TOF-SIMS. In addition to the depth profiling
capabilities discussed in the previous section, TOF-SIMS also
provides chemically specific maps that offer compositional
information on the CEI for composite films. These maps allow
us to distinguish the CEI deposited on the active particles and
the carbon additives in the cathode film with lateral resolution
on the order of ~200 nm.”>** Manthiram and co-workers used
this technique to compare the CEI compositions and layouts
formed on different cathode materials: Ni-rich (Li-
Nig04C0060,), Li-rich (Li;,Nig,Mng¢0,), and high-voltage
spinel (LiNiysMn, ;O,) cycled in 1 M LiPF4 in EC/EMC for
115 cycles (Figure 3B)."” The resulting maps of the outer
layer of these three CEIs reveal that the Ni-rich cathode
surface is dominated by carbonate solvent decomposition
products, the CEI on the spinel mostly contains LiPFg
decomposition species, and the CEI on Li-rich materials
contains high quantities of polycarbonates. The solvent
degradation products found in the CEI of Ni-rich and Li-rich
cathodes were attributed to the release of oxygen from the
lattice, which is exacerbated in Li-rich materials, forming more
polymerized species. The CEI on LNMO contained more
LiPF, decomposition products (e.g, different PO,F, frag-
ments) due to the high operating voltage of this material,
which generates reactive protic species that decompose LiPFq
salt. Note that all three maps depict outer CEI species that
deposit on both the active particle as well as the carbon
additives. Electrolyte solvent decomposition proceeds either
via chemical oxidation reactions with evolved O, (in Ni- and
Li-rich layered cathodes) or via electrochemical oxidation due
to high-voltage cycling (spinel).

An earlier study (discussed in Figure 2A) from the same
group used TOF-SIMS mapping to more closely examine CEI
stability and show that, due to transition metal dissolution,
transition metal fluorides are found on carbon black/binder
after cycling Ni-rich layered cathode materials”* and are
consistent with other reports in the literature.® The instability
of the transition metal fluorides implies that these species may
reversibly penetrate cracks in secondary particles and lead to
additional mechanical instability. To test this, Lee and co-
workers used TOF-SIMS mapping to examine the filling of
microcracks in secondary NMC811 particles comprised of
both PEDOT-coated and uncoated primary particles.”” In this
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Figure 4. (A) XPEEM elemental maps of a pristine NCA (LiNiy3Co,5Alys0,) cathode, showing the active particles (blue), conductive
carbon (red), binder (green), and surface carbonates in the CEI (yellow). Adapted with permission from ref 118. Copyright 2020 AIP
Publishing. (B) Schematic diagram of the CEI on NMC811 after 50 cycles. XPEEM indicates that LiF is present only on the NMC particles,
while soluble oligomers were detected throughout the composite film. Adapted with permission from ref 55. Copyright 2021 American
Chemical Society. (C) XPEEM elemental map of an LNMO cathode film after 50 cycles, showing LNMO particles (magenta), conductive
carbon (cyan), and Mn?* assigned to MnF, (yellow). The map shows that MnF, deposits on both the active particles and the carbon
additives. The image is of a 30 gm X 30 pum region on the cathode. Reprinted with permission from ref 68. Copyright 2022 American

Chemical Society.

work, the authors found that both P- and C-based
decomposition products filled the cracks that are generated
in uncoated NMC samples, whereas the soft PEDOT coating
likely protected the NMC surface during the lattice changes
that occur during lithiation/delithiation. Even though P-
containing salt decomposition products were observed in the
cracks, F-containing species, like NiF,, were only observed on
the film surface. The study did not mention if the CEI was
analyzed at charge or discharge, so it is difficult to know if the
lack of metal fluoride in the cracks is due to dissolution. These
findings underscore the importance of characterizing the CEI
at SOCs where these compounds are stable so that we can
understand how the surface chemistry impacts different modes
of degradation (e.g, particle cracking, loss of contact'”?°).
Although we know that high-voltage perturbation can
disrupt the CEI and impact the location of the individual
components, less is known regarding the distribution of the
CEI on low-voltage LFP cathodes. In one study, TOF-SIMS

4581

maps reported by Wang and co-workers suggest that LFP also
has a random distribution of CEI species across the composite
after 150 cycles in 1 M LiPFq in EC/EMC.'” The authors
detect inorganic CEI species such as LiF, PO;~, and PO,”
fragments as well as organic ion fragments from solvent
decomposition like CH;0™ and C,”. For composites with LEP,
a large amount of carbon is typically used, making it difficult to
decouple the role of CEI instability, the deposition of soluble
byproducts, and additive reactivity. A comparative analysis of
the CEI on LFP versus the conductive carbon matrix will help
elucidate these differences in reactivity.

The lateral resolution (~200 nm) of TOF-SIMS is also
helpful when evaluating CEI conformality on the micrometer
scale. For example, Guo and co-workers compared the CEI
formed on cycled NMC (LiNiy4Mng ,C0g060,) both with and
without an amorphous coating of Li,CO; (5—18 nm thick),
which exhibited improved cycling performance.”” TOF-SIMS
revealed that the conformal Li,CO; coating is partially
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consumed during cycling to form a LiF-rich CEI which
prevented particle cracking by protecting the surface, whereas
the LiF formed on the uncoated NMC is unevenly distributed.
Although TOF-SIMS provided some insight into the
conformality, it is important to note that there are many
processes that are important to battery performance that will
not be captured at this lateral resolution and are perhaps better
suited for TEM, such as pinholes/etching of surface coatings
like AL,O; by HE."'®'"”

Given that TOF-SIMS is used for both lateral mapping and
depth profiling of the CEI, we direct the reader to the prior
section on depth profiling for a summary of the advantages and
disadvantages associated with the technique.

3.3. X-ray Photoelectron Emission Microscopy
(XPEEM). X-ray photoemission electron microscopy
(XPEEM) has emerged as a powerful tool for analyzing the
lateral deposition of the CEI on composite cathode
films.>>"'*~"*! XPEEM is a synchrotron-based characterization
technique that produces surface-sensitive (detection depth =
2—10 nm) images where intensity is proportional to the
amount of soft X-ray absorption (sXAS) of the sample,
typically in a 30 ym X 30 pm region on the cathode. This
method combines the basic principles of sXAS and electron
microscopy, where soft X-rays are used to interact with the
electrons on the material surface to probe the local bonding
environment and provide image contrast. The XPEEM images
are acquired at discrete incremental energies, yielding an image
set which offers pixel-wise XAS with a lateral resolution of
~70—180 nm."”" Local XAS from regions of interest (ROIs)
can be extracted from the image set as well as chemically
specific maps. Therefore, XPEEM can distinguish between
active particles, conductive carbon, and binder as well as the
CEI species that rest on top.

In recent work, El Kazzi and co-workers mapped the
distribution of native carbonates on the surface of pristine Ni-
rich NCA cathodes (LiNig3Coy5Aly050,) (Figure 4A)."'*
Upon charging to 4.9 V vs Li/Li*, these residual carbonates
disappear. An earlier study by the same group used XPEEM to
characterize the CEI on Li-rich NMC
(Li;.17Nig2,C0g 1,Mng ¢6) 0,830, which showed surface species
like C=O0 and Li,COj; on the pristine material, but also found
that these compounds are no longer visible upon cycling.'"”
Together, these findings are in agreement with reports that link
the decomposition of native Li,CO; to the onset of CO,
evolution in the first cycle for layered transition metal oxides
and imply that chemical or electrochemical methods may be
used to remove them prior to battery operation.

