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ABSTRACT: Cathode electrolyte interphases (CEIs) formed with the |iBoB4.3V: LiBoB 4.5 V:
electrolyte additives of vinylene carbonate (VC) and lithium bis(oxalate)- Thick CEI .~~~ ThinCEl
borate (LiBoB) were evaluated after extended cycling up to 4.3 V. At 43V, F-rich HF Scavenged

the Gen2 + LiBoB electrolyte forms a thick fluorine-rich CEI and has poor Oxalate BF,

electrochemical performance (24.4% capacity retention at 460 cycles), while

the Gen2 + VC electrolyte forms a thin organic CEI and has superior

electrochemical performance (75.0% capacity retention at 1000 cycles).

These results demonstrate the superiority of the Gen2 + VC electrolyte-

derived CEI at 4.3 V. The poor performance of the Gen2 + LiBoB VC4.3V: ~ 7 vVC4.5V:

electrolyte at 4.3 V contradicts the benefits of an HF scavenger above 4.5 V, Thin CEl Thin CEl

suggesting voltage-dependent behaviors. To validate the efficacy of the Poly-vC Poly-VC
P-rich HF Tolerant

Gen2 + LiBoB electrolyte as an HF scavenger, the higher cycling voltage of
4.5 V was used as a mechanistic probe to evaluate additive efficacy under
harsher and HF-rich electrochemical conditions. At 4.5 V, the Gen2 + LiBoB electrolyte demonstrates superior cycling (84.2%
capacity retention at 200 cycles) compared to the Gen2 + VC electrolyte (78.5% capacity retention at 200 cycles) and the Gen2
electrolyte system (59.5% capacity retention at 200 cycles).This study demonstrates the voltage-dependent nature of electrolyte
additive efficacy and how operating voltage must be a selection criterion for any electrolyte additives to ensure the controlled
formation of a robust and high-performance CEI

KEYWORDS: batteries, cathodes, interfaces, stability, electrolytes, additives

Unstable CEI

B INTRODUCTION The CEl is the phase of material that forms on the surface of
cathode materials as a result of reactions between the
electrolyte species and the cathode material during the cycling
of the battery.”"'™"” The dominant routes for the decom-
position of electrolyte species from electrochemical cycling
have been demonstrated to be the decomposition of carbonate
species, specifically ethylene carbonate (EC), and the
protonation of LiPFg leading to the formation of HE.'®™*’
The oxidative byproducts of the carbonate decomposition
reactions result in a myriad of oxidized organic compounds
that build up on the cathode surfaces. Decomposition reactions
can be both chemical and electrochemical. Chemical reactions
occur as a function of time and temperature without the need
for electrochemical cycling and can even occur between
electrode materials and the ambient atmosphere.”* These
chemical reactions will therefore undoubtedly occur to some

Cathode materials are one of the primary limitations on the
energy density of contemporary lithium-ion battery technolo-
gies, with the cathode accounting for the single largest
contribution to the system mass while simultaneously havin%
lower energy density than the associated anode materials.'~
To increase the energy density of batteries, there are two
approaches: using cathode materials with higher capacity and
expanding the operational voltage windows. High-capacity
NMC materials with progressively greater nickel content, such
as NMCS811, can be used; however, these high-capacity
cathode materials are often unstable at higher operational
voltages beyond 4.3 V.*”” Specifically, when operated at
elevated voltages, high Ni NMC materials experience
significant interfacial and bulk instability, with previous
works demonstrating rapid cycling fatigue, structural insta-
bility, oxygen loss, and thermal instability.”~"? While advances
in the cathode material itself are required to resolve the bulk
instabilities, the stabilization of the interface can be approached
through designing the cathode electrolyte reactions. Therefore,
understanding the principles that drive cathode electrolyte
interphase (CEI) stability and designing electrolytes to ensure
stable CEI are crucial for facilitating stable NMC cycling.'""*
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Figure 1. Cycling results from NMC811 full cells with various electrolyte blends cycled to 4.3 V vs graphite: (a) specific discharge capacity over
cycling numbers; (b) Coulombic efficiency data for cycling; (c) oxidation and reduction dQ/dV plots of the first cycle at a rate of C/3; (d)
oxidation and reduction dQ/dV plots of the final cycle, 500th for Gen2, 460th for Gen2 + LiBoB, and 1000th for Gen2 + VC, all at the rate of C/3.

degree upon cathode/electrolyte contact. However, while these
reactions might influence the electrochemical behavior, they
are not controlled through electrochemistry and therefore are
more related to inherent material quality. Electrochemical
reactions, by contrast, occur at specific potential(s), or as a
result of the induced electrochemical changes to a material,
either intended or unintended. These electrochemical
reactions, therefore, both influence and are influenced by the
history of the cell*>° Therefore, for this investigation, the CEI
will refer specifically to the electrochemically derived electro-
lyte/cathode surface films. During cycling, decomposition
reactions cause the buildup of surface products, both organic
from solvent breakdown and inorganic from salt and active
material breakdown. Uncontrolled surface product buildup can
induce cell failure through the loss of electrolyte, degradation
of the cathode, and increasing barriers for Li* transport.'>*”**
Significantly, both HF and the decomposition of carbonate
species in the electrolyte have been found to accelerate the
dissolution of transition metals from NMC cathodes, which in
turn accelerates both cathode and anode degradation.”*”~**
Therefore, an ideal CEI must fill multiple roles, with sufficient
coverage and chemical stability to prevent the continual
degradation of electrolyte/cathode reactions and HF attack,
while simultaneously facilitating effective electrochemical
cycling and Li* transport.

NMCS811 presents additional challenges beyond those posed
by the high operational potential. During electrochemical
cycling, NMC811 undergoes a number of phase changes
driven by the intercalation/deintercalation of lithium from the
lattice.”**° The volume changes in the NMC811 lattice from
these phase changes induce strain in the cathode and the CEL
The cracking in both phases exposes new interfaces for
reactions that will drive further electrolyte and cathode
decomposition.35 CEI formation, particularly poor CEI

formation, on newly exposed surfaces prevents reversible
phase change, leading to crack growth and material
degradation. During cycling, NMC also loses oxygen,
predominately from the surfaces, leading to the formation of
surface phases and rapid oxidation of the electrolyte,
accelerating electrolyte decomposition and increasing impe-
dance, respectively.' >’ ~** While the role of the evolved
oxygen species in the decomposition of electrolyte and
formation of CEI is still debated, this effect over extended
cycling can induce failure in NMC cathodes and their
CEL’ ™’ The degradation of NMC to form surface phases,
such as a rocksalt phase, results in electrochemically inactive
surfaces that hinder Li" transport, hasten transition-metal
dissolution, and induce failure.'”*"*”7** Therefore, to be
compatible with NMC811, the CEI must be stable against the
mechanical strains from volume changes during cycling,
maintain ionic and electronic conductivities, and withstand
oxidative stresses.

