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Abstract

High-capacity Ni-rich layered metal oxide cathodes are highly desirable to increase the energy
density of lithium-ion batteries. However, these materials suffer from poor cycling
performance, which is exacerbated by increased cell voltage. We demonstrate here the
detrimental effect of ethylene carbonate (EC), a core component in conventional electrolytes,
when NMC811 (LiNio.sMno.1C00.10>) is charged above 4.4 V vs. Li/Li* — the onset potential
for lattice oxygen release. Oxygen loss is enhanced by EC-containing electrolytes — compared
to EC-free — and correlates with more electrolyte oxidation/breakdown and cathode surface
degradation, which increase concurrently above 4.4 V. In contrast, NMC111
(LiNio.33Mno33C00.3302), which does not release oxygen up to 4.6 V, shows similar extents of
degradation irrespective of the electrolyte. This work highlights the incompatibility between
conventional EC-based electrolytes and Ni-rich cathodes (more generally, cathodes that release
lattice oxygen such as Li-/Mn-rich and disordered rocksalt cathodes), and motivates further

work on wider classes of electrolytes and additives.

Electrochemical energy storage is a key technology in the pursuit of net zero emissions and to
mitigate climate change. Lithium-ion batteries (LIBs) are currently the leading storage
chemistry in many sectors including electric vehicles and are becoming increasingly more

important for use in grid-scale storage. Promising next-generation cathode materials with lower



cost and higher energy density are being researched intensely with the aim to resolve the rapid
performance fading issues that presently limit their lifetime. Increasing the Ni content, as in
Ni-rich LiNio.sMno.1C00.102 (NMC811), and increasing the upper cut-off voltage (to extract
more capacity from the cathode) are two main approaches that are pursued, oftentimes in
parallel.? Several recent reviews highlight the scientific challenges facing Ni-rich cathodes
and the approaches being explored by the research community to mitigate them.? The leading
cause for capacity fade in LIBs is active (Li") ion loss (AIL) as a result of lithium-immobilizing
(electrolyte degradation) reactions that create (in the first few cycles) and thereafter repair the
solid electrolyte interphase (SEI) at the graphite anode.>?> Damage caused to the SEI in the
course of electrochemical cycling is generally attributed — at least in part — to cross-over of
species generated at the cathode to the anode. Acidic species, formed by electrolyte oxidation,*
% and dissolved transition metals (TMs)®12 are the two main culprits; both are reported to be

more problematic for Ni-rich cathodes.***

Decomposition of the electrolyte at high potentials can occur by electrochemical oxidation (e.g.
>4.95 V vs. Li/Li*)® or chemical oxidation. (Note that all potentials stated in this work are, or
are converted to be, vs. Li/Li*.) Below the upper cutoff potentials (UCPs) typical for NMC, i.e.
<4.6 V, electrolyte breakdown is mostly attributed to chemical oxidation of the electrolyte
solvents.>141¢ Release of reactive lattice oxygen from the NMC surface, which coincides with
the evolution of CO, and CO, is suggested as the dominant cause for electrolyte oxidation.>+
17 The onset potential for gas release is lower for Ni-rich NMCs (e.g. ~4.4 V for NMC811 vs.
~4.6 V for LiNio33Mno33C003302 (NMC111)),>* which is attributed to the higher degree of
lithium extraction achieved at lower potential.>*>® Oxidative decomposition of the carbonate
solvent(s) generates water and other protic species®® that, in LiPFe-based electrolytes,
decompose PFes to PFs and HF, with further reactions forming Lewis acidic OPF3; and
fluorophosphate salts, like PO2F,.6® Such species have been shown to rapidly decompose
integral components of the graphite SEI, such as lithium ethylene dicarbonate.’® This
mechanism has recently been proposed as a leading cause for AIL and capacity loss in LIBs.®

TM dissolution from NMC (irrespective of Ni-content) is a long-standing, yet largely unsolved,
degradation process in LIBs. Temperature and high UCP are known to amplify dissolution.®
It has also been reported to coincide with electrolyte oxidation, rationalized by HF formation
(see above) and acid-mediated dissolution.®!11320-22 Dissolved TMs migrate through the

electrolyte to the graphite anode where they deposit, and have been proposed to cause



continuous decomposition of the SEI and electrolyte, associated AIL, and increased anode

impedance.'®*? Therefore, TM dissolution is directly linked to capacity and power fading.

