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Nickel-rich intercalation electrodes (i.e. NiggMng1Cop10,) are seeing widespread adoption in high-
performance lithium-ion batteries due to their high energy density and reduced need for cobalt.
However, as nickel content increases, so too does the rate of cell capacity fade, which in part has been
assigned to reactions between ethylene carbonate (EC) and reactive oxygenic species formed at the
surface of nickel-rich electrodes. In particular, singlet oxygen (*O,) has long been suspected as a
primary source of ethylene carbonate degradation and has been proposed to drive its conversion to
either vinylene carbonate, a graphite stabilising additive, or to complete oxidation products such as CO,,
and protic species (i.e. H,O, H,0O,) that accelerate cell failure. Contrary to this understanding, we show
using online mass spectrometry and quantitative *H NMR spectroscopic analysis that ethylene carbonate
is stable in the presence of photocatalytically generated *O,. Furthermore, this study indicates the use of
rose bengal as a photocatalyst to study ethylene carbonate reactivity with O, may lead to unexpected
side-reactions under operationally-relevant conditions, producing misleading results. We conclude that
the choice of photocatalyst is critical when assessing degradation with 'O, for battery applications.
Despite eliminating the direct reaction of 'O, with EC as a source of degradation, ethylene carbonate to

Received 17th February 2025, vinylene carbonate conversion is still found to occur in cells. We demonstrate that vinylene carbonate
Accepted 24th June 2025 production begins before gas release from the positive electrode. These findings show that degradation
DOI: 10.1039/d5ee00956a driven by 102 reaction with EC is unlikely to be an important factor at nickel-rich intercalation

electrodes highlighting the need for the community to explore alternative degradation pathways in
rsc.li/ees nickel-rich lithium-ion batteries.

Broader context

To meet the high volumetric energy densities and sustainable supply chains needed for long-range electric vehicles, industry is moving towards nickel-rich
materials for the positive electrodes of Li-ion batteries. Increasing the nickel content can potentially increase the energy stored, but it also increases their
degradation rate, decreasing the battery lifetime. Consequently, stabilising these materials is a critical challenge in the field. Degradation of the battery
electrolyte at nickel-rich electrodes has been identified as a leading cause of cell failure. One of the more prominent theories is by reaction of singlet oxygen,
released from the electrode during charging, with the electrolyte component ethylene carbonate forming side-products that trigger a cascade of failure
mechanisms. Here we demonstrate for the first time that ethylene carbonate is in fact stable when in contact with singlet oxygen, even after prolonged
exposure, hence does not contribute to the failure of the cell. We show that degradation occurs in the absence of singlet oxygen, suggesting that alternative
reactions, such as at the surface of the nickel-rich electrode, are the origin of degradation. These findings will refocus academic and industrial efforts towards
the study of interface-based degradation mechanisms and mitigating strategies, accelerating the development of high-energy nickel-rich electrodes.
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Introduction

As demand for electrification of global infrastructure increases,
the availability and versatility of our battery systems need to
advance.' The positive electrode limits the energy density of
conventional lithium-ion (Li-ion) cells; the ubiquitous LiCoO,
(LCO) has an effective capacity of ~150 mAh g™, which is signi-
ficantly smaller than that of graphite (Gr) at 372 mAh g~ ".*® While
the practical capacity of Li-ion batteries can be improved by
increasing upper cut-off voltage to facilitate the extraction of more
Li* ions, a balance between increasing the capacity and maintain-
ing structural stability must be struck to avoid rapid and irrever-
sible capacity fade. Nickel-rich layered oxide materials, such as
LiNi sMny ,C0p .0, (NMC622) and LiNij gMn, 1C0, 10, (NMC811),
nominally offer higher capacities than LiC00,.®® However, these
nickel-rich materials suffer from lattice instability, and can yield
reactive oxygenic species that are proposed to react with the
electrolyte. These complications, paired with interphase degrada-
tion at the negative electrode caused by transition-metal ion
migration, account for active ion loss’ " and, ultimately, prema-
ture cell failure.