This investigation focused on two electrolyte additives,
vinylene carbonate (VC) and lithium bis(oxalate)borate
(LiBoB), for the baseline electrolyte of 1.2 M LiPF, in a 3:7
ratio of EC and ethyl methyl carbonate (EMC), known as
Gen?2 electrolyte. VC was selected as an additive due to the
demonstrated efficacy in forming stable SEL*"** Recent
investigations also demonstrate that VC can polymerize on
cathode surfaces, forming a stable analogue of decomposed
electrolyte, leading to passivated surfaces and a stable
CEL*"**~* LiBoB serves a different purpose in the electrolyte,
with previous studies demonstrating its ability to act as an HF
scavenger, effectively suppressing the dissolution of the
cathode material through HF attack and preventing further
surface degradation.””*" LiBoB is also predominantly used at
high-voltage conditions (>4.5 V vs Li/Li*), where electrolyte
degradation and LiPF¢ degradation are accelerated, leading to
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greater HF formation.”®"” This mechanistic difference allows
for the evaluation of each additive’s efficacy and comparison of
the resultant CEI stabilities with different voltage cutoffs. We
thus compare the electrochemical performance of these
electrolyte/additive systems in full cells, paired with surface
and morphological characterization to inform additive
selection criteria. Finally, CEI formation mechanisms are
proposed for each additive system, including voltage-depend-
ent performance changes.

B RESULTS AND DISCUSSION

Results

Electrochemical Performances with a 4.3 V Cutoff.
The initial assessment of the electrolyte additive performance
on the formation of CEI and stability was conducted in
NMCS811 | graphite full cells at 4.3 V vs graphite, as shown in
Figure 1 (note that for this investigation, all voltages will be
provided vs graphite unless otherwise stated). The differences
between the electrolyte systems’ behavior at 4.3 V are evident
based on their capacity retention. The Gen2 system displays
capacity retention of 73.4% over 500 cycles. The Gen2 +
LiBoB system demonstrates capacity retention of 24.4% after
460 cycles. The Gen2 + VC system demonstrates capacity
retention of 87.4% after 500 cycles, and 75.0% after cycling
extension to 1,000 cycles, as shown in Figure la. Consumption
of lithium inventory in each electrolyte system is evident in the
initial Coulombic efficiencies of the cells shown in Figure 1b:
80.27%, 86.36%, and 85.16% for the Gen2, Gen2 + LiBoB, and
Gen2 + VC systems, respectively. The higher efliciency of the
Gen2 + VC and Gen2 + LiBoB systems demonstrates the
lower degree of lithium consumption in the initial SEI and CEI
reactions compared to the Gen2 system. Continued cycling
reveals that the Gen2 + VC system maintains the highest
average Coulombic efficiency of the electrolyte blends,
representing the lesser degree of parasitic side reactions
occurring in the system. The Gen2 + LiBoB system, however,
has the lowest average Coulombic efficiency, representing how
that system has the greatest degree of parasitic side reactions
driving the loss of lithium inventory and cell degradation.
These cycling data indicate that while operating at 4.3 V, the
VC additive dramatically improves the cycling stability and
performance of the full cell, while the LiBoB additive reduces
the stability and performance.

The poor performance of the Gen2 + LiBoB electrolyte at
4.3 V is not consistent with the understanding of the additive
as an HF scavenger."”** The lower Coulombic efficiency
suggests that at 4.3 V, side reactions are encouraged in the
Gen2 + LiBoB electrolyte. This becomes particularly apparent
in the shift between the dQ/dV redox peaks between the first
cycle at C/3 rate and final cycles, where the Gen2 + LiBoB
electrolyte system shows more rapid loss of phase transitions
than the other electrolytes. The Gen2 + VC and Gen2 + LiBoB
systems, however, have additional redox peaks visible in the
dQ/dV plot of the first cycle at C/10 rate (Figure S1). An
additional oxidation peak near 4.2 V is present for the additive
systems, which is not present for the Gen2 system and is not
attributable to H;, M, H,, or H; phase transitions of the
NMC." Furthermore, this 4.2 V peak signature is limited to
the initial cycle, indicating that the additives undergo
electrochemical reactions as soon as the formation cycle.
Additionally, the initial oxidation peak voltage is lower in
additive systems, further demonstrating that electrolyte

additives such as VC and LiBoB alter the CEI formation
from initial cycling onward.

Polarization growth in the shift of redox peak potentials
from dQ/dV also supports the rapid buildup of surface
material for the Gen2 + LiBoB electrolyte system compared to
the Gen2 + VC system. The first cycle dQ/dV (Figure S1)
shows Gen2 with the greatest initial redox peak to redox peak
polarization of 0.21 V, while the Gen2 + VC and the Gen2 +
LiBoB samples show lower polarization of 0.12 V. As shown in
Figure 1c, the polarization of the cells shifts at a rate of C/3,
with the Gen2 cell’s polarization decreasing to 0.11 V, while
the Gen2 + VC staying constant at 0.12 V and the Gen2 +
LiBoB’s polarization dropping to 0.05 V. However, by the
100th cycle (Figure S1), the Gen2 + LiBoB system experiences
significant polarization increasing to 0.22 V compared to 0.17
V for the Gen2 and 0.18 V for the Gen2 + VC systems. The
increase in polarization growth over the course of cycling
demonstrates that the CEI for the Gen2 + LiBoB system is
continually forming during cycling and is not as stable as the
other systems. The resultant unstable CEI could increase
polarization through forming more resistive CEI or through
damaging the NMC surfaces when cycling. Both scenarios
demonstrate that the LiBoB-induced parasitic reactions do not
form an ideal CEL

To help determine the impact of voltage on the electrolyte
systems’ stability, linear sweep voltammetry (LSV) of all
electrolyte systems was performed (Figure S2). The Gen2 +
LiBoB system demonstrates the greatest electrochemical
stability with no observable increase in current until the
potential of 4.5 V, while the Gen2 + VC system has the earliest
onsets of decomposition with an increase in current signal as
early as 4.2 V. The lower decomposition potential of the Gen2
+ VC electrolyte indicates that the formation of the CEI
occurred at voltages before bulk electrolyte decomposition.
The LSV of the Gen2 + LiBoB system, on the other hand, is
more voltage-stable, with current only rising significantly when
run at 4.5 V. Reduced current response in the Gen2 + LiBoB
electrolyte indicates that a CEI is not formed before bulk
solvent degradation, and therefore, the Gen2 + LiBoB
electrolyte cannot effectively mitigate this decomposition
pathway.

