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High-voltage electrolyte design for a Ni-rich layered oxide cathode for

lithium-ion batteries

Jun Hu', Fangyuan Cheng’, Chun Fang" and Jiantao Han"

ABSTRACT LiNig3Cop1Mng 0, (NCM811) is one of the most
promising cathode materials in high-energy-density Li-ion
batteries (LIBs) because of its high capacity and low cost.
However, it still suffers from irreversible capacity fading at
high cut-off voltages. This is mainly because high voltage ac-
celerates the hydrolysis reaction of lithium hexafluoropho-
sphate with trace water to generate byproducts such as highly
corrosive hydrogen fluoride (HF) resulting in an unstable
cathode-electrolyte interface and continuous irreversible
phase transitions. Here, we modify a conventional electrolyte
by adding the dual additives of tetrabutyl titanate (TBT) and
lithium difluoroxalate borate (LiDFOB) to form a stable Ti-,
B-, and F-rich interfacial layer to eliminate the unfavorable
cathode-electrolyte side reactions and suppress deleterious
phase transitions. Additionally, TBT can stabilize the elec-
trolyte by removing H,O/HF. With the synergistic effect of the
dual additives, the cycling stability of NCM811 at high vol-
tages is enhanced considerably. The LilNCM811 cell with dual
additives exhibits a high capacity retention rate of 86% after
200 cycles at 1 C and a high cut-off voltage of 4.5 V. This
strategy provides a reference for designing high-voltage elec-
trolytes for LIBs.

Keywords: lithium-ion batteries, LiNigsCog1Mng;O,, electrolyte,
high voltage, additives

INTRODUCTION

With the rapid development of electric vehicles, intelligent
equipment, electronic communication, and other industries, the
market demand for high-energy lithium-ion batteries (LIBs) is
increasing [1-3]. The cathode material is a crucial part of LIBs
and greatly impacts battery performance. To date, dozens of
cathode materials have been developed, among which Ni-rich
layered oxide LiNiggCopMng;0, (NCM811) is one of the most
popular cathode materials because of its high energy density and
low cost [4-6].

For NCM811 cathode materials, as the charging voltage
increases from 4.3 to 4.5V, the specific discharge capacity
increases from 195 to 210 mA h g™, which is very beneficial for
improving the cruising range of electric vehicles [7]. However,
increasing the charging cut-off voltage will also bring more
serious side reactions at the cathode-electrolyte interface and
phase transitions [8,9]. Particularly, the hydrolysis of LiPFs-

containing electrolytes is caused by the combination and
decomposition of PFs~ with trace water in the electrolyte. High
voltage catalyzes this hydrolysis reaction, mainly because of the
decrease in the oxidative stability of the structure after the
combination of PF¢~ and water, and the energy barrier of the
decomposition reaction decreases, eventually intensifying the
hydrolysis reaction. The hydrogen fluoride (HF) present in the
highly corrosive hydrolysate will attack the cathode-electrolyte
interface film and active materials, eventually leading to unstable
interfacial phases and irreversible phase transitions from the
surface. Therefore, determining how to inhibit the combination
of PF¢~ and water in the electrolyte and form a stable cathode-
electrolyte interphase is the key to improve the cycling stability
of high-voltage LIBs. To solve the above problems and improve
the cycle stability of LIBs with NCM811 under high voltages,
many improvement strategies have been proposed [10-12]. As
previously reported, the interphase layer between the surface of
the cathode and the electrolyte is designed to improve the
electrochemical performance by nanocoating, which serves to
regulate the interfacial chemistry, prevent the dissolution of
transition metals (TMs), and suppress the interfacial side reac-
tions [13-16]. Xu’s group [17] added an appropriate amount of
lithium difluorophosphate to a common commercial electrolyte
to extend the cycling life of the Li|LiNig76Mnq.14C00100; cell at
high voltages. The improvement mechanism is that lithium
difluorophosphate can form a strong interphase on the cathode
surface. Tris(trimethylsilyl) phosphite [18] was used to remove
HF from the electrolyte to improve the electrochemical perfor-
mance of high-voltage LIBs. Improving the interface or
removing HF from the electrolyte can improve the cycling sta-
bility of LIBs at high voltages to a certain extent, but few studies
consider both approaches.