Recently, it has been speculated that many of the degra-
dation modes in nickel-rich electrodes originate from decom-
position of electrolyte components, generating antagonistic
intermediates that are often protic species such as HF or
H,0."7'® State-of-the-art electrolytes used in nickel-rich cells
currently comprise of LiPFs in mixtures of ethylene carbonate
(EC) with linear carbonates such as ethyl methyl carbonate
(EMC). However, EC is considered to be particularly prone to
degradation reactions in the presence of an oxygen-releasing
electrode, promoting gas release and metal oxide surface layer
reconstruction, negatively impacting cycling stability.'*'”>!
The exact degradation routes of EC within the nickel-rich cells
remain contentious. Online mass spectrometry has been shown
by multiple reports to correlate lattice oxygen release of nickel-
rich electrodes to EC degradation to CO,,"*"”*2% while small
organics, specifically vinylene carbonate (VC),
detected to form within the nickel-rich cells prior to O, release
by Raman,”® FTIR,>* and NMR>* spectroscopies. Moreover,
the trigger for EC degradation (Fig. 1a) in Gr-NMC811 full-
cells has been suggested to be (electro)chemical oxidation at
the metal oxide surface (<4.3 V),"”?>>* or by direct reaction
with singlet oxygen ('0,) released at higher upper cut-off
voltages (>4.3 V)."”?® The latter suggestion involves the release
of '0, as the nickel-rich layered oxide surface degrades to a
rock-salt surface structure, which may be driven by reaction
between the surface oxygen atoms and solvent,>*® or may
occur spontaneously, as seen, for example, in Gasteiger and
co-worker’s study at elevated temperatures when heating
delithiated NMC811 under an inert atmosphere (Ar).>® One
thing is clear, namely that at high voltages, CO, is the domi-
nant gas that is released, not O,. Since oxygen/CO, evolution is
correlated with a specific state of charge (amongst different
NMCs), Jung et al. proposed that electrolyte oxidation is mainly
a chemical reaction, rather than a direct electrochemical oxida-
tion, as is commonly assumed.'” A similar mechanism had also

have been

7604 | Energy Environ. Sci., 2025, 18, 7603-7609

View Article Online

Energy & Environmental Science

a) Proposed EC degradation in Gr- NMCS11 cells

Lo & o
CcO
L/
v H,O
pathway: i i
I 243V |
b) Proposed reaction mechanisms: EC + 10,
i) o) 0 0
N PN N €0
O 0 —~ o 0 —m 0 00— +
5C
\ H202 ')( C2H203
H = 0-0
O:
Concerted [2+2] Metastable
dihydrogen abstraction Cycloaddition
ii) (0] (0}
N N 1o
(0] Oo—> O ©° 2C0O, + CO + 2H,0
[ ),
H~O OOH

Direct C-H insertion

Fig. 1 Overview of ethylene carbonate degradation pathways to vinylene
carbonate®® or small molecular products®® in NMC811 cells (a) with
proposed reaction mechanisms between 'O, and EC summarised (b).
*Studies were reported using 'O, generated by the rose bengal photo-
sensitiser.

been proposed in lithium-rich materials by Jiang et al. in earlier
work.”® Despite these discussions, the role of 'O, in electrolyte
degradation remains unclear.

Reports to decouple electrolyte degradation by chemical
oxidation at the electrode surface or by 'O, reactivity with
EC have been conducted by ex situ methods using rose bengal
(RB, disodium salt form),*>** a well-known photosensitiser
for generating 0, from ground state *0,.>® Gasteiger et al.
proposed that the reaction between EC and 'O, yields VC and
H,0, by a concerted dihydrogen abstraction mechanism
(Fig. 1b, pathway i).>> While VC was not detected, CO, release
was observed by online mass spectrometry which was
assigned to a subsequent reaction of 'O, with VC. Alterna-
tively, Rinkel et al. proposed 'O, reacts with EC by direct C-H
insertion (Fig. 1b, pathway ii),”*> with the resulting hydroper-
oxide intermediate reacting further with 'O, to form CO, CO,,
and H,O, the latter supported by NMR spectroscopic analysis
of reaction mixtures. In this case, H,'”O, rather than H,'0,,
was detected when '"O-enriched O, gas was used, with no
evidence of VC formation. Although, in the same report, VC
was detected by analysis of extracted electrolyte from nickel-
rich cells cycled at voltages below 'O, release, leading the
authors to suggest dehydrogenation of EC by the oxidised
electrode surface may be a route to VC.?? Critically, these
degradation pathways (i and ii) of EC by 'O, are likely to
be accompanied by the formation of antagonistic protic
species (hydroperoxides, H,0,, H,O, etc.) which can trigger
loss of lithium inventory and cell failure in nickel-rich cells.
Recently, a DFT study has suggested that reactions involving
'0, and EC are kinetically limited,*! drawing into question
the impact of 'O, in electrolyte degradation, hence, under-
standing this degradation mode is critical to enhancing long-
term cycle stability of cells.