Following the verification of electrolyte voltage stability,
electrochemical impedance spectroscopy (EIS) characterized
the films formed from electrolyte/electrode reactions. After
one formation cycle at C/10, NMC811 full cells showed that
in the Gen2 electrolyte, higher voltage cycling increases the
overall impedance and film resistance. Film resistance increases
relative to charge-transfer resistance, highlighted by R2/R3
ratios, with the R2/R3 of 0.366 (4.3 V) and 0.478 (4.5 V)
(Figure S3, Table S1). Half-cell EIS testing shows similar
voltage growth trends, with R2/R3 ratios of 0.331 (4.3 V) and
0.374 (4.5 V) (Figure S4, Table S2), confirming that Gen2
forms a passivating CEI (R2/R3 < 1) despite the increased
resistance at a higher voltage. Gen2 + VC full cells and half-
cells likewise display passivating CEI with R2/R3 values of
0.342 (4.3 V) and 0.378 (4.5 V) for full cells and 0.206 (4.3 V)
and 0.207 (4.5 V) for half-cells (Figures S3 and S4, Tables S1
and S2). Consistent R2/R3 ratios for Gen2 + VC samples
indicate that VC polymerization occurs before 4.3 V, and CEI
growth proceeds regardless of the upper cutoff voltage. Gen2 +
LiBoB full cells deviate, with R2/R3 ratios of 5.174 (4.3 V) and
0.580 (4.5 V), demonstrating that low-voltage CEI is
nonpassivating and resistive. Although the equivalent circuit
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Figure 2. Carbon 1s and phosphorus 2p XPS spectra of the electrodes cycled at 4.3 V in Gen2, Gen2 + LiBoB, and Gen2 + VC electrolytes.

fit for the half-cell data was limited (Figure SS), both film
resistance and charge transfer resistance qualitatively appear
higher after 4.3 V cycling. EIS data indicate that at higher
voltage, Gen2 electrolytes have greater CEI formation, while
the VC additive results in consistent voltage-agnostic CEI
formation, and the LiBoB additive exhibits voltage-dependent
CEI formation.

To determine the impact of the parasitic reactions in the
Gen2 + LiBoB electrolyte at 4.3 V, an electrolyte system
containing both LiBoB and VC additives was evaluated (Figure
S6). The Gen2 + VC + LiBoB electrolyte system has a capacity
retention of 77.8% at 500 cycles and an average Coulombic
efficiency of 99.88%, suggesting that the combination of VC
and LiBoB is not synergistic and provides no mutual benefit.
LiBoB, therefore, is not scavenging HF to protect the Gen2 +
VC-derived CEI but rather interferes with the formation of
stable Gen2 + VC-derived CEI at the moderate conditions of
43 V. LSV results indicate that the LiBoB impacts on
electrolyte stability are not demonstrated until 4.5 V. If the
LiBoB additives were simply ineffective at 4.3 V, the result of
mixed VC and LiBoB additive electrolyte should behave more
similar to the Gen2 + VC additive, and the Gen2 + LiBoB
additive should behave more similar to the Gen2 electrolyte.
However, systems with LiBoB operating at 4.3 V consistently
underperform, indicating active interference rather than
ineftectiveness. The detrimental impact, therefore, is likely
the result of the LiBoB additive encouraging parasitic reactions
that accelerate the degradation of the system at 4.3 V,
demonstrating that additive selection for the formation and
stabilization of CEI must consider operational conditions. The
ineffective binary electrolyte additive system is not unprece-
dented, with previous studies indicating that additives can

influence each other’s solvation structures and decomposition
pathways preventing additive cooperation.'>***!

Assessment of CEl Chemistry and Morphology.
Chemical information about the mechanistic changes of the
electrolyte additives at 4.3 V was provided through X-ray
photoelectron spectroscopy (XPS), as shown in Figure 2. The
Gen2 system has relatively high sp> carbon bonding peaks at
4.3 V with a sp?/sp® carbon ratio of 0.62. The high ratio of sp’
to sp® carbon is consistent with the breakdown of the
electrolyte into complex organics.”® The electrode cycled in
the Gen2 + VC electrolyte, by contrast, has a low sp> bonding
characteristic with an sp?/sp® ratio of 0.07. The reduction in
the sp” characteristic is consistent with the loss of the C=C
bonds of VC during polymerization and the subsequent surface
passivation by the Gen2 + VC-derived CEL** The C 1s sp?/sp°
ratio shifts in the Gen2 + LiBoB-cycled electrodes to a ratio of
0.20. Compared to Gen2, the lower sp®/sp® ratio of the Gen2 +
LiBoB systems indicates less solvent breakdown and a less
organic CEL Formation of a passivating CEI, such as that
derived from Gen2 + VC, is demonstrated to reduce
electrolyte decomposition and the buildup of complex organics
in the CEL