Our group has used XPEEM to study the CEI that forms on
NMC811 after 50 cycles in 1 M LiPF4 in EC/DMC between
3.0 and 4.6 V vs Li/Li*.® Upon charging to high voltage,
residual Li,CO;5 on the NMC811 surface reacts with HF in the
electrolyte to form LiF, H,0O, and CO,. LiF is left behind and
remains selectively bound to the NMCS811 particles only
(where it can impact cell impedance) rather than the
conductive carbon, as visualized in XPEEM (Figure 4B).”
This mechanism agrees well with the onset of CO, evolution
from Li,CO; decomposition at earlier potentials (~3.8 V/°°)
and the dehydrogenation of EC that generates protons to form
HF at the same voltage, the latter of which we detected with in
situ solution NMR spectroscopy.””**® Note that a similar
process likely also occurs on the surface of other Ni- and Li-
rich layered materials that also can contain residual Li,CO3 on
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the surface, indicating that all of these structures suffer from
having resistive LiF directly appended to the particle.

In contrast to the layered oxides, we find that the CEI on
high-voltage spinel cathodes contains large quantities of MnF,,
rather than LiF, and that the metal fluorides are not localized
to the active material surface (Figure 4C).%8 Upon cycling
LNMO in the same electrolyte (1 M LiPFg in EC/DMC),
MnF, ends up on the entire composite on both the active
particles and the carbon additives in the film (Figure 4C). In
addition, MnF, was found to decrease the electronic
conductivity of the film by 3-fold compared to LiF. These
results indicate that the CEI formed in LNMO-containing
batteries with standard carbonate electrolytes has the
combined effect of hindering Li transport to/from the active
particles as well as decreasing the effectiveness of the
conductive carbon. The distribution and physical behavior of
LiF and other transition metal fluorides on cathode surfaces
reinforces the need to be able to (i) identify each type of metal
fluoride with high specificity, (ii) establish ways to measure
their properties, and (jii) visualize their placement in the CEL

The ability to probe the chemical composition of the CEI
using sXAS with a lateral resolution of 70—180 nm makes
XPEEM a useful tool to address items i and iii; when used in
combination with a depth-resolved imaging technique (e.g.,
TOF-SIMS), we can create a 3D image of the CEI to evaluate
prospective cathode materials, coatings, binders, and electro-
lyte formulations. For XPEEM measurements, the samples
must be as flat as possible, so precise steps must be taken to
minimize the surface roughness of the composite electrode
prior to cycling. Typically, samples are isostatically pressed to
approximately 2 tons before cell fabrication to obtain adequate
lateral resolution. SEM imaging indicates that this procedure
does not cause particle damage,'*' so this is not thought to
impact the analytical results as this treatment may be similar to
calendaring. Like other UHV methods, XPEEM requires
sample washing and data collection under an X-ray beam.
Beam damage can alter sensitive organic species, but collecting
C K-edge spectra prior to higher energy edges can minimize
this effect."*" Unfortunately, XPEEM is a synchrotron-based
technique, making it less accessible than other laboratory-based
techniques.

3.4. Insights into the CEl Gained from Laterally
Resolved Techniques. The collective studies on the CEI
distribution on composite films show that where electrolyte
decomposition products deposit on the electrode depends on
the type of cathode material (for LiPF, salt in carbonate
electrolyte) and that the distribution may impact the
performance in different ways. For Ni-rich materials, Li,COj,
LiF, and carboxy-type structures attach directly on the active
particle, while oligomers and vinyl species deposit all over the
composite film possibly due to dissolution during cycling.”>"'*’
Similar findings have been reported for Li-rich materials, where
metal fluorides concentrate on the particle itself and polymeric
species spread out over the entire composite (covering both
the carbon additives and the active particles), though
comparative studies on each class of Lirich materials are
needed (e.g, Li,MnO; vs Lirich NMC)."*>""” The main
difference that has been observed between the two layered
cathodes (Ni vs Li rich) is the identity of solvent-derived CEI
species, where the CEI on the Li-rich cathode contains
polymeric structures while the Ni-rich cathode contains
oligomers, vinyl, and carboxy species.”>”>'% In relating the
CEI to battery degradation, one of the more challenging
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aspects is understanding how this seemingly simple change in
composition may impact performance degradation. Both Ni-
and Li-rich layered structures undergo a crystallographic
reconstruction at the particle surface that often coincides
with secondary particle cracking and impedance rise. Yet,
without a quantitative, head-to-head comparison of these
degradation modes together with an in-depth evaluation of the
CEI (which is a large undertaking), we do not know how a
more polymeric CEI might change the performance. For
LNMO, transition metal fluorides (e.g,, MnF,, NiF,) collect on
active particles, but these species and other less soluble
compounds, like Li,CO; and LiF, decompose upon charge
(due to locally high quantities of HF at the particle surface)
and then reform during discharge where they can deposit on
cither the carbon or the active particle.”**>’>'%" These
findings are also relevant to the layered materials as their
surface layer transitions to a spinel- or rocksalt-type structure
(e.g., examining the CEI on the emerging class of disordered
rocksalt cathodes may provide additional insight into how the
CEI evolves).

Initial TOF-SIMS maps on LFP cathodes cycled in LiPF4-
containing carbonate electrolyte are consistent with a
heterogeneous distribution of decomposition products on the
LFP surface, though LFP is generally understudied compared
to other materials.'*® This initial work conducted on LFP calls
into question the role of LiF in CEI functionality, where it was
detrimental to the rate capability. The impact of LiF on Li" and
electron transport pathways may simply be more noticeable in
LFP, where there are less solvent decomposition products to
compensate. The instability of metal fluorides at high potential
(which impacts the ionic and electronic conductivity of all
cathode films) indicates that these species can be removed
through high voltage pulsing. Another important point is that
the exact location of LiF (and other fluorinated compounds) in
the CEI likely depends on the formation pathway. For NMC
composites that contain active materials with residual Li,CO;
on the surface, this can be directly converted to LiF that

Future work on electrolyte formula-
tions with different anodic stability and
alternative breakdown products will
provide deeper insight into reactivity at
the cathode/electrolyte interface, and
approaches will likely differ based on
cathode structure as well as type of
carbon additive.

remains particle bound during cycling. Conversely, if LiF is
formed in solution (e.g, from LiPF dissociation) it does not
necessarily precipitate out onto the active particle. At present,
it is still unclear how interactions between carbon additives and
liquid electrolytes impact the arrangement of the CEI, although
their presence is correlated with increased quantities of C,F~
and C;OF~ species with LiPFj salt.””