Recent reports highlight that the electrolyte solvent has a profound impact on Ni-rich NMC
(and high-voltage) cell lifetime. Specifically, ethylene carbonate (EC)-free electrolytes
(containing a small amount of an SEI former like vinylene carbonate (VC)) outperform
conventional LIB electrolytes, which are a mixture of EC and linear carbonate(s), such as ethyl
methyl carbonate (EMC).2>?° To understand the fundamental mechanisms behind these
observations, we recently showed that while reactive lattice oxygen reacts with both EC and
EMC, the lattice oxygen release, electrolyte oxidation, and NMC surface degradation are
significantly suppressed with EC-free electrolyte.!® The electrolyte-dependent degradation was
analyzed at high NMC potential (i.e. 4.6 V) “stressed” conditions. Importantly, this study
identified the critical degradation pathways in EC-containing and EC-free electrolytes,
however, the onset potentials for the degradation processes in the two classes of electrolytes
are not currently known. This knowledge is an important step towards enabling long cycle life
for Ni-rich NMC in LIBs.

In this work, we subject low- and high-Ni NMC to potentiostatic holds at 4.3, 4.4, 4.5, or 4.6
V to determine the onset potential of the important cathode and electrolyte degradation
processes with EC-containing and EC-free electrolytes. For Ni-rich NMC, we clearly show that
electrolyte oxidation/breakdown and detrimental cathode surface degradation, including
surface reconstruction and TM dissolution, are initiated by charging above the ~4.4 V onset for
lattice oxygen release, and that the EC component of conventional carbonate-based electrolytes
is predominantly responsible. A significantly suppressed degree of degradation is revealed for
NMC111 at all potentials tested irrespective of whether the electrolyte has EC, and for
NMCB811 with EC-free electrolyte, even above 4.4 V. The nature of these effects are uncovered
by online electrochemical mass spectrometry (OEMS), electrochemical impedance
spectroscopy (EIS), and post-mortem analysis by solution NMR, transmission electron

microscopy (TEM) and inductively coupled plasma-optical emission spectroscopy (ICP-OES).

After a slow C/20 charge, NMC111 and 811 cathodes are subjected to a 60 h voltage hold (VH)
at4.3,4.4. 45, or 4.6 V in NMC/Li4TisO12 (LTO) cells to explore the degradation processes
or parasitic reactions that occur in charged electrodes (Figure la-b — additional
electrochemistry data are shown in Figure S1 and Table S1). No earlier formation cycles were

applied. An LTO anode, which has a relatively high and constant lithiation potential of 1.55 V



(Figure S2), is used to avoid parasitic currents arising from cross-over of electrolyte reduction
products formed at the anode to the cathode.?®?8 The baseline electrolyte used is 1 M LiPFg in
a mixture of EC and EMC in a wt. ratio of 3:7, referred to as LP57. This conventional
electrolyte is compared against single solvent electrolytes, 1.5 M LiPFe in EC and 1.5 M LiPFs
in EMC (see experimental methods in SI), which are used to decouple the effects of cyclic and

linear carbonates in conventional electrolytes.

In the early stages of the VH, the current decays rapidly (Figure S1) as the electrolyte
polarization relaxes and as the NMC particles reach the equilibrium Li* concentration set by
the applied potential. The current flowing in the final 20 h of the VH is indicative of the
parasitic side reactions taking place at the cathode-electrolyte interface.'32:27 Figure 1c shows
that the average current, normalized to the NMC surface area (Table S2), increases with higher
NMC potential, as expected. However, the current increases more rapidly for NMC811 with
EC-containing electrolytes (i.e. LP57 and EC electrolyte), and more gradually for NMC811
with the “EC-free” EMC electrolyte and NMC111 in LP57. The electrolyte-dependent current
observed for NMC811 is not evident for NMC111 (Figure S3); i.e. the currents measured with
EC and EMC electrolyte overlay with that of LP57 and are omitted from Figure 1c for clarity.
Clearly the interfacial reactivity is dependent on the applied potential, Ni-content, and, for Ni-
rich NMCs, the electrolyte.