This journal is © The Royal Society of Chemistry 2025
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Herein, we seek to clarify the role of 'O, within nickel-rich
cells and to understand its reactivity with ethylene carbonate.
Gr-NMC811 full-cells containing 1 M LiPF¢ in EC:EMC 3/7 v/v
(LP57) electrolyte have been cycled, the electrolyte analysed
ex situ to determine at what state-of-charge vinylene carbonate
forms and if this correlates with the release of 'O,. Our findings
indicate that VC is formed within operational voltages (i.e.
<4.2 V) with a notable increase in VC concentration being
observed at >4.3 V, coinciding with lattice oxygen release,
supporting previous 'O,-driven EC degradation mechanisms.
However, our investigation revealed that RB may not be a
suitable photocatalyst for the study of EC degradation reactions
and appears to mediate side reactions thereby impacting the
reliability of analytical data. By developing alternative methods
to study 'O, reaction routes with EC, we show that no degrada-
tion of EC occurs through this route and that direct reaction
with 'O, is not the source of EC degradation within Gr-NMC811
full-cells.
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Results & discussion

We first sought to evaluate the link between cell potential, 'O,
release, and the formation of the organic by-product VC from
electrolyte degradation within Gr-NMC811 full-cells.**** This
was achieved by quantitatively assessing the amount of VC
formed within VC-free LP57 electrolyte of cycled Gr-NMC811
full-cells using a gas chromatography-mass spectrometry (GC-
MS) method (see ESIt for details). The concentrations of VC in
the extracted electrolyte solutions were measured following
three C/20 formation cycles to different upper cut-off voltages
(UCV) between 3.9-4.5 V (Fig. 2a). The chromatograms showed
no deviation from the baseline for electrolyte solution extracted
from cells cycled to an UCV of 3.9 V, but small peaks corres-
ponding to the retention time of VC were observed in the
measurements of samples with UCVs of 4.0 V and greater.
GC-MS analysis of electrolyte solutions extracted from cells
after 10 cycles at C/2 (including three formation cycles) indicated
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Fig. 2 Detection of vinylene carbonate formation within Gr-NMCB811 full-cells showing increased concentration at higher UCVs which coincides with
oxygen release from the nickel-rich electrode. Ex situ GC-MS analysis of VC from electrolyte solutions extracted from Gr-NMC811 full-cells after (a) 3
formation cycles and (b) with an additional 10 cycles at the UCVs indicated in the figure. (c) Plot of VC concentration within electrolyte extracted from
cycled Gr-NMC811 cells (LOQ: limit of quantification). (d) Online electrochemical mass spectrometry (OEMS) of O, evolution from a Li-NMC811 half-cell.
The electrolyte solution was LP57 for OEMS measurements, cell potential corrected in relation to graphite full-cell (see ESIt for details).
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formation of VC in cells cycled with an UCV as low as 3.9 V (Fig. 2b
and c), however, we note this is below the limit of quantification.*>
A clear relationship between UCV and VC concentration is
observed in both cycling regimes, with a notable increase in
VC concentration in electrolytes extracted from cells cycled to
UCVs of >4.3 V (Fig. 2c). Online electrochemical mass spectro-
metry analysis of a Li-NMC811 half-cell indicated the onset of
O, release on charge to be at 4.22 V (Fig. 2d), which coincides
with the sharp increase in electrolyte degradation, indicated by
an increase in VC concentration, at UCVs greater than 4.2 V
(Fig. 2¢). Considering a fraction of this O, has been shown to be
in the 'O, spin state,>® these findings are consistent with
previously proposed hypothesis that EC degradation and VC
formation may be a 10,-driven process.25 However, in lower-
nickel-content Gr-Nij 33C00.33Mn, 330, (Gr-NMC111) full-cells,
where O, release is not reported until ~4.7 V,"” we also detect
significant levels of VC formation at an UCV of 4.3 V (Fig. $4,
ESIY), further indicating that EC-degradation can occur inde-
pendently from O, release as previously observed.?* >
Typically, VC is added to nickel-rich cells as a sacrificial
additive which participates in the formation of a robust and
protective solid electrolyte interphase (SEI) on the negative
electrode, mitigating reductive decomposition of other electro-
lyte components, and prolonging cell life.**** To explore the
necessity of VC when using nickel-rich electrodes, Gr-NMC811
full-cells containing an LP57 electrolyte with (LP57-VC) and
without 2 wt% VC additive were cycled at C/2 for 500 cycles.
An UCV of 4.2 V was employed due to the reduced oxidative
stability of the VC containing electrolyte (see ESI,i Note S1).
A hysteresis voltage plot of the cell containing LP57-VC (Fig. 3a)
shows an initial charge capacity and coulombic efficiency (CE)
of 217.2 mAh gyme " and 91.2%, respectively. These metrics are
consistent with the reversible capacity expected for the first
formation cycle of Gr-NMC811 cells containing a SEI optimis-
ing additive, where some loss of lithium inventory due to SEI
formation is expected. Cycling of cells containing only LP57
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(Fig. 3a) demonstrated a marginally higher initial charge capa-
city of 226.1 mAh gyuc ' but an expectedly lower first cycle CE
of 86.0%. The drop in CE can be attributed to an inefficient SEI
formation stage. Conversely, long-term cycling data at C/2
(Fig. 3b) demonstrates that the cell without VC outperforms
that with the additive over the first 400 cycles, with an average
CE of 99.92%. By the 400th cycle, the capacity of the cells
containing LP57-VC and VC-free electrolyte have reached
148.2 and 149.4 mAh gNMC’I, respectively, marking ca. 80%
capacity retention. These data indicate that LP57 Gr-NMC811
full-cells can perform comparable to, or even exceed, the
performance of Gr-NMC811 cells doped with 2 wt% VC, which
is at least in part ascribed to the in situ VC formation, which
coincides with prior reports supported by operando Raman
spectroscopy.>® However, following 400 cycles, the greater VC
concentration shows slight improvement, emphasising its
importance in electrolyte formulation.