To date, a vast majority of the work has only been
conducted in the presence of LiPFy and conventional
carbonate electrolyte solvent, which is reported to form an
uneven CEI layer.”*>> While we can gather from TEM and
TOE-SIMS that a “good” CEI is thin and conformal
(correlating with high capacity retention and thermal stability
for all cathode types), we still do not have an understanding of
how to arrange certain electrolyte decomposition products to
improve the battery performance. Future work on electrolyte
formulations with different anodic stability and alternative
breakdown products will provide deeper insight into reactivity
at the cathode/electrolyte interface, and approaches will likely
differ based on cathode structure as well as type of carbon
additive (see Conclusions and Outlook).
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Figure 5. (A) Schematic of the in situ FTIR cell used with a composite cathode that has been drop cast onto a glassy fiber separator. (B)
Proposed mechanism of electrolyte decomposition on NMC811 where EC is dehydrogenated at the surface to form VC or surface protons
that further degrade the electrolyte. (C) In situ FTIR spectra collected at the surface of NMC811 during an open-circuit voltage (OCV) hold
after charging to 4.4 V in 1.5 M LiPFy in EC. Deconvoluted peak areas plotted for the different species versus time show that EC
decomposition products grow during charge. (D) Voltage profile (black) of NMC811 upon charging to 4.4 V, holding for 1 h, and resting at
OCV. During the voltage hold, oligomers and VC diffuse away from the surface while dehydrogenated EC stays bound to the surface.
Reproduced with permission from ref 26 under the CC-BY 3.0 license. Copyright 2020 The Royal Society of Chemistry.

4583 https://doi.org/10.1021/acsenergylett.3c01529
ACS Energy Lett. 2023, 8, 4572—4596


https://pubs.acs.org/doi/10.1021/acsenergylett.3c01529?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.3c01529?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.3c01529?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.3c01529?fig=fig5&ref=pdf
http://pubs.acs.org/journal/aelccp?ref=pdf
https://doi.org/10.1021/acsenergylett.3c01529?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Energy Letters

http://pubs.acs.org/journal/aelccp

REVIE

4. TRACKING DECOMPOSITION AT THE
CATHODE/ELECTROLYTE INTERFACE IN REAL
TIME

While post-mortem characterization techniques are critical for
characterizing the CEI on emerging cathode materials and
electrolyte chemistries, these methods risk disruption of the
sample through several modes, either by sample preparation
(e.g., reaction of metastable CEI species due to consumption,
sample rinsing, or other contamination) or during measure-
ment (e.g., electron/X-ray beam exposure, UHV conditions,
ion sputtering). As a result, it can be difficult or impossible to
detect sensitive organic species and transient intermediates
with ex situ methods, motivating the need for CEI character-
ization during battery operation. Additionally, it is challenging
to quantify these species with ex situ techniques (e.g,
comparing the absolute amount of CEI formed at charge vs
discharge). In situ and operando analysis of the CEI
circumvent these challenges and are particularly useful for
revealing electrolyte oxidation pathways that lead to CEI
formation. In this section, we highlight recent advances in in
situ and operando methodologies that have elucidated
cathode-driven degradation mechanisms previously inacces-
sible with ex situ approaches.

4.1. In Situ Fourier Transform Infrared (FTIR) and
Raman Spectroscopies. Fourier transform infrared (FTIR)
spectroscopy takes advantage of how chemical bonds respond
to infrared light. Molecular bonds in a sample selectively
absorb infrared radiation at specific wavelengths, leading to
excitation of vibrational modes (e.g., stretching, bending).
Raman spectroscopy also detects molecular vibrations through
inelastic photon scattering upon irradiation with a laser at a
particular wavelength. The resulting spectra are typically
shown as a plot of transmittance (in wavenumber (cm™))
versus intensity for FTIR or Raman shift (in cm™!) versus
intensity for Raman spectroscopy. Both techniques use similar
setups for in situ battery studies with cells that allow light to
penetrate the sample and interact with the interface of interest
(Figure SA).

In situ FTIR spectroscopy was one of the first CEI
characterization tools used to detect electrolyte decomposition
at the cathode in real time using molecular vibrations.””*’
Initial in situ FTIR techniques developed for LFP and LCO
informed our early understanding of CEI composition in
standard carbonate electrolytes.””'**~"** In 2005, Kanamura
and co-workers found that when LCO is charged in 1 M
LiClO, in EC/EMC, electrolyte oxidation begins at 3.8 V,
forming carboxy-containing structures that may deposit on the
surface or dissolve into the electrolyte.'*> They later used the
same technique to analyze the electrochemical oxidation of 1
M LiPF; in EC/DEC with a LFP thin film cathode and found
that no decomposition species were found during repeated
charge/discharge processes in the potential range of 2.9—4.3 'V,
indicating that LFP does not undergo significant CEI
formation in contrast to LCO. However, taking LFP up to
4.5 V resulted in electrochemical oxidation of the electrolyte,
forming CO,, Li carboxylates (RCO,Li), Li alkyl carbonates
(ROCO,Li), and Li,CO;. This work emphasizes that LFP by
itself is less reactive than LCO (the authors examined thin
films without any carbon),*”'**'*® where they ultimately
proposed that LFP could be used as a coating material for
more energy-dense cathodes. In later work, Markevich and co-
workers designed an in situ FTIR setup that tracked the
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formation of gaseous products upon cycling NCA composites
in an ionic liquid electrolyte (0.5 LiTFSI in N-butyl-N-
methylpyrrolidinium bis(trifluoromethanesulfonyl)amide),
which is stable up to 5.5 V vs Li/Li*.'"”” The authors detected
significant oxygen evolution from the cathode when cycled
above 4.7 V, indicating that oxygen is released from layered
oxide cathodes at high voltage, in agreement with online
electrochemical mass spectrometry (OEMS), which can be
difficult to perform in viscous ionic liquids.

Building on this work, Shao-Horn and co-workers designed
a modified in situ FTIR setup (employing a composite cathode
film rather than a thin film electrode) to compare electrolyte
oxidation reactions that occur on a series of layered NMC-type
cathodes as a function of Ni content (NMC111, NMC622,
and NMC811, Figure 5).*° For high Ni-content cathodes
cycled in 1 M LiPF4 in 3:7 EC/EMC, dehydrogenated EC
molecules attach to the active particle surface upon charging to
3.8 V vs Li/Li", much lower than expected based on stability
tests against Pt (EC is stable up to 4.8 V). After dehydrogen-
ation, two further pathways are possible: dehydrogenated
oligomers can detach from the particle surface or EC can be
oxidized to vinylene carbonate (VC) in a two-electron process,
which will also diffuse away from the surface. The dehydrogen-
ation reaction was correlated with increased cell impedance
that could be mitigated by switching from NMCS811 to
NMCI111, coating the NMC811 with Al,O;, or using more
concentrated electrolyte formulations (e.g, 3.1 M LiPF, in
EC/EMC). These results suggest that the cell performance can
be controlled by alterin% the electrolyte stability (by changing
the solvation structure'””) and/or the particle surface reactivity
(possibly by tuning the nucleophilicity of surface oxygen, since
surface reactivity decreases as NMC811 > NMC622 >
NMC111°°). This work provides important insight into a
reaction pathway that produces VC at the cathode—a small
molecule that is easily reduced to passivate the anode and
therefore may be difficult to detect ex situ. However, this study
raises an interesting question about why VC can impart
beneficial properties at the anode (likely through the formation
of poly(VC)) but is seemingly counterproductive when
produced at the cathode.

