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a b s t r a c t

The cycling life of layered Ni-rich LiNi1-x-yCoxMnyO2 (NCM, 1-x-y � 0.8) is typically extended by
restricting the upper cut-off voltage during cycling to below 4.2 V, sacrificing, however, the untapped
additional capacity above the cut-off voltage. To make this additional capacity available, we investigate
graphite/LiNi0$8Co0$1Mn0$1O2 cells cycled to high upper cut-off voltages up to 4.5 V at high electrode
areal capacities of 4.8 mAh/cm2 in a standard electrolyte consisting of 1 M lithium hexafluorophosphate
(LiPF6) in ethylene carbonate and ethylene methyl carbonate (ethylene carbonate:ethylene methyl
carbonate ¼ 3:7 vol% þ 2% vinylene carbonate). Although the initial capacity reaches 190 mAh/g, the
capacity retention after 300 cycles to 4.5 V is only 66%. Employing a combination of tris(trimethylsilyl)
phosphite and lithium difluoro(oxalato)borate as electrolyte additives, we demonstrate excellent ca-
pacity retention of 85% after 300 cycles to 4.5 V. Moreover, graphite/LiNi0$8Co0$1Mn0$1O2 cells with
additives show improved capacity retention also at elevated temperatures of 60 �C. A detailed post-
mortem analysis reveals the formation of a compact and LiF-rich and B-containing cathode/electrolyte
interphase layer on the LiNi0$8Co0$1Mn0$1O2 particles cycled with tris(trimethylsilyl)phosphite and
lithium difluoro(oxalato)borate additives, substantially suppressing the transition metal dissolution and
the cation-disordered layer formation on the exposed particles' surface.
© 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Lithium-ion batteries based on graphite and Ni-rich LiNi1-x-
yCoxMnyO2 (NCM) with 1-x-y � 0.8 represent a key enabling
technology for the transition to electric mobility and the integra-
tion of renewables into the grid [1e4]. However, when charged to a
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hnology (KIT), Hermann-von-
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high cell voltage, Ni-rich NCM exhibits high surface reactivity
leading to parasitic reactions with the electrolyte and dramatic
lattice volume changes that can exceed 6% and provoke particle
cracking [5e7]. For this reason, graphite/NCM cells are typically
cycled to an upper cut-off voltage of less than 4.2 V [8]. It is still
challenging to attain high-capacity retention with graphite/NCM
full cells at high voltage operation due to the finite Li reservoir
provided exclusively by the cathode. Therefore, it is necessary to
minimize the depletion of the electrochemically active Li inventory
by forming a stable electrode/electrolyte interphase.

Various strategies have been employed to improve the high-
voltage cycling stability of Ni-rich NCM cathodes. Protective coat-
ings applied to the NCM particle surface are intended to prevent
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direct contact with an electrolyte. However, protective coatings
tend to become ineffective during long-term cycling to high cell
voltages when particles crack [9e12]. Doping of NCM particles, e.g.
by Al or Ti, can improve the tolerance of particles against cracking
[1,13e15]. Dopants can be introduced during NCM (a hydroxide
precursor) particle synthesis or via a high-temperature solid-state
diffusion step after the synthesis, wherein it is not easy to precisely
control the dopant position and to distinguish the individual effects
of individual lattice dopants [16,17]. The formation of a passivating
cathode/electrolyte interphase (CEI) layer employing sacrificial
electrolyte additives is one of the most effective and economical
methods for improving the electrochemical performance of high-
voltage cathodes by forming a robust and lithium-ion conductive
CEI layer to block the electron transport and allow Liþ access. Some
of additives are beneficial to suppress the catalytic decomposition
of the carbonate electrolyte by forming a robust CEI layer, while
others may help to effectively suppress transition metal dissolution
and following the electrode cross-talk as well as prevent the
concomitant failure cascade [18e25]. Tris(trimethylsilyl)phosphite
(TMSPi) was shown to act as an effective scavenger for hydrofluoric
acid, preventing the acidification of the electrolyte. TMSPi not only
reduces transition metal dissolution from the NCM particles but
also prevents depletion of the electrochemically active Li inventory
through the formation of Li-containing deposits, thereby extending
the cycle life of graphite/NCM811 cells [26e29]. However, TMSPi is
continuously consumed to react with hydrofluoric acid during
high-voltage operation, which is a negative factor to obtain excel-
lent long-term cycling stability. Therefore, it is necessary to inte-
grate an additional additive to assist TMSPi to achieve superior
long-term cycling stability at high voltage operation by forming a
more compact CEI layer and suppressing the phase transformation
on the surface of the NCM cathode [21,27]. As a borate-containing
additive, lithium difluoro(oxalato)borate (LiDFOB) is beneficial to
improve the cycling stability at a high cell voltage through prefer-
ential decomposition to form a stable and lithium-ion-conducting
CEI layer. The resulting borate-containing and LiF-enriched CEI
layer was shown to be robust during high-voltage and high-
temperature operation [27,30e33].