Only forming the interface film and neglecting the HF steadily
released from the electrolyte deposition lead to the continuous
decomposition of the electrolyte under high voltages [19].
Conversely, when removing H,O/HF without using a stable
interface film, the cathode is in direct contact with the electro-
lyte. The high voltage causes the electrophilic alkyl carbonate to
react with the nucleophilic cathodic oxygen [20]. Both of the
above situations reduce the long-cycle stability of the battery. In
this study, we modified the conventional electrolyte by adding
dual additives of tetrabutyl titanate (TBT) and lithium difluor-
oxalate borate (LiDFOB). LiDFOB and TBT can form a stable
Ti-, F-, and B-rich cathode-electrolyte interphase to prevent side

State Key Laboratory of Material Processing and Die & Mould Technology, School of Materials Science and Engineering, Huazhong University of Science and

Technology, Wuhan 430074, China
 These authors contributed equally to this work.

" Corresponding authors (emails: fangchun@hust.edu.cn (Chun F); jthan@hust.edu.cn (Han J))

3046

© Science China Press 2023

August 2023 | Vol.66 No.8


mater.scichina.com
link.springer.com
https://doi.org/10.1007/s40843-023-2449-8
fangchun@hust.edu.cn
jthan@hust.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1007/s40843-023-2449-8&amp;domain=pdf&amp;date_stamp=2023-05-16

SCIENCE CHINA Materials

ARTICLES

reactions between the cathode and electrolyte. TBT can remove
H,O/HEF to stabilize the electrolyte and reduce the HF erosion of
active materials. TBT and LiDFOB act synergistically to elim-
inate the unfavorable cathode-electrolyte interfacial reactions
and suppress the irreversible phase transitions. The cycling
stability of NCM811 at high voltages is enhanced considerably.
The NCM811|Li cell with dual additives exhibits a high capacity
retention rate of 86% after 200 cycles at 1 C and a high cut-off
voltage of 4.5 V. In contrast, after 200 cycles, the cell with the
baseline electrolyte only retains 39.1% of its original capacity.

EXPERIMENTAL SECTION

Preparation of electrodes and electrolytes

NCM811 (from Ronbay Technology) was selected as the cathode
material, and lithium metal (thickness: 200 pm, from China
Energy Lithium Co., Ltd.) was the anode material. NCMS811,
super P, and polyvinylidene fluoride were mixed in a ratio of
7:2:1 in N-methyl-2-pyrrolidone (NMP) to configure the cath-
ode slurry. The cathode slurry was coated on an aluminum foil
and dried under vacuum at 100°C for 8 h. The active material
loading of the cathode was 4 mg cm™ The electrolyte composed
of 1 mol L™! LiPFs in ethylene carbonate/diethyl carbonate (EC/
DEC, 1:1 by volume) was named the baseline. The electrolyte
obtained by adding 1% TBT or 0.1 molL™" LiDFOB as an
additive to the baseline was named TBT and LiDFOB, respec-
tively, and that obtained by adding TBT and LiDFOB as dual
additives was named TBT-LiDFOB. Finally, 2025-type cells were
assembled in an argon glove box. The amount of electrolyte
employed was 90 puL, and Celgard 2500 was used as the
separator.

Electrochemical performance testing

The electrochemical performance of the coin-type cells was
evaluated with a Neware battery test system. For cycling per-
formance measurements, the assembled cell was rested for 8 h
before being activated at 0.2 C and then used for a long-cycle
performance test. Electrochemical impedance spectroscopy (EIS)
was applied at 0.1-100,000 Hz. Cyclic voltammetry (CV) curves

were measured using stainless-steel|Li cells at 0.15 mV s™%.

Chemical analysis and material characterization

Nuclear magnetic resonance (NMR) spectra were recorded on a
Bruker AV400 spectrometer to analyze the reaction products of
TBT and H,O/HF. The morphology of the cycled electrodes was
measured with scanning electron microscopy (SEM, JSM 7600F).
X-ray diffraction (XRD, X-Pert Pro MRD) was measured at 20 =
10°-80° using Cu Ka radiation. X-ray photoelectron spectro-
scopy (XPS, ESCALAB 250Xi) was used to detect the element
valence on the surface of the samples. Transmission electron
microscopy (TEM, JEM-2100) was performed to characterize the
morphology differences of cathode electrolyte interphase (CEI).
The TM dissolution was measured using an inductively coupled
plasma optical emission spectrometer (ICP-OES, Prodigy Plus).