Zhang and co-workers also used operando FTIR spectros-
copy to examine the impact of adding 0.5% tris(trimethylsilyl)-
borate (TMSB) to 1 M LiPF¢ in EC/EMC (1:2 v/v) when
paired with the Li-rich cathode, Li;,Ni,Mn,s0,."*’ Oper-
ando FTIR spectroscopy showed that the TMSB-containing
cell did not form significant quantities of vinyl species (C=C)
upon charging to 4.8 V compared to the control electrolyte
without TMSB. Upon discharge to 2.0 V, the CEI signal for the
cell without TMSB grew significantly while the CEI signal for
the TMSB-containing cell did not change, indicating that the
additive allows stable surface passivation. The authors
proposed that the electron-deficient boron atom in the
additive weakens the solvation of LiPFs by EC by forming
[TMSB—PF,]~ and [TMSB—F]~ polyanion groups, resulting
in reduced EC decomposition at the interface and formation of
a thin CEI layer (~10 nm thick compared to ~50 nm thick
after 250 cycles between 2.0 and 4.8 V). The fact that the
intensity of the CEI signal varies upon lithiation/delithiation
without the additive present indicates that decomposition
products generated at the anode transfer to the cathode during
discharge and vice versa, consistent with a lack of passivation
and continuous electrolyte consumption. This observation also
suggests that preventing the decomposition of EC into vinyl
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Figure 6. (A) Operando solution NMR cell containing a composite cathode vs a Cu current collector. (B) Select operando °F solution NMR
spectra showing an increase in HF production and other LiPF4 decomposition species upon delithiation of LNMO. (C) Proposed acid—base
reaction between PF,~ and surface-bound protons left behind from EC decomposition and resulting transition metal dissolution. Adapted
with permission from ref 68. Copyright 2022 American Chemical Society.

species at the cathode is key to enhancing the performance of
Ni-rich transition metal oxides.

In addition to FTIR spectroscopy, Raman spectroscopy has
also been used to study the CEI during battery operation.
Since the Raman response from the surface of bulk cathode
materials is not sensitive enough for chemical characterization
of the CEL"*°~"*” Liu and co-workers introduced plasmonic
nanoparticles to the cathode to obtain surface-enhanced
Raman spectroscopy (SERS)'*'™'** measurements while
cycling NMC111 between 3.0 and 4.5 V in 1 M LiPFq in
EC/DMC."”’ During the experiment, new vibrational modes
appeared that were assigned to organic CEI species containing
ether and ester functional groups that arise from electrolyte
decomposition. After quantifying the amount of CEI present
on the cathode at the top of charge and discharge, they found
that low-Ni-content cathodes also exhibited evidence of
dynamic CEI decomposition and/or anode—cathode crosstalk,
especially regarding the lability of organic compounds in the
CEI formed in conventional carbonate electrolytes.”*”*"*

Taken together, these studies demonstrate that in situ
vibrational spectroscopy provides a powerful toolset to study
complex electrolyte decomposition reactions and CEI
formation with excellent time resolution where spectra can
be obtained every few minutes.'”” FTIR and Raman
spectroscopies are accessible, nondestructive, and sensitive to
organic molecules in the solution and the solid state. Although
initial studies mostly used model thin film cathodes that are
difficult to prepare, these techniques can also be translated to
technologically relevant composite cathode films. In SERS, it is
possible that the metallic nanoparticles interact with species in
the CEL'"**"** To address this potential caveat, researchers
have implemented shell-isolated nanoparticle-enhanced Raman
spectroscopy (SHINERS) to study the CEI, which is a
variation of SERS that utilizes nanoparticles that are coated
with an inert shell (such as SiO,) to prevent interaction
between the nanoparticles and the CEL'*>"**'3%!37 Eor both
FTIR and Raman spectroscopies, some signals may overlap
due to a variety of bending and stretching modes which can
complicate chemical assignments and may recéluire comparison
to computational models or other methods.””"**'??

4.2, In Situ/Operando Solution Nuclear Magnetic
Resonance (NMR) Spectroscopy. Unlike FTIR or Raman
spectroscopy, operando solution NMR spectroscopy cannot
directly examine the cathode surface. Therefore, in situ/
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operando NMR spectroscopy is typically used to probe
cathode reactivity in the solution state where the user can
observe products from electrolyte oxidation reactions. In the
solution state, NMR lines are more narrow due to fast
molecular tumbling of small molecules, and therefore, the
spectra provide better chemical resolution than in the solid
state. Sample preparation for ex situ solution NMR spectros-
copy often compromises reactive species formed during cycling
by using deuterated solvents, glass NMR tubes, or simply
opening the cell (e.g., HF is a volatile compound). Addition-
ally, some electrolyte decomposition species, like VC, can be
directly reduced at the anode, making ex situ detection
challenging.>*

In 2017, Nowak and co-workers developed an in situ NMR
cell to study the liquid electrolyte inside of a two-electrode
battery cell using high-resolution solution NMR spectrosco-
py."*" In this setup, the authors used a cathode (NMC811)-
coated Al rod surrounded by electrolyte/separator and a Li or
graphite anode submerged in an inner, polymeric NMR tube
that was placed inside of an outer glass NMR tube. A 'F NMR
spectrum was acquired from the NMC/Li in situ cell
containing 1 M LiPF4 in EC/DMC after holding at 4.3 and
4.6 V sequentially for 2 weeks and then at 4.9 V for 1 week at
60 °C. "F solution NMR spectroscopy detected the formation
of FEC and fluoromethyl methyl carbonate (FMMC). These
products were also observed in a room-temperature cell,
though not until the voltage was ramped to 5.2 V, indicating
that these species only form under extreme conditions. 'H
NMR spectroscopy of a NMC/graphite cell charged to 4.3 V at
room temperature showed the formation of dimethyl 2,5-
dioxahexanedioate (DMDOHD), which forms via reduction of
the solvent at the anode."*”'*

In 2022, we reported a modified in situ/operando cell design
(Figure 6A) for high-resolution solution NMR and electron
paramagnetic resonance (EPR) that uses cathodes cast onto
standard Al foils and used it to study degradation in both
NMC811 and LNMO batteries. In cells containing NMC811,
we observed the formation of VC after cycling to 4.6 Vin 1 M
LiPF in EC/DMC,” likely due to the dehydrogenation of EC,
similar to the VC species detected by Shao-Horn and co-
workers with in situ FTIR spectroscopy.” In addition, we also
observed 'H resonances appended to other unsaturated
carbons (e.g, RC=CR’ groups), possibly due to formation
of vinyl radicals that arise during electrolyte oxidation,””'*!
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signifying that a multitude of C=C components are associated
with the performance decline in Ni-rich cathodes at high
voltage. Additional work is needed to better understand the
precise structure of these unsaturated carbons, the reactions
that create them, and their functional effect on the CEI (e.g, it
is unknown if they deposit on the cathode surface).