The C-O to O=C-O bonding of the Gen2 + VC
electrolyte system is consistent with the organized ether-rich
polymeric VC-derived CEI with high C—O/O=C-O ratios of
2.21 for the C 1s spectra and 0.66 for the O 1s spectra (Figure
S7). The Gen2 system’s C—O/O=C—O ratios of 1.99 for C
1s and 0.27 for O 1s are consistent with the formation of a
mixed organic CEI with a greater carbonate concentration than
for the Gen2 + VC case. The CEI from the Gen2 + LiBoB
system is highly carbonate-rich, as indicated by the low C—0O/
O=C-0O ratios of 1.62 for C 1s and 0.11 for O Is,
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Figure 3. TEM and EDS of cycled NCM811 samples collected at cryogenic temperatures with inert transfer. (a) (i) TEM of NMC811 cycled in
Gen?2 at 2.6—4.3 V for 500 cycles, (ii) EDS of the large NCM811 particle, (iii) weight fraction of each element along the green arrow in the EDS
image. (b) (i) TEM of NMC811 cycled in Gen2 + LiBoB at 2.6—4.3 V for 460 cycles, (ii) EDS of the large NCM811 particle, (iii) weight fraction
of each element along the green arrow in the EDS image. (c) (i) TEM of NMC811 cycled in Gen2 + VC at 2.6—4.3 V for 1000 cycles, (ii) EDS of
the large NCM811 particle, (iii) weight fraction of each element along the green arrow in the EDS image.

accompanied by an upshift in binding energy consistent with a
phosphorus-rich coordination environment. The low carbonate
content of the Gen2 + VC electrolyte, therefore, demonstrates
that the polymeric Gen2 + VC-derived CEI prevents further
carbonate solvent breakdown. The higher carbonate content in
the Gen2 and Gen2 + LiBoB systems indicates that the CEI in
these systems is the result of greater electrolyte solvent
oxidation and breakdown. The data also indicate that the high
relative carbonate content in the CEI is detrimental.

The O 1s spectra (Figure S7) provide information about the
thickness or the heterogeneity of the CEL The lattice oxygen
signal shown in the O 1s spectra, for both the Gen2 and Gen2
+ VC samples, indicates either a thin CEI below the
approximately 10 nm XPS penetration depth or a highly
heterogeneous CEL No lattice oxygen signal is observed for
the Gen2 + LiBoB system, indicating a CEI thickness
exceeding an approximate 10 nm limit. The thicker CEI for
the Gen2 + LiBoB system is another indicator of greater
electrolyte decomposition as a result of parasitic reactions.

XPS P 2p spectra of the samples demonstrate P—O and P—F
bonding in all cycled samples, but the 4.3 V Gen2 + LiBoB
sample, and the pristine electrode (Figure S8). The Gen2
electrolyte-cycled electrode has a P—F/P—O ratio of 2.4S,
indicating that LiPF4 has not experienced a significant degree
of P—O-forming hydrolysis reactions. The lower degree of
hydrolysis is consistent with low amounts of HF formation, as
anticipated at 4.3 V. The Gen2 + VC electrolyte-cycled
electrode’s P—F/P—O ratio is 1.70, indicating a larger degree

of P—O-forming hydrolysis reactions while maintaining high
electrochemical performance. Uniquely, the Gen2 + LiBoB
electrolyte-cycled electrode does not have any visible P—F,
with P—O and P—C bonding present demonstrating a
significant degree of LiPF breakdown through both hydrolysis
for P—O and parasitic routes for P—C. No P—F bonding signal
being detected further demonstrates the parasitic shift seen in
the Gen2 + LiBoB electrolyte-cycled electrode at 4.3 V. For the
F 1s spectra of Gen2 and Gen2 + VC-cycled samples (Figure
S7), the organic fluoride signal is higher than that for the Gen2
+ LiBoB-cycled sample. The high F™-bonding signal of the
Gen2 + LiBoB sample without a strong P—F signal further
demonstrates the alteration of the fluorine chemistry of the
CEI resulting from the inclusion of the LiBoB additive.

Cumulatively, XPS analysis reveals the voltage dependence
of the base chemical environment and the Gen2 electrolyte
CEL The XPS spectra of the Gen2-cycled materials are
consistent with greater electrolyte solvent breakdown
compared to the hydrolysis of LiPF at 4.3 V. For the Gen2
+ VC system, XPS indicates the formation of a thin polymeric
CEI, mitigating the further decomposition of the electrolyte.
However, the Gen2 + LiBoB system’s XPS spectra
demonstrate parasitic decomposition reactions impacting the
C, P, F, and O surface chemistry of the thick CEL

ICP—MS of post-formation graphite anodes (Tables S10
and S11) revealed elevated concentrations of Li and P in the
anodes from Gen2 + LiBoB cycled at 4.3 V, relative to Gen2
and Gen2 + VC samples cycled at 4.3 V. These relatively high
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Figure 4. (Top) Postmortem scanning electron microscopy (SEM) images of pFIB cross sections and (Bottom) scanning transmission electron
microscopy (STEM) images of NMC811 particles after cycling in electrolyte environments of: (a) Gen2; (b) Gen2 + LiBoB; (c) Gen 2 + VC; (d)

Gen2; (e) Gen2 + LiBoB; (f) Gen 2 + VC.

concentrations are consistent with an increased level of
electrolyte decomposition during formation cycling. Addition-
ally, the B concentration measured on the 4.3 V Gen2 +
LiBoB-cycled anode was greater than that of the 4.5 V Gen2 +
LiBoB-cycled anode. Increased B concentration suggests
greater LiBoB decomposition at lower voltages, providing
more evidence of alternative decomposition pathways for
LiBoB at a low voltage. Transition-metal concentrations were
observed to be consistently low across all samples, suggesting
minimal cathode dissolution during formation cycling.

Energy-dispersive spectroscopy (EDS) of the CEI from
cryoTEM (Figure 3) confirms how the various CEI's have
different fluorine and phosphorus chemistries. The Gen2
sample has a relatively high concentration of fluorine and
phosphorus at the surface of the CEI with an F/P EDS signal
ratio of 2.86. The Gen2 + LiBoB sample has a very high
fluorine concentration in the CEI with the F/P intensity ratio
of 5.58. The Gen2 + VC sample has a lower relative
concentration of fluorine with an F/P intensity ratio of 1.41.
Relatively high levels of fluorine to phosphorus in the CEI
illustrate the decomposition of LiPF,, which has a theoretical
F/P ratio of 3.68. A F/P ratio higher than 3.68, such as that
with the Gen2 + LiBoB sample, would therefore constitute a
phosphorus-poor CEI, with the decomposition of LiPFq
resulting in the buildup of fluorinated species. The
accumulation of F~ species in the CEI of the Gen2 + LiBoB
sample demonstrates how the inclusion of the LiBoB additive
encourages LiPF4 decomposition. Gen2 and Gen2 + VC
samples’ lower F/P ratios are consistent with the F and P XPS
results, and a low F/P ratio demonstrates how LiPFq
decomposition occurs through hydrolysis, reducing F content
relative to P content. EDS also elucidated the impact of CEI on
the transition metals in the CEI and the transition-metal
concentrations near the material surfaces. As shown in Figure
3, all three cycled samples have nickel-poor surfaces before the
material bulk is reached. However, the Gen2 + LiBoB sample’s
surface has the greatest nickel deficiency, indicating a larger
degree of transition-metal dissolution than with the other
samples.