The rapid increase in the current >4.4 V corresponds to the onset of lattice oxygen release from
NMC811 at ~4.4 V, inferred from the evolution of CO, and CO in the OEMS experiment
(Figure 1d-e and potential profiles for the OEMS experiments in Figure S4) due to chemical
oxidation of the electrolyte.>416.17 Since oxygen release with EMC electrolyte also starts from
~4.4 'V, we propose that the higher parasitic current at potentials >4.4 V with EC-containing
electrolytes are caused by enhanced oxygen evolution for these conditions. This hypothesis is
supported by the measured current (Figure 1c; since lattice oxygen release contributes to the
current), the quantity of CO and CO- evolved (Figure 1d-e and accounting for the reaction
stoichiometry — see Supplementary note S1), and the interfacial structure revealed by HRTEM
(see below). The smaller parasitic currents seen at 4.3 V are tentatively ascribed to reactivity
(or oxygen loss) at more unstable surfaces, e.g., containing undercoordinated oxygen ions.?°
While small, the onset of these degradation processes initiates a series of degradation processes,

resulting in more rapid capacity fade.*°
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Figure 1. Electrochemistry and gas analysis. (a-b) Representative potential profiles from
NMC/LTO cells for (a) NMC111 and (b) NMC811 with LP57 electrolyte during a C/20 charge
to 4.3, 4.4, 4.5, or 4.6 V, 60 h voltage hold (VH), and C/20 discharge. (c) Average current,
normalized to the NMC surface area, during the final 20 h of the VH as a function of the NMC
potential in the VH with electrolytes LP57, 1.5 M LiPFs in ethylene carbonate (EC), and 1.5
M LiPFs in ethyl methyl carbonate (EMC). Error bars show the spread of at least 2 duplicate
cells. (d-e) Evolution of (d) CO and (e) CO from the OEMS channels m/z = 28 and 44,
respectively, normalized to the NMC surface area, during a C/20 charge (CH) and 40 h VH at
4.6 V. The region indicated by the dashed boxes in (d) and (e) are enlarged in (d-i) and (e-i),
respectively, which show an onset potential of ~4.4 V. The colors of the traces in (d-e) are the

same as used in (c).

Electrolyte breakdown was further examined by solution NMR of the pristine electrolyte
(Figure S5) and electrolyte extracted in the discharged state after the VVH. Potential dependent
1H spectra are shown in Figure S6-S8, and the signal assignments are listed in Table S3. The
1H spectra reveal an increase in the number of signals from electrolyte solvent breakdown
products after VHs >4.4 V (i.e. aldehyde species from EC, acetal species and methanol from
EMC, and poly-ethylene oxide (EO) based oligomers from EC and EMC), consistent with the
onset of lattice oxygen release. With EC electrolyte, signals from vinylene carbonate (VC) and
fluorophosphate salts are observed at all potentials tested (Figure S7). This observation is
consistent with the dehydrogenation of EC to VC on the charged NMC surface, as proposed

by Shao-Horn and co-workers,3! resulting in protic species on the surface and TM reduction.

The protic species can further react with the electrolyte salt (PFs’), explaining the concomitant

observation of fluorophosphate salts.®® Details of these assignments and the formation



mechanisms of the observed species are discussed in detail in our recent work.*® Coupled with
the oxidative decomposition of the electrolyte is the generation of water and/or acidic species,*
® which are highly detrimental to LIB long-term performance.® This is monitored here by the
evolution of H; at the negative (Li) electrode in the OEMS experiment (Figure S9).3°13 A
simultaneous onset potential of H, with CO and CO, (~4.4 V for NMCB811), together with
enhanced H; evolution for NMC811 vs. 111 with LP57 (1.9 times), provides strong evidence
that this is associated with oxygen release from NMC, in accordance with recent findings.>>*3

Oxygen loss from the surface of NMC particles is concomitant with a structural transformation
from the initial layered structure to spinel- and/or rock-salt-like structures.>*> The HRTEM
micrographs in Figure 2a-d compare the interfacial structure of NMC particles in the
discharged (lithiated) state after VHs at 4.3 and 4.6 V. Images of pristine NMC and additional
particles sampled at random after VHs are shown in Figure S10-S13. For NMC811 with EC-
containing electrolytes (Figure 2b-c), the interfacial structure shows significant differences
after VHs at 4.3 vs. 4.6 V. Specifically, after a 4.3 V VH, the particle surface structure is mostly
layered, with some isolated domains of spinel-like phase (but not on all particles examined, see
Figure S13), but a thick (>15 nm) rock-salt-like layer is present after a VH at 4.6 V. In contrast,
the changes are less severe for NMC111 (irrespective of electrolyte, Figure S11) and for
NMCB811 with EMC electrolyte (Figure 2d). For the latter, after a VH at 4.3 V, some particles
retain a layered structure while others show a thin (ca. 2-4 nm) surface reconstructed layer with
spinel-like and/or rock-salt-like phases, which thickens to ca. 5-8 nm after a 4.6 V VH.
Significant conversion from layered (MO>) to the oxygen-deficient, rock-salt-like structure
(MO) with EC-containing electrolytes at 4.6 V, in contrast with the EC-free electrolyte,
provides clear-cut evidence for enhanced oxygen release with EC-containing electrolytes, as

argued above.