RESULTS AND DISCUSSION

Trace amounts of HF in the electrolyte will accelerate electrolyte
degradation under a high voltage [8]. The HF in the electrolyte
generally comes from the hydrolysis of lithium hexafluoropho-
sphate, which produces byproducts such as PFs, and PFs will
further catalyze the decomposition or polymerization of the
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solvent and cause the electrolyte to become discolored and
turbid. HF is highly corrosive and corrodes the cathode-elec-
trolyte interface film and active material, leading to battery
failure [9]. Therefore, the elimination of H,O/HF is also crucial
for the electrolyte. TBT is known for its ability to scavenge water
and HF. Here, the color change of electrolytes and '“F NMR
spectroscopy were used to evaluate the ability of different elec-
trolytes to remove H,O/HF. Fig. 1a, b show the initial state of the
baseline and TBT electrolytes, respectively, and the color change
with 1000 ppm H,O after 10 days of storage is shown in
Fig. 1c, d. The baseline electrolyte showed obvious discoloration
and turbidity, while the TBT electrolyte changed from an ori-
ginal yellow color (TBT color) to transparent, indicating that
TBT has been hydrolyzed. The color change of different elec-
trolytes without 1000 ppm H,O after 10 days of storage is shown
in Fig. S1. The baseline electrolyte remained basically unchan-
ged, while the TBT electrolyte changed to a near-transparent
state, indicating that the solvent inevitably contains trace water;
however, the storage time is not long enough to change the color
of the baseline electrolyte, and TBT has been hydrolyzed. The "°F
NMR spectra in Fig. le show that the baseline sample exhibits
two peaks. The peak at ~75 ppm is related to the PFs~ anion
from the LiPFs salt, while the peak at ~158 ppm is the char-
acteristic signal of HF [21,22]. These F-containing species were
produced by the decomposition of LiPFs in the presence of a
trace amount of H,O, and HF tends to undergo adverse reac-
tions with active materials. In contrast, almost no HF peak was
observed in the F NMR spectrum of the TBT-containing
sample, indicating that TBT can remove H,O/HF in the elec-
trolyte and increase the stability of the electrolyte.

Fig. 1f, g show the CV curves of electrolytes with and without
additives on stainless-steel|Li cells. Fig. 1f shows that the initial
oxidation potential of the first CV curve is lower in TBT-LiD-
FOB than in the baseline electrolyte, which should be due to the
preferential oxidation and decomposition of additives. However,
no obvious oxidation peak is observed in TBT-LiDFOB during
the second CV cycle (Fig. 1g), indicating that the electrolyte has
been isolated from the cathode by an additive-derived interface.
Conversely, a sharp oxidation peak is observed for the baseline
electrolyte in the second cycle, revealing that this electrolyte is
continuously decomposing. The comparison in Fig. 1g demon-
strates that once a stable interface layer is formed through pre-
ferential oxidation and decomposition of the additives in the
first cycle, the decomposition of the electrolyte will be inhibited
in the subsequent cycles to maintain sufficient stability during
cycling.

To explore the superiority of TBT and LiDFOB as electrolyte
additives, the electrochemical performance of the NCMS811|Li
cells was tested, as shown in Fig. 2 and Figs S2-S6. Figs S2 and
S3 show the electrochemical performance of the NCMS811|Li
cells with different contents of TBT and LiDFOB. Compared
with cells with 0.5% TBT and 2% TBT, cells with 1% TBT as an
additive have higher capacity retention. Furthermore, the opti-
mal addition of LiDFOB is 0.1 mol L™'. Fig. 2a displays the
specific discharge capacity of the cells with baseline and TBT
electrolytes at 2.7-4.3 V. After 200 cycles, the capacity retention
rate of the cell with TBT is 83.2%, while the baseline cell remains
at 66.4% of the original capacity. Fig. 2b displays the specific
discharge capacity of both cells at 2.7-4.5 V. After 200 cycles, the
capacity retention rate of the cell with TBT is 75.1%, while the
baseline cell remains at only 39.1% of the original capacity.
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Figure 1 Color change of different electrolytes: (a) baseline, (b) TBT, (c) baseline with 1000 ppm H,O after 10 days of storage, and (d) TBT with 1000 ppm
H,O after 10 days of storage; (e) "’F NMR spectra of the different electrolytes with 1000 ppm H,O after storage at 25°C for 10 days; oxidative potentials of the
baseline and TBT-LiDFOB electrolytes at 0.15 mV s™": (f) the first and (g) the second CV curves.