To directly quantify the CEI thickness for the cycled
samples, cryo-TEM with inert transfer was employed for
imaging of the primary particle surfaces (Figure 3). Gen2-

cycled material has CEI with variable thickness ranging from
20 to 60 nm (£S5 nm) where visible. The irregular CEI of the
Gen2 sample is consistent with the lattice oxygen observed
through XPS and confirms the heterogeneity of the Gen2 CEL
The variability of the Gen2 CEI also indicates that CEI
formation without additives is uncontrolled and continuously
propagates. CEI derived from the Gen2 + LiBoB electrolyte is
10 + 2 nm thick. The conformal thick CEI of the Gen2 +
LiBoB system is consistent with the previously mentioned
increased polarization, and the XPS data in Figure 2
demonstrate no visible lattice oxygen signal. Thick CEI also
suggests faster CEI formation from accelerated decomposition
reactions or CEI comprised of more insoluble inorganic
compounds. Both of these possibilities are supported by data,
with XPS and EDS indicating the Gen2 + LiBoB-derived CEI
is more fluorine-rich and electrochemistry suggesting rapid
decomposition. The Gen2 + VC-derived CEI is 3 + 2 nm
thick. Thin conformal CEI is consistent with the CEI
formation through controlled polymerization, and subsequent
mitigation of CEI building electrolyte decomposition reactions.

The Gen2-derived CEI has a fluorine and phosphorus ratio
that is the closest to that of LiPF, indicating that at 4.3 V the
formation of CEI is predominantly from the breakdown of
organic electrolyte solvents rather than from complex LiPFq
decomposition  Thick fluorine-rich CEI and nickel-poor
surfaces suggest that the Gen2 + LiBoB electrolyte has more
parasitic reactions that drive electrolyte decomposition and
transition-metal dissolution, which would accelerate cell failure.
The thin conformal and phosphorus-rich CEI of the Gen2 +
VC sample suggests that passivation of the NMC surfaces
reduces the formation of CEI and accumulation of harmful
CEI species.

Postmortem Analysis for CEl Efficacy. Postmortem
plasma-focused ion beam (pFIB) cross sections of the cycled
NMCS811 particles shown in Figure 4 demonstrate the impact
of the electrolyte system on the degree of intergranular
cracking. The pristine NMC811 particle (Figure S9) has a
dense, well-packed structure with no cracking. The Gen2-
cycled particle has an extensive degree of cracking, with crack
propagation extending throughout the entire particle, and the
crack area accounts for 7.42% of the particle’s area. The cracks
of the Gen2 + LiBoB-cycled sample also propagate through the
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Figure S. Cycling results from NMC811 full cells with various electrolyte blends and cycled at 4.5 V vs graphite. (a) First cycle C/10 voltage
profiles; (b) specific discharge capacity over cycling numbers; (c) Coulombic efficiency data for cycling; (d) oxidation and reduction dQ/dV plots
of the first cycle at a rate of C/10; (e) oxidation and reduction dQ/dV plots of the first cycle at a rate of C/3; (f) oxidation and reduction dQ/dV

plots of the 100th cycle at a rate of C/3.

entire particle. However, they account for a larger 16.01% of
the particle area. The Gen2 + VC sample has minor cracks
limited to the core of the particle, which account for 2.50% of
the particle area. These cracks are not visible on the surfaces of
the cycled particles (Figure S10), highlighting the need for
cross-section analysis to determine the degree of intergranular
cracking. Intergranular cracking is an established failure
mechanism of NMC cathode materials, and the observed
correlation between the degree of cracking and the overall
performance is consistent with this failure mechanism.***>

Intergranular cracking is the result of mechanical stress
accumulation at the grain boundaries of the secondary particle
from the changes in lattice volume from repeated cycling.*
Uncontrolled electrolyte reactions with the surfaces of NMC
drive degradation of the cathode surfaces, and defect-rich and
cracked grain boundaries provide new surfaces for these
reactions, leading to continual interfacial reactions that
accelerate cell failure. Postmortem STEM data of the cycled
NMC surfaces shown in Figure 4 demonstrate clear surface
reconstruction for the Gen2 and Gen2 + LiBoB samples when
compared to the pristine NMC sample (Figure S11). The
reconstructed surfaces are therefore consistent with the
observed pFIB cross sections of the cycled Gen2 and Gen2
+ LiBoB samples. For the case of the Gen2 + VC electrolyte,
the rapid formation of polymeric CEI mitigates degradation
reactions at the surfaces and therefore surface reconstruction,
as seen through postmortem STEM images in Figure 4. This
prevents continuous reactions from new surface exposure from
occurring and limits the degree of intergranular cracking
(Figure 4). Therefore, more passivating CEIs limit the degree
of intergranular cracking.

Electrochemical Evaluation with 4.5 V Cutoff. To
elucidate the voltage dependences of the LiBoB and VC
electrolyte additives, full cells were evaluated at 4.5 V, as shown
in Figure S. Previous literature has reported LiBoB as an