A subsequent study from our group examined the
decomposition of 1 M LiPF¢ in EC/DMC during charging
of LNMO using operando '’F NMR spectroscopy (Figure 6)
and correlated this with transition metal dissolution (observed
via operando EPR).®® Upon charging to 4.68 V vs Li/Li*, we
saw the formation of HF, PO,F,”, OPF,(OCHj;), POF;, and
Mn?*', all of which increase in concentration during delithiation
to 5.0 V and indicate that there is a strong correlation between
HF formation and transition metal dissolution. The ability to
detect LiPF4 decomposition products within the first hour of
charging indicates that PFs~ decomposition likely occurs by a
mechanism that is distinct from LiPEg hydrolysis,®® since
hydrolysis in organic electrolytes occurs on the time scale of
hours to days.'*”'** Instead, these findings support that LiPF
decomposition is accelerated by solvent oxidation reactions
that protonate the transition metal oxide surface and generate
dissolved protic species (e.g., solvent dehydrogena-
tion).>>?%°777714% Eyidence of LiPFs decomposition at
~47 V in NMR spectroscopy is consistent with OEMS
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measurements on LNMO/Li cells where CO, evolution from
EC oxidation starts around 4.76 V, suggesting that solvent
oxidation and salt decomposition processes are coupled.”
Terminal hydroxyl groups might be more acidic than the
protons attached to water, which could lower the activation
barrier for LiPF4 decomposition (see the Insights into the CEI
Gained from In Situ/Operando Techniques section for further
discussion). This difference in kinetics that occurs in the
presence of LNMO particles provides important mechanistic
insight and could only be observed through operando
measurements. Direct observation of the protic species
generated during battery operation as well as quantitative
values for the energy barrier for LiPFy decomposition (e.g,
through variable-temperature experiments) may provide
further clarity on how to mitigate transition metal dissolution.

In the aforementioned studies, our cell design contains
planar electrodes with a large electrolyte volume (400 yL) that
helps increase the signal-to-noise resolution for minor
quantities of decomposition products.””'*>'*® However, this
setup does not apply pressure to the system, leading to a
limited lifetime of approximately 10 cycles. In contrast, the
rolled cell design presented by Nowak and co-workers showed
high capacity retention of 84% after 100 cycles, which we
believe may be due to higher pressure in the electrode stack in
this configuration. As a result, our planar electrode setup may
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be more appropriate for detecting early-stage decomposition
processes, whereas the rolled electrode configuration may be
preferred to understand degradation over extended cycling.

Solution NMR spectroscopy is one of the few methods that
can directly detect certain products, like HF (while
simultaneously monitoring other species) during battery
operation, which is critical to understanding how electrolyte
decomposition drives transition metal leaching. However, there
are a few factors that the user should be aware of. First, large
amounts of transition metal dissolution, particularly dissolved
Mn?*, can broaden NMR signals, making it difficult to detect
electrolyte decomposition products.'*” Second, the presence of
HF in LiPF¢-based solutions requires that the cell be placed
into a chemically resistant NMR tube as mentioned above.
This setup conveniently allows the user to submerge the plastic
in situ cell into a conventional NMR tube containing a
deuterated solvent for locking and shimming to achieve high-
resolution liquid NMR spectra.

4.3. Online Electrochemical Mass Spectrometry.
Online electrochemical mass spectrometry (OEMS) and
differential electrochemical mass spectrometry (DEMS) are
operando techniques have been used extensively to detect the
gases that are evolved during electrochemical cycling of a wide
range of battery materials. OEMS measures the sum of all
evolved gases versus time during electrochemical measure-
ments, while DEMS directly measures the time derivative of
this (yielding the gas evolution rates).'” In an OEMS or
DEMS experiment that analyzes anodic oxidation, gases
released from a Swagelok-style cell are collected in the head
space on the cathode side of the battery (Figure 7A) where an
inert gas stream (typically Ar) passes them to a mass
spectrometer for analysis based on their m/z ratio.”***
These gases are often the byproducts of CEI formation or
species that lead to CEI growth, allowing the user to infer
information about the reactions that occur at the cathode/
electrolyte interface.

The anodic stability of the electrolyte can be monitored with
LSV coupled with gas evolution detected with OEMS, which is
essential for decoupling gases originating from cathode
degradation. For example, Gasteiger and co-workers inves-
tigated the electrochemical decomposition of 1 M LiPF4 in
EC:EMC (3:7 w/w) using a Super P C65/PVDF working
electrode to study the anodic stability of minor species in
battery-grade electrolyte.”® Upon intentional addition of
impurities such as ethylene glycol and ethanol to the
electrolyte, the authors observed an increase in current at 3.5
V that coincides with the evolution of PF,/POF;. At this
potential, no CO, is produced, and the authors ascribe this
observation to the electrochemical oxidization of the impurities
that produces protic species (H") that can react with PF~ salt
to form HF and PF;. Once the voltage exceeds 4.5 V, CO,
release increases exponentially, signifying the onset of electro-
chemical oxidation of the solvent, which produces additional
H* that feeds into the same reaction pathway.

When Li,COj is mixed into the composite electrode, CO,
evolution occurs at the same voltage (~3.5 V vs Li/Li") as
PF/POj; gassing, indicating that salt decomposition and native
carbonate degradation are strongly coupled. No O, evolution
was noted. These observations are consistent with OEMS and
DEMS results from other groups that discovered that Li,COj;
decomposition starts between 3.7 and 4.0 V and continues at
higher voltages until it is consumed, largely contributing to
CO, generated in the first cycle (~33—50% of CO,
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generationsﬁ"lw’l50).6’7’64 The fact that none of these studies

observe O, evolution in the voltage range attributed to Li,CO;
decomposition indicates that Li,COj is not electrochemically
oxidized (Li,CO; — 2Li* + 2e” + 1/20, + CO,) but rather
chemically decomposes to form insoluble LiF, which is an
important CEI component that likely remains bound to the
active particle surface (Li,CO; + 2HF — 2LiF + H,0 +
CO,).® Further, this work implies that the synthesis and
handling of cathodes directly impacts the amount of Li,COj;
on the particle surface and thus the quantity of LiF in the CEI
since it is catalytically converted to LiF by HF. On the other
hand, the source of protic species is more nebulous—the
intentional addition of ethylene glycol and ethanol suggests
that minor impurities can generate H', but it is also possible
that small quantities of water or other electrolyte solvent
decomposition reactions that do not produce gases may also
serve as proton sources.

With an understanding of how trace components impact
CEI formation, we next examine how oxygen release from the
active particles contributes to CEI grow’ch.27’151 Gasteiger and
co-workers have conducted multiple studies comparing gas
release from NMCI111, NMC622, NMCS811, and
LNMO.”""** Jung et al. showed that O, evolution upon
delithiation is accompanied by a steep increase in CO, and CO
evolution in NMC111, NMC622, and NMC811 cells due to
the onset of chemical oxidation of the electrolyte (Figure
7B),%" likely due to the reactivity of terminal oxygen atoms on
the surface of active particles. In the NMC series, when oxygen
is removed from the lattice, the particle surface undergoes
crystallographic reconstruction to a rocksalt phase that
coincides with chemical oxidation of the electrolyte from
attack by singlet oxygen. In the layered oxides, EC can react
with singlet oxygen to generate CO,, CO, and H,O at deep
states of delithiation;*®" H,O can of course participate in the
hydrolysis of LiPFs to form LiF and/or transition metal
fluorides from HF etching of the particle surface that deposits
in the CEL In more complex electrolyte formulations, singlet
oxygen can also attack linear carbonates and electrolyte
additives (e.g,, FEC, VC) to form polycarbonates or carboxylic
acids that deposit on the cathode surface.””'*""'**'>* However,
these molecules appear to be more resistant to 'O, attack, and
the role of these minor reaction byproducts in surface stability
is not well established (vide infra).