The reconstructed layers are poorer Li ion conductors and therefore impede Li transport across
this interface,®?* which consequently deteriorates battery performance particularly at high C-
rates. Measuring the charge transfer resistance (CTR) using EIS is an easily accessible and
rapid approach to quantitatively compare the extent of degradation related to surface
reconstruction. After the VH, the CTR of NMC is measured at several potentials/SOCs (using
a three-electrode cell), but for clarity only the CTR at 90 % SOC is plotted in Figure 2e —
associated electrochemical data, details on the data fitting, and the CTR at additional
potentials/SOCs are provided in Figure S14-S19. The use of a fixed SOC, rather than a

potential, is important when comparing NMCs with different compositions, to ensure they are



at the same degree of delithiation. For each condition, the CTR at 90% SOC increases with the
VH potential. However, above 4.4 V the CTR of NMCB811 increases rapidly with EC-
containing electrolytes (reaching ~1500 Q cm? after a 4.6 V VH), which is clearly linked to the
~4.4 V onset potential for gas release from NMC811, discussed above. In contrast, the increase
in CTR is more gradual for NMC811 with EMC electrolyte (reaching 333 Q cm?), while much
less change is seen for NMC111 (<80 Q cm?) regardless of electrolyte (Figure S19). While the
onset potential for gassing is clearly important, the noticeable difference in impedance for
NMCB811 with EC-containing vs. EC-free electrolytes demonstrates that the extent of gassing

(i.e. oxygen loss) is a determining factor for impedance-related surface degradation.
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Figure 2. NMC interfacial structure and impedance. (a-d) High resolution TEM images and
corresponding fast Fourier transformation (FFT) images after the voltage holds (VHSs) at (left)
4.3V and (right) 4.6 V for (a) NMC111 with LP57 electrolyte, and NMC811 with electrolytes
(b) LP57, (c) 1.5 M LiPFs in EC, and (d) 1.5 M LiPFs in EMC. The dashed squares indicate
where the FFTs are analyzed. The letters L, C, and R in the FFTs stand for layered structure,
cation mixing layer, and rock-salt structure, respectively. (e) Charge transfer resistance (CTR)
from electrochemical impedance spectroscopy (EIS) as a function of NMC potential in the VH,
measured at a NMC state of charge (SOC) of 90+4 %. The CTR was extracted by fitting a
simplified equivalent circuit to the data — see Figure S18 for details. Dashed vertical line

indicates the gas evolution onset potential at 4.4 VV for NMC811.

Reduced TMs in the surface reconstructed layer (largely TM?*) and under coordinated TMs
from oxygen loss are probable drivers for dissolution of TMs from the cathode. As such, ICP-
OES was conducted to quantify the amount of TM dissolution/deposition as a function of VH
potential. As seen in Figure 3, after a VH at 4.3 V the dissolution of Ni, Mn, and Co from
NMC811 with all tested electrolytes is low (<5.3, <2.2, and <0.6 ppm, respectively) and on par
with NMC111. However, above 4.4 V TM dissolution from NMCB811 increases, coinciding
with the onset of oxygen release. Dissolution at 4.5 and 4.6 V is most severe with EC
electrolyte, followed by LP57. Eliminating EC from the electrolyte, i.e. with EMC electrolyte,
leads to significantly suppressed dissolution, even above 4.4 V. The suppressed oxygen release
with EMC vs. EC electrolyte, and the associated lower generation of water and/or acidic

species from electrolyte oxidation, is likely a key contributor to this effect.