In this study, we explore the complementary synergistic effects
of TMSPi and LiDFOB via a detailed post-mortem analysis demon-
strating a graphite/NCM811 cell with excellent capacity retention of
85% after 300 cycles to a high upper cut-off voltage of 4.5 V. A
robust and high-voltage stable CEI layer is formed on the cycled
cathode containing LiF-rich and B-containing species, substantially
suppressing the transition metal dissolution and the cation-
disordered layer formation on the exposed NCM811, thereby
significantly enhancing the cycling stability of the graphite/
NCM811 cells cycled to an upper cut-off voltage of 4.5 V.

2. Experimental section

2.1. Materials preparation

Ni0$8Co0$1Mn0$1(OH)2 precursor particles were synthesized in a
continuously stirred 3 L reaction tank by co-precipitation under a
nitrogen gas atmosphere. A 2 mol/L mixed solution of NiSO4$6H2O,
CoSO4$7H2O, and MnSO4$H2O (molar ratio of Ni: Co: Mn ¼ 8 : 1: 1)
was fed into the tank, while maintaining the pH at 11.2. The tem-
perature of the tank was kept constant at 50 �C. During co-
precipitation, an 8 mol/L NaOH solution (precipitator agent) and a
5 mol/L NH3$H2O solution (chelating agent) were simultaneously
injected. The collected precursor was washed 3 times with distilled
water to eliminate residual chemicals and then was dried in an
oven for 8 h at 120 �C. Cathode particles were synthesized from the
hydroxide precursor particles through mixing the
2

Ni0$8Co0$1Mn0$1(OH)2 with LiOH$H2O in a molar ratio of
M:Li ¼ 1:1.03 and sintering at 500 �C for 10 h and 750 �C for 15 h,
respectively. Low mass loading electrodes were fabricated by tape
casting on an aluminum current collector foil (15 mm) using a
slurry consisting of a 90 wt%, 5 wt% carbon black, and 5 wt% Pol-
y(vinylidene fluorid) (PVDF) binder in N-methylpyrrolidone with a
nominal wet coating thickness of 100 mm. High-mass-loading
electrodes were fabricated by tape casting on an aluminum cur-
rent collector foil (15 mm) using a slurry consisting with a 96 wt%,
2 wt% carbon black, and 2wt% PVDF binder in N-methylpyrrolidone
with a nominal wet coating thickness of 220 mm. The obtained
cathode electrodes were dried in a vacuum oven at 120 �C, while
the low mass loading electrode and high mass loading electrode
were calendared to 30e40 mm and 120 mm, respectively.

Carbon-coated graphite (C-Nergy, Imerys, 7.25 g) and carbon
black (Super P, Imerys, 0.053 g) were mixed in a 50 mL zirconia ball
mill jar and ball milled at 300 rpm for 30 min. To this dry mixture, a
solution of carboxymethyl cellulose (CMC, Sunrose MAC 500LC,
Nippon Paper Group, 0.095 g) inMilli-Qwater (11.75mL)was added
and the slurry was ball milled at 300 rpm for 3 h. To this slurry, JSR
TRD 102A (0.150 g of a 48 wt% suspension in water) was added. The
resulting mixture, consisting of 96.05% graphite þ0.7% carbon
black þ3.25% binder (CMC þ JSR TRD 102A), was mixed with a
magnetic stirrer for 5min to yield a homogeneous slurry, whichwas
coated onto a clean Cu foil (12 mm) via doctor-blading at a speed of
4 mm/s. The obtained graphite electrodes were dried overnight
under air and calendared stepwise in 3e5 steps from~200 mmdown
to the target density (~1.5 g/cm3). The activematerial loadingwas ca.
14.9 mg/cm2 for an areal capacity of ca. 5.2 mAh/cm2.