Fig. 2¢ shows the specific discharge capacity of the NCM811|Li
cells with the baseline electrolyte and the TBT-LiDFOB elec-
trolyte at 4.5V, and Fig. S4 shows the corresponding first
charge-discharge curves. At a high cut-off voltage of 4.5V, the
cell with dual additives shows a much higher initial coulombic
efficiency than the baseline cell, and it exhibits a high capacity
retention of 86.0% over 200 cycles. The cell with LiDFOB
obtained a capacity of 70.3% at 2.7-4.5 V over 200 cycles, which
is much lower than the cells with TBT-LiDFOB (Fig. S5). Thus,
the cell with dual additives has better high-voltage cycling sta-
bility than the baseline cell and the cell with individual additives.
Fig. S6 shows the rate performance of the NCM811|Li cells with
different electrolytes. At 0.2-2 C, the cells cycling in different
electrolytes essentially have identical discharge capacities, but
when the rate is higher than 5 C, the discharge capacity of the
TBT-LiDFOB cell is considerably higher than that of the base-
line. Fig. 2d, e further show the charge-discharge curves for the
10th-200th cycles of the cells cycled at a 1-C rate in different
electrolytes with and without dual additives. In the 10th cycle,
both cells have similar voltage profiles, with a voltage plateau
near 3.8 V. After 50 cycles, the cell with the baseline electrolyte
shows a substantial voltage drop and a disappearance of the
plateau, implying that the crystal structure was severely distorted
and the lithiation/delithiation kinetics deteriorated. However,
the cell with TBT-LiDFOB still maintains a perfect voltage
profile with no severe voltage drop.

XPS was used to analyze the chemical compositions of the
NCMS8I11 cathode surface after five cycles. The XPS spectra in
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Fig. 3 provide detailed information about the CEI composition.
The C 1s spectrum (Fig. 3a, b) shows that the sample cycled in
the dual-additive-modified electrolyte has an obvious COOR
peak, indicating that LIDFOB is involved in cathode-electrolyte
interphase formation. In the F 1s spectrum (Fig. 3¢, d, i), a less
substantial LiF peak is observed in the sample containing TBT
and LiDFOB, indicating that the additives inhibit the decom-
position of salt in the electrolyte. The higher the highest occu-
pied molecular orbital (HOMO) energy level, the more easily the
substance loses electrons. For the electrolyte, the HOMO energy
level can be used to determine the oxidation order of each
component during the charging process, and the component
with the highest HOMO energy level undergoes oxidative
decomposition first. As Fig. S7 shows, the HOMO energy level
of LiDFOB is higher than that of LiPFs and the solvents of EC
and DEC; thus, during the charging process, LIDFOB pre-
ferentially undergoes oxidative decomposition to stabilize the
cathode-electrolyte interface. This result corresponds to the XPS
result. In the O 1s spectrum (Fig. 3e, ), the electrode cycled in
TBT and LiDFOB contains more C=0/C-0O, suggesting that
TBT contributes to CEI layer formation. The Ti 2p spectrum and
B 1s spectrum (Fig. 3g, h) show that the inorganic components
such as B and Ti interfacial phases are richer in the cathode-
electrolyte interface of the additive-added cell than that of the
baseline cell. These results imply that TBT and LiDFOB are not
only involved in CEI layer formation but also may directly react
with HF and inhibit LiF formation on the cathode.

Fig. 4a-d show the SEM images of the NCM811 cathode after

August 2023 | Vol.66 No.8
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Figure 2 Electrochemical performances of NCM811|Li cells with different electrolytes: specific discharge capacity at a 1-C rate (a) from 2.7 to 4.3 V with
TBT, (b) from 2.7 to 4.5 V with TBT, and (c) from 2.7 to 4.5 V with TBT-LiDFOB; (d, e) corresponding charge-discharge curves: (d) baseline and (e) TBT-

LiDFOB.