The disparity in TM dissolution from NMC811 with EC electrolyte vs. LP57, despite the
similar gas evolution (Figure 1d-e), interfacial structure (Figure 2b-c), and impedance (Figure
2e), is proposed to be due to the higher relative stabilizing influence of EC and/or LiPFe/EC-
based electrolyte degradation products in solvating TMs in solution.3*3 Differences in TM
dissolution from NMC111 at high potential with EC-containing and EC-free electrolyte (Figure
S20), despite much lower gas evolution from NMC111 (Figure 1d-e) and equivalent parasitic
currents (Figure S3), further supports a contribution from solvent effects, which is independent

of oxygen release.
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Figure 3. Transition metal dissolution/deposition. Concentration of (a) Ni, (b) Mn, and (c) Co
dissolved in the electrolyte and deposited on LTO electrodes, extracted after the VHSs in the
discharged state. Dashed vertical line indicates the gas evolution onset potential at 4.4 V for
NMC811.

A schematic illustrating the key degradation pathways proposed in this work is shown in Figure
4. Conventional EC-containing and model EC-free electrolytes display similar behavior below
the onset potential of lattice oxygen release from NMC cathodes (left panel) —i.e., 4.4 V vs
Li/Li* for NMC811. However, above the onset of oxygen release, Ni-rich NMC cathodes with
EC-containing electrolytes exhibit more oxygen loss (than with EC-free electrolyte), which in
turn leads to more electrolyte breakdown, NMC surface reconstruction, impedance rise, and
TM dissolution (middle panel). These degradation processes are shown to be significantly
suppressed with EC-free electrolytes (right panel), although eliminating EC does not appear to
alter the onset potential of oxygen release. This suggests that oxygen loss is a chemical process
that follows the electrochemical Li*/e~ abstraction, with the coordination strength between the
solvent and the cathode surface playing a defining role in the extent of oxygen release.
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Figure 4. Schematic illustration of the proposed degradation pathways for low-Ni and Ni-
rich cathodes with EC-containing and EC-free electrolytes. The image highlights the strong
dependence of the electrolyte on the extent of degradation with Ni-rich cathodes charged

above the onset potential of lattice oxygen release (4.4 V).

Therefore, while conventional electrolytes are compatible with low-Ni NMC, the EC
component poses significant challenges to the cycling stability of high-Ni cathodes. This
highlights the conflicting electrolyte needs of Ni-rich cathodes and LIB anodes, whether
graphite or next-generation alternatives like silicon and lithium metal/*“anode-free”. In
conventional LIB electrolytes, EC plays a vital role in the formation and repair of the anode
SEl and in inhibiting severe gassing in the case of Li plating on the anode. However, EC is a
“bad actor” in the presence of an oxygen releasing cathode. While solutions to this apparent
paradox are yet to be rigorously explored, it is clear from this work that electrolyte development
has the potential to enable a step change in the battery performance. The need to suppress
oxygen release from the cathode, as highlighted herein, also suggests that materials-based
solutions may be an important piece of the puzzle. It is hoped that this work encourages
researchers in the field to explore novel electrolyte solutions, material coatings/dopants, and
particle morphologies that suppress, or even inhibit, oxygen release — functionality that will
surely lead to long cell lifetimes for high-capacity Ni-rich LIBs, as well as other advanced
battery chemistries.

Acknowledgements



The present research has been supported by the Faraday Institution degradation project
(FIRGO001) and EPSRC (EP/S003053/1). W. M. D., M. F. L. D., and C. P. G. acknowledge
funding from Cambridge Royce facilities grant EP/P024947/1 and Sir Henry Royce Institute
grant EP/R00661X/1. The authors are grateful to A. Jansen, S.E. Trask, B.J. Polzin, and A.R.
Dunlop at the U.S. Department of Energy’s CAMP (Cell Analysis, Modeling, and Prototyping)
Facility, Argonne National Laboratory, for producing and supplying the electrodes in this work.
We thank Nigel Howard for assistance with the ICP-OES measurements, and Bernardine
Rinkel and Jennifer Allen for useful discussions.

Supporting information

The Supporting Information, including experimental methods, additional electrochemical
data, BET surface area data, additional OEMS data, a note regarding the proposed reactions
for the chemical oxidation of EC and EMC, *H NMR spectra and assignments, additional
TEM images, and additional ICP data, is available free of charge via the internet at
https://pubs.acs.org/.

References

(1) Xu, G. L.; Liu, X.; Daali, A.; Amine, R.; Chen, Z.; Amine, K. Challenges and
Strategies to Advance High-Energy Nickel-Rich Layered Lithium Transition Metal
Oxide Cathodes for Harsh Operation. Adv. Funct. Mater. 2020, 30 (46), 2004748.
https://doi.org/10.1002/ADFM.202004748.