2.2. Cell assembly and cycling

The electrochemical performance of the NCM811 cathode was
evaluated using CR2032-type coin cells with Al-clad positive cases
from MTI. For Li/NCM811 half-cell tests, the low mass loading,
NCM811, is employed,while the graphite/NCM811 full cells used the
highmass loading of the NCM811 electrodewith 24mg/cm2 and the
pairedgraphite electrodewith an areal capacity of 5.2mAh/cm2, and
thus the N/P ratio is about 1.08. The cathode electrodes were
punched into disks with a diameter of 12 mm, while the Li metal
anode and graphite anodewere punched into disks with a diameter
of 15 mm. Coin cells were assembled in an argon-filled glovebox
(MBraun). The cells containedoneNCM811electrode as the cathode,
a lithium disk or graphite electrode as the anode, a Celgard 2500
separator, and 100 ml baseline electrolyte (1 M LiPF6 in EC (ethylene
carbonate): ethylene methyl carbonate (EMC) (3:7 vol%) þ 2%
vinylene carbonate (VC) (in full cell)), a baseline electrolyte with a
single additive (1% wt TMSPi or 2% wt LiDFOB), or a baseline elec-
trolyte with dual-additives (1% wt TMSPi þ 2% wt LiDFOB). Galva-
nostatic cycling of the coin cells was performed on a Biologic BCS-
805 multichannel potentiostat and/or an Arbin battery cell tester
with the cells located in a climate chamber at a constant tempera-
ture of 25 �C or 60 �C. The graphite/NCM811 cells were tested in the
voltage range of 2.5e4.35/4.5V with a 0.2C/0.5C charge/discharge
protocol, and a constant voltage charging protocol was applied at
the end of the charge cut-off voltage until the current density de-
creases to 0.05C (1C ¼ 180 mA/g). The electrochemical impedance
spectra were measured during charging at a cell voltage of 4.2 V
using a Biologic BCS multichannel potentiostat. The frequency var-
ied from 100 kHz to 10 mHz with an amplitude of 10 mV.

2.3. Material characterization

The morphology of particles and electrodes was characterized
by scanning electron microscopy (SEM, FEI Nano SEM230).
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Electrode cross-sections were fabricated using a broad-ion beam
mill (Hitachi IM400 plus). To avoid the melting of the PVDF binder,
samples were cooled to�50 �C before as well as during the process
of milling. The crystal structure of NCM811 was characterized by X-
ray diffraction (XRD, Panalytical XPert Pro). Samples for trans-
mission electronmicroscopy (TEM) were prepared by a focused-ion
beam (FIB, FEI Helios Dual-Beam). Scanning TEM (STEM)-high-
angle annular dark-field imaging and STEM-energy dispersive X-
ray spectroscopy mapping were performed on a FEI Titan 60e300
microscope at 300 kV. The detector collects electrons within a
range of 58.5e200 mrad for high-angle annular dark-field imaging
imaging. The CEI composition on the surface of cycled NMC811
cathodes was analyzed using X-ray photoelectron spectroscopy
(XPS) on a PHI Quantum 2000 with a pass energy of 30 eV. The
cycled electrode was harvested from the cycled cells and washed
three times with a dimethyl carbonate solvent and was character-
ized using XPS and TEM. The elemental composition of the SEI on
the cycled graphite electrodes was further characterized by time-
of-flight secondary ion mass spectrometry (TOF-SIMS, ION-TOF)
using a pulsed 25 keV Biþ primary ion beam. Density functional
Fig. 1. (aec) Cross-section SEM images of the 4.8 mAh/cm2 NCM811 electrode. (def) XRD pa
NCM811 half cells with (g) low (3e4 mg/cm2) and (h) high (24 mg/cm2) mass loading NCM