effective HF-scavenging electrolyte additive at voltages higher
than 4.5 V.*”** At an elevated voltage, the Gen2 system rapidly
fails reaching 59.5% capacity retention over 200 cycles, with
the initial Coulombic efficiency of 84.51% and average
Coulombic efficiency of 99.55%, indicating aggressive decom-
position of the electrolyte system, as shown in Figure 5b,c. XPS
measurements (Figure S12) confirm accelerated degradation,
with greater degrees of fluorinated species and fragmented
organics indicating elevated HF levels and greater electrolyte
breakdown. With a higher HF content at 4.5 V, the Gen2 +
LiBoB system excels, reaching 84.2% capacity retention over
200 cycles and high Coulombic efficiencies of initially 86.83%
before averaging to 99.85%. As confirmed through XPS
(Figure S12), the electrochemical performance shift is
accompanied by a shift in CEI composition, with the P—F/
P—O signal ratio indicating robust fluorine management and
mitigated electrolyte breakdown. XPS also reveals that at 4.5V,
the Gen2 + LiBoB-derived CEI is thin enough for the
observation of the O 1s lattice oxygen peaks, further
demonstrating a shift in the Gen2 + LiBoB electrolyte system’s
behavior from 4.3 to 4.5 V. The Gen2 + VC system
outperforms the Gen2 system, reaching 78.5% capacity
retention; however, initial Coulombic efficiency is low at
83.46% before averaging out to 99.82% over cycling. As shown
in the dQ/dV plots of the first two cycles, the Gen2 + VC
system once again has an additional oxidation peak near 4.2 V,
likely corresponding to CEI formation, which accounts for its
initially lower Coulombic efficiency. Formation of the
polymeric Gen2 + VC-derived CEI at 4.5 V is further
confirmed by XPS (Figure S12), demonstrating a consistent
low C 1s signal of low sp* bonding and relatively consistent
C—0 and O=C-0 bonding as well. However, the fluorine
signal for the 4.5 V CEI revealed significant buildup of fluorine,
suggesting that mitigating electrolyte solvent decomposition is
not sufficient for high-performing 4.5 V CEL
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Cycling at 4.5 V introduces accelerated electrolyte break-
down and an increased HF concentration. As demonstrated by
the shift in the dQ/dV curves between the first and 100th
cycles, broadening of peaks indicates the accelerated structural
degradation of NMC811 at 4.5 V compared to that at 4.3 V.
Loss of peak intensity and redox peak broadening in the dQ/
dV curves indicate the loss of discrete phase transitions during
cycling. Significantly, both Gen2 + LiBoB and Gen2 + VC
systems have greater intensity and peak retention than those of
the Gen2 system, indicating less structural degradation.
Additionally, dQ/dV analysis elucidates that the degrees of
polarization growth for the Gen2 + LiBoB and Gen2 + VC
systems are similar, with 0.21 V of growth over the first 100
cycles. The comparable polarization growth between the two
systems suggests a comparable CEI growth between the two
systems. By probing the impact of 4.5 V cycling on the two
electrolyte systems, it becomes clear that at 4.5 V, the LiBoB
additive is indeed an effective HF scavenger, mitigating system
degradation and allowing for the formation of an effective CEL

B DISCUSSION

This investigation demonstrates that no singular voltage
threshold provides an accurate assessment of electrolyte
additives’ efficacy. While the moderate cycling voltages of 4.3
V provide an environment where stable CEI is essential for
high performance, it might not be sufficient to determine how
additives are impacted by high HF concentrations formed at
higher voltages. As compared in Figure 1 and Figure 5, the VC
additive is highly effective at 4.3 V, and it is eclipsed by the
LiBoB additive at 4.5 V.

Through investigating the composition of CEI derived from
these electrolyte blends and their impact on cell failure, it is
clear that an effective electrolyte needs to encourage controlled
and limited CEI growth. Figures 2 and 3 demonstrate that
Gen2 electrolyte cycling at 4.3 V leads to continuous
electrolyte breakdown and the formation of heterogeneous
CEL The composition of the Gen2-derived CEI is also
demonstrated to be predominantly complex fragmented
organics, indicating that at 4.3 V the primary electrolytel
NMC degradation reactions are solvent decomposition
reactions, as shown in Figure 6a. The uncontrolled solvent
decomposition drives degradation of the NMC and causes the
formation of inconsistent and nonpassivating CEI The
degradation of the NMC surfaces drives NMC surface
reconstruction and passivation, leading to an accumulation of
stress and the formation of intergranular cracks that lead to
failure, as shown in Figure 4. When the voltage of this system is
increased to 4.5 V, the degradation mechanism shifts, as seen
in Figure 6d. The greater HF content at an elevated voltage
introduces an additional decomposition route besides solvent
breakdown, which accelerates failure and changes the
characteristics of the CEI to a more fluorine-rich environment.

The VC electrolyte additive is highly effective at mitigating
electrolyte breakdown at 4.3 V, and the Gen2 + VC electrolyte
forms a highly effective CEI that passivates the NMC surface.
Polymerization of the VC additive occurs at relatively low
voltages and forms a robust CEI during formation cycling,
preventing the continuous breakdown of electrolyte solvents,
as shown in Figure 6c. During this passivating polymerization,
VC is consumed to form the CEIL and the reaction terminates
either when the VC monomer supply is fully exhausted or if
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the CEI passivates the surface enough to prevent electron
transfer. Both of these routes limit and control the growth of
the CEL Cycling at 4.5 V reduces the efficacy of the Gen2 +
VC systems, as shown in Figure S. Cycling at 4.5 V does not
impact VC polymerization and surface passivation for NMC,
indicating that solvent decomposition is still mitigated.
However, at 4.5 V, greater HF concentration and NMC
instability introduce degradation routes that the Gen2 + VC
electrolyte does not address as effectively. This is particularly
observed through the accumulation of fluorinated species in
the Gen2 + VC-derived CEI at 4.5 V. The VC additive is
therefore highly effective at preventing the electrolyte solvent
decomposition, but at elevated voltages where multiple
decomposition pathways are present, the VC additive’s efficacy
is reduced.