(2)  Li, W.; Erickson, E. M.; Manthiram, A. High-Nickel Layered Oxide Cathodes for
Lithium-Based Automotive Batteries. Nat. Energy 2020 51 2020, 5 (1), 26-34.
https://doi.org/10.1038/s41560-019-0513-0.

(3)  Metzger, M.; Strehle, B.; Solchenbach, S.; Gasteiger, H. A. Origin of H 2 Evolution in
LIBs: H 2 O Reduction vs. Electrolyte Oxidation . J. Electrochem. Soc. 2016, 163 (5),
AT798-A809. https://doi.org/10.1149/2.1151605jes.

(4) Rinkel, B. L. D.; Hall, D. S.; Temprano, I.; Grey, C. P. Electrolyte Oxidation Pathways
in Lithium-lon Batteries. J. Am. Chem. Soc. 2020, 142 (35), 15058-15074.
https://doi.org/10.1021/jacs.0c06363.

(5) Jung, R.; Metzger, M.; Maglia, F.; Stinner, C.; Gasteiger, H. A. Oxygen Release and
Its Effect on the Cycling Stability of LiNi x Mn'y Co z O 2 (NMC) Cathode Materials
for Li-lon Batteries . J. Electrochem. Soc. 2017, 164 (7), A1361-A1377.



https://doi.org/10.1149/2.0021707jes.

(6) Solchenbach, S.; Metzger, M.; Egawa, M.; Beyer, H.; Gasteiger, H. A. Quantification
of PF 5 and POF 3 from Side Reactions of LiPF 6 in Li-lon Batteries . J. Electrochem.
Soc. 2018, 165 (13), A3022-A3028. https://doi.org/10.1149/2.0481813JES/XML.

(7)  Wiemers-Meyer, S.; Winter, M.; Nowak, S. Mechanistic Insights into Lithium lon
Battery Electrolyte Degradation-a Quantitative NMR Study. Phys. Chem. Chem. Phys.
2016, 18 (38), 26595-26601. https://doi.org/10.1039/c6¢cp05276bh.

(8) Campion, C. L.; Li, W.; Lucht, B. L. Thermal Decomposition of LiPF6-Based
Electrolytes for Lithium-lon Batteries. J. Electrochem. Soc. 2005, 152 (12), A2327.
https://doi.org/10.1149/1.2083267.

(9) Jayawardana, C.; Rodrigo, N.; Parimalam, B.; Lucht, B. L. Role of Electrolyte
Oxidation and Difluorophosphoric Acid Generation in Crossover and Capacity Fade in
Lithium lon Batteries. ACS Energy Lett. 2021, 6 (11), 3788-3792.
https://doi.org/10.1021/ACSENERGYLETT.1C01657.

(10) Zhan, C.; Wu, T.; Lu, J.; Amine, K. Dissolution, Migration, and Deposition of
Transition Metal lons in Li-lon Batteries Exemplified by Mn-Based Cathodes — a
Critical Review. Energy Environ. Sci. 2018, 11 (2), 243-257.
https://doi.org/10.1039/C7EE03122).

(11) Solchenbach, S.; Hong, G.; Freiberg, A. T. S.; Jung, R.; Gasteiger, H. A. Electrolyte
and SEI Decomposition Reactions of Transition Metal lons Investigated by On-Line
Electrochemical Mass Spectrometry. J. Electrochem. Soc. 2018, 165 (14), A3304—
A3312. https://doi.org/10.1149/2.0511814jes.

(12) Gilbert, J. A.; Shkrob, I. A.; Abraham, D. P. Transition Metal Dissolution, lon
Migration, Electrocatalytic Reduction and Capacity Loss in Lithium-lon Full Cells. J.
Electrochem. Soc. 2017, 164 (2), A389-A399. https://doi.org/10.1149/2.1111702jes.

(13) Dose, W. M.; Temprano, I.; Allen, J. P.; Bjoérklund, E.; O’Keefe, C. A.; Li, W.; Mehdi,
B. L.; Weatherup, R. S.; De Volder, M. F. L.; Grey, C. P. Electrolyte Reactivity at the
Charged Ni-Rich Cathode Interface and Degradation in Li-lon Batteries. ACS Appl.
Mater. Interfaces 2022, 14 (11), 13206-13222.
https://doi.org/10.1021/acsami.1c22812.