Recent work by Grey and co-workers supports that the low
onset voltage for O, loss in Ni-rich NMCs is tied to
interactions between the electrolyte and the active particle
surface, with EC being particularly problematic in combination
with NMC811.""" When both low-Ni-content and high-Ni-
content NMCs are cycled below 4.4 V, no O, evolution is
observed, regardless of whether or not EC is present in the
electrolyte (Figure 7C). In agreement with prior literature
reports,”>**%® the authors propose that EC undergoes a
dehydrogenation reaction at low potential, where deprotona-
tion leads to HF formation and Mn dissolution. At this point,
surface reconstruction is limited to the first few atomic layers.
Upon charging Ni-rich NMC811 past 4.4 V, OEMS measure-
ments detect substantial O, release from the cathode in EC-
containing electrolytes that is concomitant with CO and CO,
generation and increased thickness of the surface reconstruc-
tion layer visualized with HRTEM."”* When cyclic EC is
replaced with linear EMC, the total amount of O, loss is
reduced along with other degradation processes that hinder
battery performance (e.g, surface reconstruction, increased
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resistance, transition metal dissolution, additional electrolyte
decomposition).

Density functional theory (DFT) calculations suggest that
singlet oxygen can react with EC to form peroxide and VC.'>
In turn, VC may then electrochemically oxidize to form a
polymer coating on the surface of the NMCS811 particle,
although the onset voltage of the electrochemical oxidation of
VC is still unclear. In combination with conductive carbon-
based working electrodes, one report suggests that VC
oxidation occurs at 4.7 V vs Li/Li* when at 0.5 wt %,'°
while another indicates that VC oxidation and CO, evolution
starts at 4.3 V when it is the sole solvent."*" This difference in
onset voltage makes a major difference in terms of the
chemical composition of the CEI given the operating voltage of
common cathode materials. Under the same conditions, DFT
predicts that linear carbonates are less susceptible to attack by
singlet oxygen. Upon attack, small quantities of poorly
passivating linear fragments, like alcohols and carboxylic
acids, along with Li,CO; are observed in the CEI Either
way, the difference in reactivity between the cyclic and the
linear carbonates gives a positive correlation between O,
evolution and the thickness of both the CEI and the surface
reconstruction layer in electrolytes that contain cyclic
molecules.””” Additional work should be carried out to
understand the mechanism by which VC seemingly prevents
surface reconstruction. A more granular look at the impact of
the layered transition metal oxide composition on O, evolution
shows that the intrinsic stability limit (where O, release leads
to chemical decomposition of the solvent) varies from 66%
SOC for LCO, 65% SOC for NMCI11, to 86% SOC for
NMC851005>° and that this process is worse for Li-rich
layered materials due to activation of Li,MnO;">* and the fact
that the transition metal layer is less stable after Li
removal.” **">* As a result, we can expect that impedance
buildup from crystallographic changes and organic matter in
the CEI will be worse for high energy density cathodes.

Taken together, these data suggest that when pairing
electrolytes with cathodes that release O,, we must consider
that not all carbonates exhibit the same stability toward singlet
oxygen, where cyclic EC is especially vulnerable. Instead,
electrolyte design strategies that functionalize the C2 or C3
position on EC (e.g, FEC'>’) to prevent stabilizing
intermediates that result after oxygen attack may prevent
CEI buildup in layered cathodes. Alternatively, modifying the
particle surface to tune EC coordination with the layered host
to mitigate the extent of oxygen evolution may also improve
the battery performance. This thick, solvent-derived CEI
observed with the layered structures is distinct from the
spinels, which do not evolve O, at typical operating voltages.
Therefore, we do not expect singlet oxygen to play a role in
electrolyte breakdown and CEI formation for these materials
but rather electrochemical oxidation. Protic species that
facilitate PF,~ salt decomposition and HF formation can
enable transition metal leaching and degradation of the
conductive carbon matrix at high voltage, ultimately hindering
electronic conductivity and connectivity.

So far, we have primarily focused on using OEMS/DEMS to
study the production of O,, CO,, and/or CO, but it can also
be used to track the rate of decomposition of the electrolyte
salt (e.g,, LiPF;). In particular, the operando nature of OEMS
also provides insight into the kinetics of LiPF, decomposition
in the presence of oxidized carbonate solvents.”” Gasteiger and
co-workers reported that protic species formed by carbonate
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oxidation lead to fast dissociation of LiPF4 at room
temperature by monitoring gas evolution at different temper-
atures (10—80 °C) for a solution of 1.5 M LiPFy in EC after
the addition of S000 ppm methane-sulfonic acid (in the
absence of active electrodes/electrochemistry).”” POF; is
detected within the first hour of resting at 25 °C, plateauing
at approximately 1000 ppm by 3 h. At higher temperatures, the
kinetics of this reaction increase, where POF; reaches a
maximum only 1 h into the following 3 h rest steps at 40, 60,
and 80 °C. Another study by the same group used single- and
two-compartment OEMS NMC/graphite cells containing 1 M
LiPF4 in EC/EMC (3:7 by weight) to demonstrate that these
protic species are reduced to H, at the graphite anode, one of
the main gases found in LIBs after long-term cycling."*” The
most H, gas is produced in cells with high upper cutoff
voltages (4.6 V), where more electrolyte oxidation/protic
species are produced at the cathode, highlighting the fact that
deep delithiation poses serious safety concerns in LiPF4-based
batteries.

Although a majority of DEMS/OEMS reports have mostly
focused on carbonate-based electrolytes, more recent work has
applied this technique to study gas release in systems that use
more specialized electrolyte formulations. For example,
Manthiram and co-workers compared the gas evolution from
an Ni-rich cathode (LiNigg,C0¢050,) when cycled in localized
high-concentration electrolyte (LHCE) (LiFSI:DME:TTE
1:1.2:3 by mole) versus standard carbonate electrolyte
(LP57)."" The 5X improvement in capacity retention after
200 cycles for the LHCE cells was associated with a 3X
reduction in gas evolved from the cells charged to 4.3 V
compared to the carbonate electrolyte. It is well known that
the unique solvation structure found in LHCEs (e.g., contact-
ion pairs) lowers the free energy of the electrolyte and
improves the anodic stability. In addition, the major solvent,
TTE (1,1,2,2-tetrafluoroethyl-2,2,3,3-tetrafluoropropyl ether),
is mostly comprised of C—F bonds that are extremely difficult
to cleave and resistant to attack. Similarly, LiFSI is less prone
to HF formation compared to LiPF4. By minimizing parasitic
reactions at the cathode surface, we can also prevent surface
reconstruction and particle cracking in Ni-rich cathodes—
phenomena that are thought to be caused by the lithiation
state of the bulk particle but may actually be linked to CEI
formation.