The LiBoB additive is an excellent example of how the shift
in electrochemical environment impacts additive efficacy. At
4.3V, the data demonstrate the LiBoB additive accelerates cell
failure as the Gen2 + LiBoB electrolyte forms a thick inorganic
and ineffective CEI through the parasitic decomposition of the
electrolyte. Observation of increased O=C—O bonding signal
and the observed loss of transition-metal EDS signal after
cycling at 4.3 V suggest the parasitic decomposition of the
Gen2 + LiBoB electrolyte results in free oxalate species that
drive transition-metal loss and NMC degradation, as outlined
in Figure 6b. While oxalates are effective chelating agents that
can help explain the loss of transition metals at a moderate
voltage, direct spectroscopic studies for the confirmation of the
4.3 V oxalate mechanism are encouraged.53 Critically, at 4.3V,
the Gen2 + LiBoB system provides no moderation or
limitation on solvent decomposition, with the loss of transition
metals and degradation of NMC exposing new reactive
surfaces and encouraging breakdown. Alternative fluorine
decomposition and increased fluorine ion concentration in
the Gen2 + LiBoB-derived CEI further demonstrates that at
lower voltage, LiBoB encourages LiPF4 decomposition. Boron
has a high affinity for F~, making LiBoB an effective HF
scavenger, but in environments with reduced HF concen-
tration, LIPF¢ would be the predominant source of F~, and
LiBoB will interact with LiPF,.>* For this case, LiBoB/LiPF,
interactions weaken the P—F bonding, promoting F reactivity,
resulting in increased parasitic reactions. This mechanism
suggests that at low voltages the concentration of LiBoB can be
externally limited and be decreased to mitigate the degree of
harmful parasitic interactions, but more work is needed to
determine this complex relationship at low voltages. However,
at 4.5 V, the Gen2 + LiBoB system’s reactions are more
controlled and limited. As seen in Figure 6e, when LiBoB
scavenges HF, it is consumed to form BF,, limiting the scope
of the LiBoB reactions to the consumption of LiBoB itself.
This means that similar to the Gen2 + VC system, the Gen2 +
LiBoB system at 4.5 V undergoes controlled and limited
reactions, with HF regulating the LiBoB additive in much the
same way LiBoB regulates HF. Therefore, through scavenging
HF, the LiBoB additive simultaneously prevents HF-induced
cell degradation and protects the CEI during formation. In
turn, by converting LiBoB to BF,, the uncontrolled
degradation reactions that damage the CEI are also prevented.
These findings demonstrate that as an electrolyte additive,
LiBoB is best suited to high stress cycling conditions with high
HF concentrations that require scavenging.

These insights from the Gen2 + VC and Gen2 + LiBoB
electrolyte systems provide clear design criteria for forming

stable CEIL The primary insight is that regardless of the cycling
conditions, the formation of a CEI should be through
inherently self-limiting reactions. This property will provide
greater control of the overall electrolyte decomposition and
result in a conformal CEL For controlled CEI formation, the
additive concentration will need to be investigated to ensure
that the resultant CEI is optimized for passivation without
increasing interfacial resistance and interparticle stress. The VC
and LiBoB additives have different mechanisms for the
regulation of their CEI formation and control of electrolyte
decomposition. However, both high-performing systems, the
Gen2 + VC system at 4.3 V and the Gen2 + LiBoB system at
4.5V, result in thin CEI, demonstrating the efficacy of limited
and controlled CEI growth.

The mechanistic test at 4.5 V demonstrates that the more
aggressive cycling conditions require additives to specifically
address the additional degradation mechanisms. However, as
demonstrated with LiBoB, these additives should only be
considered for environments where the degradation mecha-
nism(s) they target are dominant, such as HF scavenging.
Otherwise, the additives can easily become contaminants and
cause unfavorable parasitic reactions. More generally, for
moderate voltage conditions, such as 4.3 V, where electrolyte
decomposition is the primary concern, controlled sacrificial
CEl-forming additives should be used. Mechanism-specific
additives should only be used at voltages where their targeted
degradation pathway dominates, such as HF regulation at >4.5
V.

Additionally, our data suggest that effective additives should
result in thin, conformal CEI as opposed to thick or
heterogeneous CEI. The formation of a thin CEI generally
indicates controlled electrolyte decomposition and fewer
interfacial barriers. The thick CEI suggests more rapid CEI
formation and, by extension, rapid degradation reactions.
However, while generally thicker CEI presents larger interfacial
barriers, the thickness of the CEI is only a reliable proxy for
CEI resistance across samples of the same chemistry, as
demonstrated through EIS measurement of film resistance. At
4.3 V, these principles are effectively demonstrated by the thin
and effective CEI derived from the Gen2 + VC electrolyte
compared with the thick ineffective CEI derived from the
Gen2 + LiBoB electrolyte.

B CONCLUSIONS

This study demonstrates how voltage can impact the CEI
formed from electrolytes containing VC and LiBoB additives.
The VC additive excels at 4.3 V, forming an early-stage CEI
that prevents the degradation of other carbonate species from
the electrolyte. The Gen2 + LiBoB electrolyte at 4.3 V has
poor performance, promoting the formation of a thick,
ineffective CEI composed of organophosphates and other
parasitic byproducts. At 4.5 V, the HF concentration in the
electrochemical environment increases, and the efficacy of the
electrolyte + additive systems changes. Gen2 + LiBoB is the
most effective electrolyte in the HF-rich 4.5 V environment,
and in this environment, HF scavenging is essential for CEI
preservation and performance. Gen2 + VC at 4.5 V still
mitigates the decomposition of electrolyte solvents, and the
Gen?2 system is outperformed. However, the accumulation of
fluorine prevents the Gen2 + VC electrolyte from exceeding
the performance of the Gen2 + LiBoB electrolyte, highlighting
how each additive addresses different degradation mechanisms.
These results establish three design principles for electrolyte
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additives and the formation of stable CEI: (1) an additive must
specifically target a degradation mechanism that occurs at that
operational voltage; (2) electrolyte additives should have self-
regulating reactions that serve to mitigate or prevent
continuous reactions; and (3) electrolyte additives should
promote the quick and early formation of thin CEI. Through
these design principles, this study provides a framework for the
selection of CEl-stabilizing electrolyte additives for moderate
to elevated voltages.

B EXPERIMENTAL/METHODS

Electrode Fabrication

Electrodes were prepared by mixing the prepared cathode materials
with polyvinylidene fluoride (PVDF), C45 carbon black, and N-
methyl-2-pyrrolidone (NMP) in a 96:2:2 mass ratio. PVDF was first
solvated in NMP before the introduction of carbon additives, and
finally, the NMCS811 active material was added to preserve
morphology. The NMC811 material was provided by Targray
Materials through Pacific Northwest National Lab. All mixing was
conducted through planetary mixing with a Thinky brand mill. The
final slurry was coated onto a 20 ym aluminum foil with a doctor
blade using an MTI-auto blade coater machine to reach an even
deposition of slurry. This slurry was then dried in a 100 °C oven in air
for 12 h before being transferred to a 100 °C vacuum oven for 12 h.
Electrodes were then calendared to reach a target porosity of 30—
35%. All electrodes were stored in a 70 °C vacuum oven to prevent
exposure to moisture.