(14)

(15)

(16)

(17)

(18)

(19)

(20)

(21)

Jung, R.; Metzger, M.; Maglia, F.; Stinner, C.; Gasteiger, H. A. Chemical versus
Electrochemical Electrolyte Oxidation on NMC111, NMC622, NMC811, LNMO, and
Conductive Carbon. J. Phys. Chem. Lett. 2017, 8 (19), 4820-4825.
https://doi.org/10.1021/acs.jpclett.7b01927.

Streich, D.; Erk, C.; Guéguen, A.; Miller, P.; Chesneau, F. F.; Berg, E. J. Operando
Monitoring of Early Ni-Mediated Surface Reconstruction in Layered Lithiated Ni-Co-
Mn Oxides. J. Phys. Chem. C 2017, 121 (25), 13481-13486.
https://doi.org/10.1021/acs.jpcc.7b02303.

Freiberg, A. T. S.; Roos, M. K.; Wandt, J.; De Vivie-Riedle, R.; Gasteiger, H. A.
Singlet Oxygen Reactivity with Carbonate Solvents Used for Li-lon Battery
Electrolytes. J. Phys. Chem. A 2018, 122 (45), 8828-8839.
https://doi.org/10.1021/acs.jpca.8b08079.

Wandt, J.; Freiberg, A. T. S.; Ogrodnik, A.; Gasteiger, H. A. Singlet Oxygen Evolution
from Layered Transition Metal Oxide Cathode Materials and Its Implications for
Lithium-lon Batteries. Mater. Today 2018, 21 (8), 825-833.
https://doi.org/10.1016/j.mattod.2018.03.037.

Kasnatscheew, J.; Roser, S.; Borner, M.; Winter, M. Do Increased Ni Contents in
LiNixMnyCozO2 (NMC) Electrodes Decrease Structural and Thermal Stability of Li
lon Batteries? A Thorough Look by Consideration of the Li+ Extraction Ratio. ACS
Appl. Energy Mater. 2019, 2 (11), 7733-7737.
https://doi.org/10.1021/ACSAEM.9B01440.

Parimalam, B. S.; Maclntosh, A. D.; Kadam, R.; Lucht, B. L. Decomposition
Reactions of Anode Solid Electrolyte Interphase (SEI) Components with LiPF6. J.
Phys. Chem. C 2017, 121 (41), 22733-22738.
https://doi.org/10.1021/ACS.JPCC.7B08433.

Jung, R.; Linsenmann, F.; Thomas, R.; Wandt, J.; Solchenbach, S.; Maglia, F.; Stinner,
C.; Tromp, M.; Gasteiger, H. A. Nickel, Manganese, and Cobalt Dissolution from Ni-
Rich NMC and Their Effects on NMC622-Graphite Cells. J. Electrochem. Soc. 2019,
166 (2), A378-A389. https://doi.org/10.1149/2.1151902jes.

Leanza, D.; Mirolo, M.; Vaz, C. A. F.; Novék, P.; El Kazzi, M. Surface Degradation
and Chemical Electrolyte Oxidation Induced by the Oxygen Released from Layered



(22)

(23)

(24)

(25)

(26)

(27)

(28)

(29)

(30)

Oxide Cathodes in Li—Ion Batteries. Batter. Supercaps 2019, 2 (5), 482-492.
https://doi.org/10.1002/batt.201800126.

Gallus, D. R.; Schmitz, R.; Wagner, R.; Hoffmann, B.; Nowak, S.; Cekic-Laskovic, I.;
Schmitz, R. W.; Winter, M. The Influence of Different Conducting Salts on the Metal
Dissolution and Capacity Fading of NCM Cathode Material. Electrochim. Acta 2014,
134, 393-398. https://doi.org/10.1016/j.electacta.2014.04.091.

Xia, J.; Petibon, R.; Xiong, D.; Ma, L.; Dahn, J. R. Enabling Linear Alkyl Carbonate
Electrolytes for High Voltage Li-lon Cells. J. Power Sources 2016, 328, 124-135.
https://doi.org/10.1016/J.JPOWSOUR.2016.08.015.

Petibon, R.; Xia, J.; Ma, L.; Bauer, M. K. G.; Nelson, K. J.; Dahn, J. R. Electrolyte
System for High Voltage Li-lon Cells. J. Electrochem. Soc. 2016, 163 (13), A2571.
https://doi.org/10.1149/2.0321613JES.