Having confirmed the formation of vinylene carbonate
within the cell, we now consider the reaction between ethylene
carbonate and '0,. By use of an online mass spectrometry
(OMS) method we were able to monitor the reaction between
'0, and EC.*> Ground state oxygen (*0,) is flowed through a
solution that contains a photocatalyst and the O, flux is
measured using mass spectrometry. Upon illumination, 'O, is
generated and any decrease in O, signal can be related
to reactions between 'O, and the analyte. In the absence of a
degradation reaction between 'O, and EC, O, flux should
remain constant. In addition, release of CO, may suggest
reaction between 'O, and EC, as it is a by-product common
to the two proposed degradation pathways (Fig. 1)**° and a
product of complete oxidation. To demonstrate this method, a
positive control using 10 mM of the 'O, trap 9,10-dimethyl-
anthracene (DMA) in EC with 10 uM of the photosensitiser RB
at ca. 40 °C with constant flow of 20% O, in Ar gas was used
(Fig. 4a). Upon irradiation with a green LED lamp (5 W), an
on-off response was observed, seen as the decrease in O, flux as
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Fig. 3 Cycling data for Gr-NMCB811 full-cells showing cells with and without vinylene carbonate achieve similar performance. (a) Hysteresis plots of
Gr-NMC811 full-cells with and without 2 wt% VC. (b) Capacity performance and coulombic efficiency vs. cycle number for every fifth cycle over
500 cycles. Cells contained an LP57 electrolyte solution with or without 2% VC, and were cycled for three C/20 formation cycles (not shown) followed by

C/2 cycling between 2.5-4.2 V.
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Fig. 4 OMS analysis demonstrating that ethylene carbonate itself is stable
to 10, and that CO, release is coupled to the photocatalyst instability. (a)
Change in O (32 m/z) flux for solutions of 10 mM DMA in EC showing O,
is generated and reacting with DMA when illuminated; (b) change in O,
(32 m/z) flux for EC solutions showing no notable reactivity of 'Oy;
(c) change in CO, (44 m/z) flux for EC solutions indicating CO, release
for reactions containing RB but not TPP. All EC solutions contained 10 uM
of photocatalyst (RB: red line; TPP: purple line) and a constant flow of 20%
O, in Ar gas was used during OMS measurements.

photogenerated '0, reacts with DMA by a hetero-Diels-Alder
reaction.®®?” The Diels-Alder reaction forms the peroxy-
bridged product, 9,10-dimethyl-9,10-dihydro-9,10-epidioxy-
anthracene (DMA-0O,), as supported by "H NMR spectroscopy
(Fig. S8, ESIT), albeit under these reaction conditions moderate
selectivity was achieved (55%) as minor by-products were also
observed. When 10 pM of RB was used to generate 'O, in EC
without DMA under similar reaction conditions (Fig. 4b and c), no
decrease in O, flux was detected indicating no reaction between
0, and EC; however, CO, release was still recorded with peak flux
at 0.0062 nmol s, which aligns with prior reports.”® In the
absence of a photocatalyst or light there were no significant
change in O, or CO, flux (Fig. S11, ESIt). The RB concentration
was increased 50-fold (500 pM) which increased peak CO, flux
to 0.093 nmol s, and still no O, consumption was observed
(Fig. S10, ESIt). Bleaching of the RB photocatalyst was noted
following 110 min of illumination in EC (Fig. S12, ESIf). This
observation, paired with the release of CO,, and absence of O,
consumption, indicates that RB takes part in unexpected side
reactions that generate CO, but are not associated with EC
degradation in the cell. We note that a weak NMR signal from
0-enriched H,0 was detected in prior studies with RB and