Overall, this section demonstrates that OEMS/DEMS offer
excellent chemical resolution to monitor the gases evolved
during battery operation with a detection limit in the range of
tens of ppm and a time resolution of ~3 s.'® A notable
exception to this was reported by Solchenbach et al, who
found that OEMS cannot distinguish PF;/POF;, and thus,
their sum is detected during measurement.®’ One drawback to
OEMS is that it may not detect dissolved gases in the
electrolyte and that not all decomposition reactions generate
gas (e.g, the dehydrogenation of EC into VC>*). Gas evolution
from the anode and cathode can be decoupled from one
another by comparing data from single- versus two-compart-
ment cells (where the anode and cathode are kept in separate
chambers using a gas-impermeable but ion-permeable
separator).”’ Further, the use of an LFP counter electrode or
two-compartment cells is advised for evaluating CO,
production originating from positive electrodes as CO, is
actively consumed at the anode when using graphite or Li
counter electrodes.”***°*'5% Several discrepancies in the
literature with OEMS measurements also arise from carbonate
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impurities or active material vs surface area in the working cell.
Reference 61 provides a good example calculation for how to
estimate the upper limit of CO, that can be evolved from
residual Li,CO5."’

4.4. Insights into the CEl Gained from In Situ/
Operando Techniques. Since most of the in situ studies
performed to date have focused on the layered-type (NMC)
and the spinel-type (LMO/LNMO) cathode materials cycled
in 1 M LiPF; salts coupled with carbonate solvents, we will
summarize the combined insight from this body of work in the
context of both systems. Let us examine what generally occurs
at the cathode side of the battery step-by-step during charging
(delithiation) at room temperature. In both Ni-rich NMC
cathodes (e.g, NMC811) and Mn-rich spinels, in situ FTIR
and NMR spectroscopies indicate that with carbonate
molecules, dehydrogenation occurs at low states of
ch;lrg<326’29’54_56 (e.g, approximately 3.8—4.1 V for NMC,
Figure SA), likely in tandem with transition metal
reduction®**” as shown in Scheme 1.

Scheme 1. Proposed Reaction Mechanism for the Coupled
Dehydrogenation of EC (A) and Protonation of the
Transition Metal Oxide Cathode Surface (B) That Occurs
during Delithiation”

(A) O (o)
O)LO O)J\O + 2H* + 2e-
/ \—/

® '
o\ /0\ /o\ /0 o\ /o\ /0\ /O
/7 N/ N\ /M\ +2H+ +2e_ M\ M\ /M\
O O O O O O O o

“Note that B also includes reduction of the transition metal centers.

Scheme 1 shows the protons from the dehydrogenation
reaction of EC appended to the active material surface.
Although the precise form of these protic species is not known
(e.g., surface hydroxyl groups, H,O,,q4., and/or
H,0,050e> " have been proposed), they can all go on and
participate in further side reactions. The dehydrogenation of
EC is simply one example where solvent molecules will release
protons; other cosolvents and impurities (e.g., linear
carbonates, glycols, alcohols) can also undergo oxidation and
generate H' at low voltage (<4.2 V). In nearly every scenario,
the removal of protons from the solvent (to generate vinyl
compounds in the CEI and catalytically active H*) is correlated
with surface reconstruction at the particle surface that
manifests in the form of increased impedance and capacity
fade.

Reactive H" species generated during solvent decomposition
then lead to LiPFg decomposition.””'®” Using operando NMR
spectroscopy, we see that the rate of LiPF4 decomposition in
the presence of LNMO occurs much quicker than expected for
a simple hydrolysis reaction (on the time scale of minutes vs
days).*®'** The faster kinetics observed in an actual battery is
likely due to the presence of these protic species (e.g., surface
hydroxyls) that are more acidic than water and therefore can
catalyze the decomposition of LiPF4 into HF (Figure SB and
Scheme 2). Given that similar solvent decomposition reactions
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Scheme 2. Proposed Reaction Mechanisms in Which Protic
Species on the Cathode Surface Catalyze the
Decomposition of PF,~ into HF and PF, (A), PF,
Chemically Reacts with Water To Generate POF; and HF
(B), and POF; Reacts with Water To Form Additional HF
and HPO,F, (C) in Nonaqueous Electrolyte

N i
o o 0O 0 o o0 0 0
MMM +PRe s M ML ML+ HE PR
O O O o O O O o©o

(B)
PF5 + H,0 —— POF, + 2HF

(C)
POF, + H,0 —— HPO,F, + HF

take place upon the initial delithiation of both spinel and
layered materials, we expect both systems to follow similar
pathways for the formation of HF.

In both surface/proton-catalyzed LiPF, decomposition as
well as LiPF, hydrolysis, HF in the electrolyte can react with
residual Li,CO; on the cathode starting as low as 3.8 V,
according to DEMS,’ producing surface-bound LiF, H,O, and
CO, (Scheme 3). The LiF deposits on the particle surface and

Scheme 3. Proposed Reaction Mechanism for the Chemical
Decomposition of Residual Surface Li,CO; via HF into
Particle-Bound LiF, H,0, and CO,

(Li,CO;)cg + 2HF —— (2LiF)cg + H,0 + CO,

likely impacts Li insertion/removal.>> If HF in the electrolyte
does not have Li,COj; to react with, it will attack the active
particle surface and dissolve transition metals (e.g., Ni, Mn, Fe,
and Co depending on the composition); these processes can
also happen concurrently. Differences in native CEI chemistry
and moisture sensitivity between LMO-based structures and
layered materials as well as Mn oxidation state at the particle
surface (Mn>* is susceptible to acid-driven disproportionation)
may explain the different trends that have been observed for
transition metal dissolution.””'®> For example, if NMC-type
structures have more Li,COj; that can be used to “scavenge”
HF and all of the Mn is in the 4+ oxidation state then they will
not suffer from as much transition metal dissolution. This
scavenging effect is similar to coatings, such as ALO,,”* and is
supported by the fact that the CEI on spinel cathodes shows
lower quantities of LiF compared to NMC811.°%'%* Recall that
Figure 5C also shows little CO, evolution at low voltages for
LNMO compared to NMC attributed to native Li,CO,.°" We
note that one major gap in characterization at present is the
ability to distinguish between different oxidation states in
dissolved transition metals in situ. This information would
offer more clarity on the mechanisms that link metal leaching
with performance degradation in different cathode structures.

Upon charging to higher voltage (>4.3 V), Gasteiger and co-
workers used OEMS to show that the layered cathodes release
singlet oxygen ('O,) that can oxidize EC, producing CO,, CO,
and water (Scheme 4).°*°" Such reactions have been directly
correlated with growth of a sg)inel/ rocksalt reconstruction layer
at the active particle surface.””"**'*> Water can then hydrolyze
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Scheme 4. Proposed Reaction Mechanism for the Chemical
Oxidation of EC by Singlet Oxygen Evolved from Cathode
Active Material at High States of Charge To Form CO,, CO,
and Water

o)