Li, W.; Dolocan, A.; Li, J.; Xie, Q.; Manthiram, A. Ethylene Carbonate-Free
Electrolytes for High-Nickel Layered Oxide Cathodes in Lithium-Ion Batteries. Adv.
Energy Mater. 2019, 9 (29), 1901152. https://doi.org/10.1002/aenm.201901152.

Tornheim, A.; Trask, S. E.; Zhang, Z. Evaluation of Electrolyte Oxidation Stability on
Charged LiNi 0.5 Co 0.2 Mn 0.3 O 2 Cathode Surface through Potentiostatic Holds . J.
Electrochem. Soc. 2016, 163 (8), A1717-A1722. https://doi.org/10.1149/2.1051608jes.

Tornheim, A.; He, M.; Su, C.-C.; Zhang, Z. The Role of Additives in Improving
Performance in High Voltage Lithium-lon Batteries with Potentiostatic Holds. J.
Electrochem. Soc. 2017, 164 (1), A6366—-A6372. https://doi.org/10.1149/2.0471701jes.

Vadivel, N. R.; Ha, S.; He, M.; Dees, D.; Trask, S.; Polzin, B.; Gallagher, K. G. On
Leakage Current Measured at High Cell VVoltages in Lithium-lon Batteries. J.
Electrochem. Soc. 2017, 164 (2), AS08—A517. https://doi.org/10.1149/2.1341702jes.

Genreith-Schriever, A. R.; Banerjee, H.; Grey, C. P.; Morris, A. J. Ni-O Redox,
Oxygen Loss and Singlet Oxygen Formation in LiNiO2 Cathodes for Li-lon Batteries.
arXiv:2205.10462 2022. https://doi.org/10.48550/arXiv.2205.10462.

Dose, W. M.; Xu, C.; Grey, C. P.; De Volder, M. F. L. Effect of Anode Slippage on
Cathode Cutoff Potential and Degradation Mechanisms in Ni-Rich Li-lon Batteries.
Cell Reports Phys. Sci. 2020, 1 (11), 100253.



(31)

(32)

(33)

(34)

(35)

https://doi.org/10.1016/j.xcrp.2020.100253.

Zhang, Y.; Katayama, Y.; Tatara, R.; Giordano, L.; Yu, Y.; Fraggedakis, D.; Sun, J.
G.; Maglia, F.; Jung, R.; Bazant, M. Z.; Shao-Horn, Y. Revealing Electrolyte
Oxidation via Carbonate Dehydrogenation on Ni-Based Oxides in Li-lon Batteries by
in Situ Fourier Transform Infrared Spectroscopy. Energy Environ. Sci. 2020, 13 (1),
183-199. https://doi.org/10.1039/C9EE02543J.

Lin, F.; Markus, I. M.; Nordlund, D.; Weng, T. C.; Asta, M. D.; Xin, H. L.; Doeff, M.
M. Surface Reconstruction and Chemical Evolution of Stoichiometric Layered
Cathode Materials for Lithium-lon Batteries. Nat. Commun. 2014, 5 (1), 3529.
https://doi.org/10.1038/ncomms4529.

Dees, D.; Gunen, E.; Abraham, D.; Jansen, A.; Prakash, J. Alternating Current
Impedance Electrochemical Modeling of Lithium-lon Positive Electrodes. J.
Electrochem. Soc. 2005, 152 (7), A1409. https://doi.org/10.1149/1.1928169.

Su, C. C.; He, M.; Amine, R.; Chen, Z.; Yu, Z.; Rojas, T.; Cheng, L.; Ngo, A. T.;
Amine, K. Unveiling Decaying Mechanism through Quantitative Structure-Activity
Relationship in Electrolytes for Lithium-lon Batteries. Nano Energy 2021, 83, 105843.
https://doi.org/10.1016/j.nanoen.2021.105843.

Klein, S.; van Wickeren, S.; Roser, S.; Barmann, P.; Borzutzki, K.; Heidrich, B.;
Borner, M.; Winter, M.; Placke, T.; Kasnatscheew, J. Understanding the Outstanding
High-Voltage Performance of NCM523||Graphite Lithium lon Cells after Elimination
of Ethylene Carbonate Solvent from Conventional Electrolyte. Adv. Energy Mater.
2021, 11 (14), 2003738. https://doi.org/10.1002/aenm.202003738.



TOC graphic