3

theory (DFT) calculations were employed to estimate the energies
of the highest occupied molecular orbital (HOMO) and lowest un-
occupied molecular orbital (LUMO) of all electrolyte components
(EC, EMC, LiPF6, LiDFOB and TMSPi).
3. Results and discussions

In Fig. 1, we show SEM images of NCM811 electrodes, XRD
patterns of NCM811 particles, as well as the cycling performance of
Li/NCM811 half cells. In Fig. 1aec, the cross-section SEM images
clearly indicate a round particle morphology with an average par-
ticle diameter of ~10 mm. The particles hardly show any intra-
particle porosity, suggesting that very dense particles were
synthesized, which is beneficial for achieving good cycling stability
[34]. The XRD pattern in Fig. 1d indicates the formation of a highly
ordered layered structure witnessed by an intensity ratio of the
(003)/(104) reflections being higher than 1.2. Moreover, the two
twin reflections of (006)/(102) and (108)/(110) are clearly split,
further confirming the R 3 m-layered structure (Fig. 1e and f).
tterns and split peaks of (006)/(102) and (108)/(110) facets. Cycling performance of Li/
811 electrodes. SEM, scanning electron microscopy; XRD, X-ray diffraction.
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We tested the cycling performance of Li/NCM811 half cells with
an average mass loading (3e4 mg/cm2) and a high mass loading
(24e25 mg/cm2). At a low mass loading of 3e4 mg/cm2, the Li/
NCM811 cells deliver very promising cycling stability in the voltage
range of 2.7e4.4V and at 25 �C. In Fig. 1g, both cells show a high
initial specific capacity of 186 mAh/g vs. 181 mAh/g and capacity
retention of 87% vs. 82% at 0.2C/0.5C and 0.2C/1C charging/dis-
charging, respectively. A rate performance assessment is also con-
ducted with 5 cycles at 0.1C/0.1C charging/discharging and
applying at 0.2C charging and 0.2Ce10C discharging, indicating a
good discharge rate performance as the cell still maintains 80% of
the initial capacity obtained when cycled at 0.2C/10C charging/
discharging (Fig. S1). At a high mass loading of 24 mg/cm2, shown
in Fig. 1h, the Li/NCM811 cells show capacity retention of 90% and
83% after 60 cycles at 0.2C/0.5C and 0.2C/1C. The relatively lower
cycling stability is attributed to the instability of the Li metal anode
Fig. 2. Long-term cycling of the graphite/NCM811 cells using high mass loading electrodes
charge/discharge profiles of the graphite/NCM811 cells in the voltage range 2.5e4.5 V with

4

towards the Li metal dendrite formation when paired with high
mass loading cathodes, resulting in high current densities [35,36].

In order to evaluate the cycling stability at a practical areal ca-
pacity in full cells, we paired the NCM811 cathodes with a high
areal capacity of 4.8 mAh/cm2 (24 mg/cm2 x 200 mAh/g) and a
graphite anode with a high areal capacity of 5.2 mAh/cm2 (14.9 mg/
cm2 x 350 mAh/g). Remarkably, the cell with the baseline electro-
lyte displays high-capacity retention of 78% after 500 cycles at 0.2C/
0.5C charging/discharging to an upper cut-off voltage of 4.35 V.
Moreover, the cell using both LiDFOB and TMSPi additives delivers
higher capacity retention of 85% than the cell using only a LiDFOB
(81%) or TMSPi (79%) additive under the same cycling conditions.
The related charge/discharge profiles are shown in Fig. S2, indi-
cating the less pronounced evolution of charge/discharge curves in
the cell using additives. Considering that currently the standard
requirements for Ni-rich NCM for automotive applications are to
and different electrolytes in the voltage ranges 2.5e4.35 V (a) and 2.5e4.5 V (b). The
baseline (c) as well as baseline and additives electrolytes (d).
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reach capacity retention of at least 80% after 1000 cycles when
cycled to an upper cut-off voltage of 4.2 V (corresponding to
nominal 100% state of charge), our results demonstrate the
immense potential of the Ni-rich NCM cathode materials when
operated at higher cell voltages.