This journal is © The Royal Society of Chemistry 2025
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70,,”* and thus minor reactions with 'O, including isotopic
scrambling reactions cannot be excluded. We conclude, therefore,
that RB is not a suitable photocatalyst for these studies.

To decouple CO, release from RB instability, control experi-
ments were performed using of 5,10,15,20-tetraphenyl-
21H,23H-porphine (TPP), as an alternative photosensitiser to
RB.>>*® 10 uM TPP was added to EC containing 10 mM DMA
and O, flux was monitored by OMS (Fig. 4a). Illumination by a
red LED lamp (40 W) at ca. 40 °C under a constant flow of 20%
O, in Ar gas showed O, consumption responded in an on-off
manner to the irradiation, similar to that observed when using
RB, but with greater 'O, production (Fig. S13, ESIf). '"H NMR
spectroscopic analysis indicated that conversion of DMA to
DMA-O, progressed with greater selectivity (77% selectivity,
Fig. S9, ESIT) than that observed when using RB, with minimal
bleaching of TPP, suggesting that TPP has greater stability
under the reaction conditions. The experiment was then per-
formed in the absence of DMA, with O, and CO, flux monitored
using OMS (Fig. 4b and c). The data indicated no consumption
of 0, or CO, release upon generation of 'O, suggesting that 'O,
does not readily react with EC and confirms that CO, release is
a RB-coupled phenomenon, thereby highlighting the impor-
tance of considered catalyst selection (see ESIT for details).

To account for a slow reaction between 'O, and ethylene
carbonate, which may impact long term cycling of a Li-ion cell,
a solution of 0.1 M EC and 100 uM TPP in CDCI; was irradiated
for 22 hours under an atmosphere of O,. The use of deuterated
chloroform allowed for an increase in photocatalyst concen-
tration and an extended 'O, half-life,**™*" thereby increasing
the probability for EC to react with 'O, (see ESIfNote S2).
Despite these allowances, analysis by quantitative '"H NMR
spectroscopy showed no consumption of EC (Fig. 5) or for-
mation of related products, VC or otherwise, under these
reaction conditions. Ultimately, EC appears stable to 'O, which
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Fig. 5 H NMR spectra of ethylene carbonate after long-term exposure to
10, showing no detectable reaction between EC and 'O,. 0.1 M EC with
100 uM TPP in CDCls under an atmosphere of O, was illuminated by a red
LED lamp (40 W) for 22 hours. Intensities corrected to the internal standard
(dimethyl sulfone). (inset) A plot showing no relevant percentage change in
moles of EC over the course of this reaction. Aliquots were taken for
analysis by quantitative '"H NMR spectroscopy. This reaction was con-
ducted in duplicate and results from the two reactions averaged.
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importantly is in agreement with recent computational
reports,®™*> and highlights the need for careful consideration
of 0, reactivity within electrochemical cells.** This suggests
that VC formation occurs through alternative pathways in Gr-
NMC811 full-cells, which should be the focus of further study.

Conclusion

Lattice oxygen release in the singlet spin state from NMC811
has long been suspected to be a major degradation mode for
ethylene carbonate and a route to vinylene carbonate, both
common components in commercial Li-ion electrolytes. Here
we have shown that this reaction pathway is not operative.
While we have demonstrated that EC degradation to VC in
Gr-NMC811 full-cells does occur, this reaction is not due to
singlet oxygen and future studies should focus on the reactivity
of the nickel-rich surface or alternative oxygenic species. Inter-
estingly, we have shown that this adventitious VC formation
within NMC811 cells may preclude the need for the direct
addition of VC, as cells containing VC-free LP57 perform
comparably to cells with VC-containing LP57 up to 400 cycles.
Finally, our studies show that particular care must be taken
when studying 'O, under battery conditions, as the introduction
of battery components and solvents add additional complexity.
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