PN

o 0

/

+210, —— 2CO,+ CO +2H,0

both the salt anions as well as the electrolyte solvent
molecules,””** exacerbating decomposition reactions that
have already occurred at lower voltage. As expected, the
activation of Li-rich materials in which oxygen escapes the
lattice was also associated with increased LiPF4 decomposi-
tion.'** Note that at this point linear carbonates are also
chemically oxidized by singlet oxygen, where OEMS indicates
that the reaction with EMC produces ethanol, CO,, CO, and
water."! Likewise, in situ NMR spectroscopy clearly shows the
formation of OPF,(OCHj;) from the reaction between DMC
and POF; upon cycling spinel cathodes.”® A wide variety of
other electrolyte fragments and salt decomposition products
are observed upon cycling above 4.3 V due to reaction with
oxygen and other reactive byproducts that have not been
described in depth here but may play a role in CEI stability at
high potential.”>>7*%719%1% Once the system exceeds 4.5 V,
the solvent may also undergo electrochemical oxidation (in
addition to chemical oxidation from reactive oxygen species),
generating more protic species (ROH) that exacerbate LiPF;
decomgosition, HF formation, and transition metal dissolu-
tion.”*71*#1%8 These protons are reduced at the anode and
released as H, gas, which leads to swelling in Eouch cells and
compromised safety when cycled >4.5 V.">>!¢

From this insight there are obvious routes forward to
mitigate electrolyte decomposition in high-energy cathodes for
LIBs, and we can project how these characterization methods
may adapt to understand the resulting CEI Both LiPF and EC
present major problems in combination with high-energy
cathodes, and replacing these components with more stable
salts and solvents is critical but presents their own set of
challenges. For example, LiFSI salt is less susceptible to
hydrolysis (but to the best of our knowledge other mechanisms
of HF formation have not been rigorously examined) yet is
corrosive and has safety concerns.'®'®” Most high-performing
electrolytes include highly fluorinated components, including
the salt and solvent. The fluorinated salt is often correlated
with increased quantities of transition metal fluorides in the
CEI that are poor ion/electron conductors that may dissipate
at high voltage. Fluorinated solvents improve the oxidative
stability of the electrolyte compared to conventional carbonate
systems, where the byproducts (e.g., vinyl compounds) of both
cyclic and linear carbonates fail to suppress side reactions. In
contrast to completely changing electrolyte formulation, recent
work suggests that high-potential holds (5.4 V vs Li/Li") can
stabilize the organic CEI formed in EC/DMC and passivate
the electrode surface,">* offering another way to improve cycle
life. Regardless of the strategy, pairing a given cathode with an
optimized electrolyte that has high anodic stability will limit
side reactions, ultimately making CEI formation pathways
more challenging to track in situ. Improving the limit of
detection for each operando methodology discussed in this
section will become absolutely necessary; for example, using a
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cryoprobe for NMR measurements to minimize thermal noise
and increase signal-to-noise resolution or using surface-
enhanced vibrational spectroscopies may offer additional
sensitivity.

Regardless of the strategy, pairing a
given cathode with an optimized
electrolyte that has high anodic stabil-
ity will limit side reactions, ultimately
making CEIl formation pathways more
challenging to track in situ. Improving
the limit of detection for each oper-
ando methodology will become abso-
lutely necessary.

In comparison to other commercially relevant materials,
considerably less in situ work has been carried out to study the
electrolyte decomposition processes that occur in LFP-
containing batteries.'**'°" LEP is less reactive than the layered
or spinel materials, so it presents characterization challenges
because of its thin CEI LFP has a lower operating voltage than
NMC and therefore is not expected to suffer from the
electrolyte oxidation and subsequent degradation that takes
place during cycling. Despite this difference in reactivity, recent
work suggests that NMCS532 outperforms LFP in terms of
capacity retention when the upper cutoff voltage of NMCS532
is limited to 3.8 V.'"*>"7%"7! Dahn and co-workers rationalized
this behavior by indicating that reactions between the cathode
and the electrolyte in this cycling regime (3.0-3.8 V) are
beneficial for the graphite anode, while the absence of
decomposition at the cathode in LFP cells (cycled 2.5-3.65
V) prevents the formation of a passivating anode SEL'”" In this
particular system, the authors use a carbonate solvent system
(EC/DMC with 2% wt VC) and test both LiPF, and LiFSI
salts at moderate concentration (1.5 M). At least in the LiPF¢
system, we expect that the cells just reach the onset for solvent
dehydrogenation, HF formation, and Li,CO; breakdown
(Schemes 1—3) that will indeed impact the anode SEI through
chemical crosstalk. The formation of electrolyte oxidation
products likely does not occur in LFP cells due to its chemical
stability with esters. Additional work still needs to be done to
understand how LiFSI can influence the CEI in both systems.

We note that LFP may also not be completely immune from
surface-driven decomposition reactions. Previous reports have
shown that LFP is moisture sensitive and that if the material is
not thoroughly dried, the surface will exhibit hydroxyl groups
that can react with the electrolyte'”” through a route that may
resemble that of high-voltage cathodes. Although LFP is
generally considered a CEl-free material in standard LiPF4
containing carbonate electrolytes,”'”
how handling conditions impacts battery performance may
provide the insight needed to enable longer lasting batteries.
The recent drive to adopt iron—phosphate-containing batteries
due to their materials abundance has generated renewed
interest in olivines with more energy density, such as
LiMn,Fe,_ PO, (LMFP) cathodes, for which the surface
reactivities are even less understood.'””

closer examination of
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5. CONCLUSIONS AND OUTLOOK

The work outlined in this review displays major achievements
in characterization that allow new insights into the
composition, structure, arrangement, and formation mecha-
nisms of the CEI for both conventional and emerging cathode
materials. The combination of spatially and temporally
resolved characterization techniques tends to agree that poor
ion conductors like Li,COj;, LiF, and transition metal fluorides
that coat the electrode surface impede Li-ion intercalation
during electrochemical cycling despite the fact that these
compounds are often correlated with enhanced battery
performance. The concentration of inorganic compounds in
the CEI that impart beneficial properties may depend on
factors like the spatial distribution and particle size, pointing to
the utility of depth and lateral resolution. Through the lens of
these advanced characterization tools, there is increasing
evidence that the organic solvent decomposition plays an
active role in cathode degradation given that it is coupled to
transition metal reduction at the particle surface, salt
breakdown kinetics, crystallographic reconstruction, and
secondary particle cracking. However, the organic CEI is the
portion that we still know the least about, and learning more
about the exact chemical makeup, arrangement, and formation
mechanisms may elucidate new pathways to mitigate perform-
ance decline.

Overall, we look forward to the application of advanced
characterization techniques to more sophisticated electrolyte
formulations (e.g., with alternative salts, solvents, and
additives), coatings, and electrochemical treatments that can
minimize degradation at the cathode and anticipate a push to
coupling spatially resolved methods with approaches that can
monitor the CEI in situ. At present, a large barrier to in situ/
operando characterization techniques is the need for custom-
made cells that do not resemble practical batteries. We expect
that future analytical techniques will focus on developing
operando cells that are more representative of practical devices
while retaining the same chemical, spatial, and/or temporal
resolution. Ideally, we want to be able to simultaneously
characterize electrolyte oxidation reactions as they occur and
the eventual fate of those byproducts in the cell (do they
deposit in the CEI or do they travel to the anode side of the
battery), but it is very difficult to capture all of these things in
practice. In moving toward this goal, one strategy may be to
combine multiple techniques to, for example, monitor the
spatial distribution of degradation products along with gas
evolution and changes in CEI composition. We expect that
innovative characterization tools will continue to offer critical
information on cathode-driven degradation processes that help
address lifetime and safety issues in LIBs and accelerate
adoption of new technologies.
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