To extract an even higher capacity from the NCM811 cathodes,
we increased the upper cut-off voltage to 4.5 V. A significantly
higher specific capacity is achieved compared with the cell cycled
to 4.35 V, i.e. 180 mAh/g vs. 160 mAh/g. The graphite/NCM811 cell
using both LiDFOB and TMSPi additives delivers capacity retention
of 85% after 300 cycles, while the cell using the baseline electrolyte
with only a TMSPi additive just reaches retention of 66% and 73%,
respectively. Moreover, the cell using LiDFOB and TMSPi also shows
a higher capacity than the cell using only LiDFOB (152 mAh/g vs.
136 mAh/g), although the capacity retention is comparable (85% vs.
86%). It is worth noting that the decreased and increased capacity of
the cell using a LiDFOB additive would be ascribed to the oxalate-
containing salt decomposition and benign-CEI formation, respec-
tively [22,37,38]. The related charge/discharge curves from the 1st
cycle to 300th cycle are shown in Fig. 2c and d and confirm the
more rapid increase in the polarization in the cell using the baseline
electrolyte. The combination of LiDFOB and TMSPi additives can
thus be accounted for the enhanced cycling performance as they
help reduce the polarization of the cells, stabilize the cathode/
electrolyte interface, and maintain a high reversible capacity. In
order to further evaluate the cyclability of the cell using the base-
line electrolyte with and without additives, the rate capability of
the graphite/NCM811 full cells was tested in the voltage range of
2.5e4.5 V. In Fig. S3, all cells show a similar capacity at the current
density of 0.1Ce0.5C, while the cells using both additives display a
relatively higher capacity andmore stable cycling at a rate of 1C and
2C. Thus, the cell using both additives delivers a better rate capa-
bility at a high current density, although the high mass loading
cathode has negative effect on the rate capability of all cells.
Fig. 3. The cycling performance of the graphite/NCM811 cells at an elevated temperature of 6
cycled to an upper cut-off voltage of 4.35 V (a) and 4.5 V (b), respectively.

5

The cycling performance at 60 �C is shown in Fig. 3. The capacity
retention suffers due to the faster kinetics of parasitic reactions at
elevated temperatures. In Fig. 3a, the cell with the baseline elec-
trolyte, with TMSPi only or with LiDFOB only, shows capacity re-
tentions of 61%, 60%, and 77% after 100 cycles when cycled to an
upper cut-off voltage of 4.35 V, while the cell with both additives
shows still relatively high capacity retention of 80% under the same
conditions. However, when cycled to a 4.5 V upper cut-off voltage
at 60 �C, all cells show relatively poor cycling performance,
regardless of if they contain additives or not. Nevertheless, the cell
with both additives retains capacity retention of 71% after 100 cy-
cles, while for the cell with individual or without the electrolyte
additive, the capacity retention drops to 52%, 44% and 29%,
respectively, under the same conditions (Fig. 3b). The better cycling
capability of the cell combining the LiDFOB and TMSPi additives is
probably ascribed to the robust CEI layer formation, which is
beneficial to suppress the interphase side reaction andmaintain the
cathode's surface structural integrity.

The evolution of the cell impedance as determined by operando
electrochemical impedance spectroscopy is an important indicator
for quantifying the state of health of lithium-ion battery cells. In
Fig. 4aec, the cells with both electrolyte additives (LiDFOB and
TMSPi) show a slower increase in the impedance from the 1st cycle
to the 500th cycle than the cells without electrolyte additives
regarding the electrode/electrolyte interphase layer impedance
(Rsf) and charge-transfer impedance (Rct) in Fig. 4def. Moreover,
the cell with electrolyte additives displays very stable cell imped-
ance when cycled to an upper cut-off voltage of 4.5 V, while the cell
without electrolyte additives shows a dramatic increase especially
from the 100th cycle to the 300th cycle in Fig. 4def. The full
impedance spectra variations from the 1st to the 300th/500th cycle
are provided in Figs. S4e5, indicating analogous trends. It is worth
noting that the cell using additives displays a significantly
decreased Rct from the 1st to the 300th cycle, indicating that the
0 �C. The cells using the baseline electrolyte as well as the electrolyte with additives are
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cell generated a robust electrode/electrolyte interphase layer,
guaranteeing high interface stability and improving the cycling
performance [21,36]. The extracted values of the impedance vari-
ations from the initial cycle to the 300th/500th cycle are summa-
rized in Fig. 4g and h. The alleviated increase of the interphase layer
and charge-transfer impedance plays a positive role to stabilize the
electrode/electrolyte interphase and to maintain the cycling
stability.