Coin Cell Assembly

Coin cells were prepared by punching 14 mm disks of the desired
electrodes. These electrodes were then assembled into 2032 coin cells
using Hosen 316 stainless steel components, Celgard 2320 separator,
and 15 mm punched graphite electrodes provided by the CAMP
facility at Argonne National Laboratory. The N/P ratio of each cell
was balanced to be 1.10 + 0.0S for full-cell assembly. The electrolyte
was used at the 50 L level with the base electrolyte of 1.2 M LiPF,
EC: EMC 3:7, known as Gen2. Variations of Gen2 electrolytes with
the additives were used at the same volume. Coin cells were crimped
using a Honsen automatic coin cell crimping machine.

Electrolyte Preparation

Stock 1.2 M LiPFs, EC: EMC 3:7 solution was obtained from
Tomiyama Pure Chemical Industries and stored in a Teflon-lined
aluminum container in an Ar gas-filled glovebox. This stock solution
was used as is for any sample cycled in Gen2. For the preparation of
electrolyte blends, VC was obtained from the distillation of VC stock
solution obtained from Sigma-Aldrich; this distilled solution was then
added to the Gen2 stock solution at 2 wt % and stored in a sealed
container in a refrigerator in an Ar gas-filled glovebox. The lithium
bis(oxalate)borate was purchased from Sigma-Aldrich and stored in a
refrigerator in an Ar gas-filled glovebox. Preparation of the LiBoB and
Gen?2 solution was done through adding 2 wt % of the LiBoB solid to
the Gen2 electrolyte and mixing for 10 min before storing in the
refrigerator for 1 h, before stirring again for 10 min. This process was
repeated until 2 stirs had been done without seeing any LiBoB solids
remaining in solutions (3—4 times), at which point the solution was
stored in a sealed container in a refrigerator of an Ar-filled glovebox.
The refrigerator temperature was set to 0 °C for all storage.

Electrochemical Testing

Full-cell testing was conducted on a Maccor potentiostat at 30 °C,
with an initial formation cycling of three cycles at a C/10 rate, before
the remaining cycling was conducted at a rate of C/3. Cycling
occurred at voltages of 2.6—4.3 V vs graphite or at 2.6—4.5 V vs
graphite as specified. EIS testing was carried out on a Biologic brand
potentiostat/glavanostat on pEIS mode between 10 mHz and 100
kHz with a voltage amplitude of S mV, carried out after one cycle at a
rate of C/10 between the voltages of 2.6—4.3 V or at 2.6—4.5 V vs
lithium or graphite as specified. Measurement was conducted at

ambient temperature (25 °C). Equivalent circuit model fitting was
conducted on the zFit software and weighted by 1*/\1Z1%, with the
circuit model being visible in Figure SS.

FIB-SEM Measurements

FIB-SEM measurements were conducted on a Thermo Fisher
Scientific Helios Hydra Plasma FIB. Prior to cross-sectioning, a
protective 2 um tungsten layer was deposited on the secondary
particles. FIB cross-sectioning was then conducted with Xe plasma at
an acceleration voltage of 30 kV and a current of 1.5 nA, before
polishing was conducted at 30 kV and 0.3 nA of current. After
sectioning, the SEM instrument was used in secondary electron
imaging mode with a current of 0.1 nA and an acceleration voltage of
S kV. Work was performed at the CNM at Argonne National
Laboratory, proposal number 83419.

STEM Measurements

STEM measurements of NMC particles were conducted on a Thermo
Fisher Scientific Spectra200 system, using a double-tilt holder with
acceleration voltages of 200 kV. All experiments with the STEM
system were conducted at ambient temperature. Work was performed
at the CNM at Argonne National Laboratory, proposal no. 83419.

Cryo-TEM and EDS Measurements

Cryo-TEM and EDS measurements of NMC particles were
conducted on a Thermo Fisher Scientific Spectra 300 Ultra X/Illiad
analytical electron microscope at Argonne National Laboratory. High-
resolution TEM phase contrast images were collected at 300 kV on
the Thermo Fisher Scientific Falcon 4i camera under a dose rate of
~100 e/A2/s at 4K2 pixel resolution with an exposure time of 0.991 s
per frame. The chemical spectra and images were acquired on an
UltraX detector. The samples were securely transferred using a Simple
Origin inert gas transfer holder from the glovebox to the TEM
column to avoid any exposure to air or moisture.

XPS Measurements

XPS measurements of 4.3 V-cycled cathodes were taken on a Kratos
AXIS Supra system operated at a base pressure better than 5 X 107°
Torr, using a monochromatic Al Ko X-ray source (4 = 1486.6 eV).
Surveys and high-resolution spectra for elements of interest were
taken on each sample. Spectra were obtained using a large analyzer
spot size and a pass energy of 160 eV for all surveys and 20 eV for the
high-resolution spectra. Charge compensation was done using a
charge neutralizer with a filament current of 0.42 A. XPS
measurements at 4.5 V were taken on a Thermo Fisher Scientific
ESCALAB 250 Xi system available at Northwestern University’s
NUANCE facility. The machine was operated at a base pressure
better than § X 107 Torr, using a monochromatic Al Ko X-ray source
(A = 1486.6 eV), with survey and other scanning conditions
consistent with the previous 4.3 V measurements. The processing
of XPS was conducted through the use of the CasaXPS software,
which was exported before finalized plots in OriginPro.

ICP—MS Measurements

ICP—MS analysis was performed on a Thermo iCAP Q ICP—MS or
Thermo iCAP RQ ICP—MS instrument on samples that were
prepared following the procedure below. NMC811Igraphite full cells
were made with the electrolyte blends described and then cycled three
times at a rate of C/10 with the specified upper cutoff voltages. After
these formation cycles, the cells were disassembled, and graphite was
removed and washed with 100 uL of trace metal basis DMC, before
drying. The wash solution from each anode was collected and diluted
at 100X with 3% HNO,; ICP—MS standard solution before ICP—MS
analysis was conducted. After drying, graphite was scraped off the
anodes and allowed to dissolve in Aqua-Rega for 3 days before
dilution by 10X with 3% HNO; ICP—MS standard solution. ICP of
Li, B, and P was conducted in standard collection mode, with Ni, Co,
and Mn collected in kinetic energy discrimination mode. All coin cell
disassembly, washing, and drying were conducted in a dry argon
environment.
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