The generation of cracks in NCM cathode particles during
cycling plays a crucial role in the cell performance degradation. It is
known that cracks lead to a series of issues, including the formation
of an additional unprotected electrode/electrolyte surface,
enhancing transition metal dissolution, and apparent loss of an
active material [39e41]. In Fig. 5aec, we can clearly see the cracks
formed inside of the NCM811 particles cycled in the baseline
electrolyte, especially towards the top of the electrode, where the
particles are located close to the separator. In a sharp contrast,
hardly any cracks are visible in the NCM811 particles cycled in the
electrolyte with additives as shown in Fig. 5def. The NCM811
particles cycled to an upper cut-off voltage of 4.5V with electrolyte
additives, as shown in Fig. 5g-l, also display less cracks compared to
the NMC811 particles cycled in the electrolyte without additives.
Fig. 4. Impact of electrolyte additives (LiDFOB þ TMSPi) on the evolution of graphite/NCM81
the 1st, 100th, and 500th cycle. (geh) The summary of impedance data (Rsf, Rct). All operando
lithium difluoro(oxalato)borate; TMSPi, tris(trimethylsilyl)phosphite.

6

The suppression of crack formation can be attributed to the for-
mation of a robust passivating cathode electrolyte/interphase layer,
which effectively releases a stress build-up and hinders crack
propagation into the bulk structure, and thus mitigates and slows
down the microstructural degradation [42]. To quantify a crack
amount on the cycled NCM811 with and without additives, we
provide a static quantity of cracks by investigating the total and
cracked particles on the cycled electrode (Fig. S6). It is clear that the
cell using additives just shows a 5.8% (5/86) crack ratio at 4.35V
operation after 500 cycles, while the cell using the baseline shows a
28% (21/75) ratio at the same measurement. Moreover, the cell
using additives displays a 19% (39/138) crack ratio at 4.5V operation
after 300 cycles, while the cell using the baseline shows a ratio of
29%. Obviously, the additives effectively suppress the crack for-
mation on the cycled NCM811, especially at 4.35V operation. The
detailed working mechanism, why the additives alleviate imped-
ance increase and crack formation, is further studied combining
DFT calculations, XPS, and TOF-SIMS.

DFT calculations are performed to estimate the LUMO and
HOMO of the electrolyte solvent, salt, and additive, as shown in
Fig. 6a. The results show that the HOMO energy level of VC, TMSPi,
and LiDFOB is much higher than that of EC and EMC. It is notable
1 cell impedance. Cells cycled to a (aec) 4.35 V and (def) 4.5 upper cut-off voltage after
impedance measurements were performed at a cell voltage of 4.2 V and 25 �C. LiDFOB,
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that the LUMO energy level of the LiDFOB is much lower than that
of other components in the electrolyte followed by LiPF6 and VC.
The prediction matches very well with the previous work that
TMSPi and LiDFOB are preferentially oxidized on the surface of the
cathode as well as the LiDFOB is also preferentially reduced on the
cycled graphite although the electrochemical stability limits have
to be determined from the Gibbs free energy difference between
the products and reagents [18,28,31,43,44]. In order to clarify why
the NCM811 delivers an enhanced cycling performance at an upper
cut-off voltage of 4.5 V after 300 cycles, the CEI composition was
analyzed by XPS and is summarized in Fig. 6b. Relative surface
composition values were extracted from the comparison of the C1s,
O1s, F1s, P2p, and B1s peak areas from the photoelectron spectra
measured on the electrodes cycled in the different electrolytes
Fig. 6cef. The highest ratio of Li2CO3 was detected on the cycled
NCM811 using LiDFOB additives, while the cell using LiDFOB and
TMSPi delivers the lowest ratio, which is ascribed to the decom-
position of the oxalic group of LiDFOB and the synergistic effect of
both additives suppressing the Li2CO3 formation (Fig. 6c). In Fig. 6d,
the higher intensity of the M � O species was detected on the
cycled NCM811 using LiDFOB and/or TMSPi than the cell using the
Fig. 5. Cross-section SEM images at different magnifications of the cycled NCM811 cathode
additives (def) after 500 cycles, and corresponding images after cycling to an upper cut-of
cycles. SEM, scanning electron microscopy; TMSPi, tris(trimethylsilyl)phosphite; LiDFOB,lith
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baseline electrolyte, indicating the preferential decomposition of
LiDFOB and TMSPi additives suppressing the continuous electrolyte
decomposition and maintaining more the M � O (M ¼ Ni, Co, Mn)
surface, which is consistent with the DFT calculation in Fig. 6a
[27,29]. Meanwhile, it is possible that no protective CEI layer
formed on the surface of the NCM811 cycled in the baseline elec-
trolyte; and therefore, the lattice O (M � O, M ¼ Ni, Co, Mn) was
broken due to the electrolyte corrosion or an incompact CEI layer
covered on the surface of NCM811 and weakened the detected
intensity of the M � O bond. The two possibilities are account for
the lower M� O intensity on the cycled NCM811 using the baseline
electrolyte. The cell using the baseline electrolyte shows a lower LiF
ratio, while the cell using the LiDFOB and/or TMSPi additive de-
livers a higher LiF ratio in Fig. 6e. The appropriate LiF is beneficial to
construct a robust CEI layer and has no obvious negative effect on
the Li-ion transfer kinetics [45]. Moreover, the cell displays a higher
ratio of PeO/P]O species, while the cell using TMSPi in Fig. 6f
suggests that TMSPi could effectively suppress the LiPF6 decom-
position and the CEI-modifying ability [28]. Additionally, it is worth
noting that abundant BeO species can be detected on the
NCM811 cycled with LiDFOB or both LiDFOB and TMSPi additives
s after cycling to an upper cut-off voltage of 4.35 V without (aec) and with electrolyte
f voltage of 4.5 V without (gei) and with LiDFOB and TMSPi additives (jel) after 300
ium difluoro(oxalato)borate.



Fig. 6. prediction and detection of the interphase composition. (a) The DFT estimation of the HOMO and LUMO energy of the electrolyte components, (b) the CEI composition as
determined by XPS on the cycled NCM811 electrodes, (cef) The C1s, O1s, F1s, and P2p spectra on the cycled NCM811 after 300 cycles at 4.5V operation. XPS, X-ray photoelectron
spectroscopy; DFT, density functional theory; HOMO, highest occupied molecular orbital; LUMO, lowest unoccupied molecular orbital; CEI, cathode/electrolyte interphase.
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(Fig. S7), which reflects for the robustness of the CEI layer against
the attack from acidic electrolyte decompositions [45]. Overall, the
synergistic effort of LiDFOB and TMSPi forms a LiF-rich, B-con-
taining, and LiPF6 less-decomposed cathode/electrolyte interphase,
8

which is beneficial to construct a robust and high-voltage tolerant
CEI layer.

The transition metal dissolution is another important indicator
to confirm the side reaction of the cycled NCM811 against



Fig. 7. cathode/electrolyte interphase (CEI) layer and surface phase transition layer as observed by TEM for the cycled in baseline electrolyte (aeb) and in the electrolyte with
LiDFOB and TMSPi additives (eef). Corresponding STEM images are shown in (ced) and (geh). TEM, transmission electron microscopy; STEM, scanning transmission electron
microscopy; TMSPi, tris(trimethylsilyl)phosphite; LiDFOB,lithium difluoro(oxalato)borate.
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electrolyte corrosion. At 4.35 V operation, Niþ and Mnþ dissolution,
as judged from integrated TOF-SIMS maps using electrolyte addi-
tives measured on the graphite electrodes cycled in the cell with
electrolyte additives, is 3.5 times (100,400 counts vs. 30,890
counts) and 40 times lower (71,590 counts vs. 1748 counts) than
that of the graphite cycled in cells without electrolyte additives,
respectively (Fig. S8a). At 4.5 V operation, Niþ dissolution is com-
parable between the cycled graphite electrodes with or without
additives, while Mnþ is twice lower (68,840 counts vs. 32,960
counts) on the cycled graphite using additives (Fig. S8b). The lower
transition metal dissolution strongly suggests that the additives
passivate the cathode/electrolyte interface. The extracted TOF-SIMS
elemental maps for Niþ and Mnþ at a 4.35 V/4.5 V upper cut-off
voltage with and without additives are provided in Fig. S9. An
overlay map of the total species and Niþ/Mnþ is also shown in
Fig. S10, indicating a lower coverage of Niþ and Mnþ on the total
species of the cycled graphite when using additives.

To understand the impact of electrolyte additives on the cath-
ode/electrolyte interface formation after 300 cycles, TEM and high-
resolution STEM were employed. In Fig. 7a, there is no visible CEI
layer formed on the cycled surface using the baseline electrolyte,
and there is still no visible CEI layer in the local area in Fig. 7b. This
result also confirms that no CEI layer is formed during cycling or
during the TEM sample preparation [41]. It is confirmed that there
does not exist an intimate coating layer of CEI observed at the
single-particle level in carbonate-based electrolytes even using
cryogenic electron microscopy to preserve the native state and
visualize the interface on positive electrodes [46]. This helps
explain why a well-wrapped CEI layer is absent on the cycled
cathode surface despite the widely expected intense oxidation re-
actions happened. Fig. 7c shows an apparent corrosion layer on the
surface of cycled, which is ascribed to corrosion by fluorine ions and
other acidic species resulting from electrolyte decomposition. The
surface corrosion and surface phase transformation layer (SPTL)
propagate into the grain bulk, as shown in Fig. 7d. The SPTL hinders
the Liþ transfer due to the formation of a disordered spinel or
disordered rock salt layer, which is also detrimental for the struc-
tural integrity of the NCM811 particles and the cell's cycling
9

stability [9,47e50]. In a sharp contrast, we can see that the CEI layer
appears very clear in Fig. 7e as a layer with a weak contrast uni-
formly covering the surface of the cycled NCM811 in the cell cycled
with electrolyte additives. In Fig. 7f, the uniform CEI layer with a
thickness of 5e8 nm clearly forms on the surface of the cycled
electrode due to additives decomposition, which is consistent with
the DFT calculation and XPS results in Fig. 6. XPS confirms that the
CEI layer consists of B-containing and LiF-enriched species, which
play a critical role against a detrimental acidic species attack and in
forming a robust CEI layer [19,33,50,51]. The conformal CEI layer
also helps in maintaining the cathode surface stability by pre-
venting the continuous decomposition of the electrolyte during cell
cycling. Therefore, the thinner SPTL formed on the cycled using
additives, guaranteeing a smooth transfer of Liþ and thus main-
taining a high reversible capacity, accounts for the significantly
enhanced cycling capability of the cell using additives, as shown in
Fig. 2b.

4. Conclusions

In summary, a robust and conformal CEI layer was formed by a
combination of additives (2%TMSPi þ 1% LiDFOB) to enable a
remarkable stability of the graphite/full cell with a 24mg/cm2mass
loading when cycled to a 4.35 V and 4.5 V upper cut-off voltage.
With the assistance of electrolyte additives, the graphite/
NCM811 cell displays capacity retention of 85% after 500 cycles to
4.35 V operation, while the cell using the baseline electrolyte de-
livers capacity retention of 78%. The graphite/NCM811 cell using
electrolyte additives further delivers excellent capacity retention of
85% after 300 cycles at an aggressive upper cut-off voltage of 4.5 V,
which is far superior to the cell using the baseline electrolyte with
only a 66% capacity retention. The significant improvement is
attributed to the following factors: a robust LiF-rich and B-con-
taining CEI layer, alleviated transition metal dissolution, a thinner
surface phase transformation layer, and suppressed intergranular
cracking in the bulk structure of the cycled NCM811. All these
positive factors are derived from the synergistic oxidation of LiD-
FOB and TMSPi on the surface of the cycled NCM811, which forms a
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robust and protective CEI layer. The electrode/electrolyte interface
optimization using electrolyte additives represents a cost-effective
way to suppress the continuous electrolyte decomposition during
cycling and maintains a high cycling capability in graphite/
NCM811 cells using electrodes with a high areal capacity. Therefore,
more attention needs to be paid to the optimization of additives as
an in-situ passivation strategy to boost the cycling capability and
extract higher capacity via high-voltage operation.
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