200 cycles of the baseline and TBT-LiDFOB cells, respectively.
The SEM images show that in all electrolytes, obvious sediments
were deposited on the surface of the electrode, confirming the
formation of the cathode-electrolyte interface film. The differ-
ence is that the cathode interface of the TBT-LiDFOB cell is
uniformly dense and smooth, while that of the baseline cell is
loose and uneven, and obvious particle fragmentation can be
seen in Fig. 4b. Fig. S8 shows the SEM images of the fresh
NCMS811 cathode for comparison. The interface film cannot be
clearly observed on the surface of NCM811 particles because of
no contact with the electrolyte and no charge-discharge test.
The corresponding Fourier transformed infrared (FTIR) spec-
trum of the cathode after 200 cycles at 2.7-4.5 V is shown in
Fig. S9. Compared with the TBT-LiDFOB cathode, the baseline
cathode has a spectrum with a considerably increased number of
peaks in the 400-2000 cm™ region (Fig. S9b), and these peaks
correspond to electrolyte decomposition products such as C-O,
C-H, R;,CH=CHR,, R;CH=CH,, and LiF [23-25]. This result
indicates that the CEI derived from dual additives is more stable,
with no obvious solvent decomposition after 200 cycles at high
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voltage, thus slowing down the decay of the cell performance.
EIS was used to study the Li-ion transport kinetics in the
interfacial layer. The first semi-circle in the high-frequency
region represents the interface film impedance (Ry) of the cells
[26,27]. Fig. 4e, f show the impedance of NCM811|Li cells after
10 and 200 cycles in a fully discharged state to 2.7 V, and
Fig. S10 shows the corresponding equivalent circuit diagram.
After 10 cycles, there is an unsubstantial difference in the
interfacial film impedance between the battery containing the
baseline electrolyte and the battery containing the electrolyte
added with TBT and LiDFOB. After 200 cycles, the bulk impe-
dance of the electrolyte solution (R;) and the interface film
impedance R of the baseline cell increased considerably. In
contrast, the R, and Ry of the TBT-LiDFOB cell are much smaller
than that of the baseline cell. Comparing the impedance change
also revealed the greater stability of CEI derived from TBT-
LiDFOB, which can suppress interfacial side reactions and
reduce electrolyte consumption at high voltages.
High-resolution TEM (HR-TEM) was applied to characterize
the morphology differences of CEI films derived from different

3049



ARTICLES

SCIENCE CHINA Materials

a Baseline C-C/C-H cie c Baseline ’CF}' E1s e Baseline o1s
| E
[72] ! [%2] B %] C=0/C-0
o 1 o i o [
Q ; Q . Q A
= ! = i = N\
7] ! 7] o ) '
g coc 1 g ’ 3 :
= CF 1 ' = H b= P
1 1 1
iy DN y -
0> . N S L - — -
1 1 1 & 3
294 292 290 288 286 284 282 280 696 694 692 690 688 686 684 682 680 678 540 538 536 534 532 530 528 526
B.E. (eV) B.E. (eV) B.E. (eV)
b ; d A f -
TBT-LIDFOB s TBT-LIDFOB oF, o TBT-LIDFOB c=oc0 s
/:\ :
c-C/C-H A\ 1
(2] w 1 ) !
o o o 1
Q Q Q
= = = -
2 COOR 2 : 2 |
8 y o 0 9 !
£ CFy ) = : £ H
-y | ! ;
e EE— : : :
294 292 290 288 286 284 282 280 696 694 692 690 688 686 684 682 680 678 540 538 536 534 532 530 528 526
B.E. (eV) B.E. (eV) B.E. (eV)
9 [reT-LiDFOB | | e—— i [—er.LDFoB N
Tizp Ti2p ! B1s Baseline [k S
2 BO, i
D | » i » :
LN
S & /\ S i
g 2 /0 B ]
c i [ / 1\ %) '
o YN 5} £ 1N S :
= N\ 8 ! \ ) h
£ : E yo N £ :
iy _ 4 ' g !
: i I % —— :

474 471 468 465 462 459 456 453
B.E. (eV)

200 198 196 194 192 190 188 186 184
B.E. (eV)

696 694 692 690

688 686 684 682 680 678
B.E. (eV)

Figure 3 XPS spectra of the CEI layer of NCM811|Li cells in different electrolytes after the 5th cycle: (a, b) C 1s, (¢, d, i) F 1s, (e, f) O 1s, (g) Ti 2p, and
(h) B 1s; (a, ¢, e) baseline and (b, d, f, g, h) TBT-LiDFOB.
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Figure 4 SEM images after 200 cycles: (a, b) baseline and (c, d) TBT-LiDFOB; (e, f) EIS of the NCM811 cathode after 10 and 200 cycles.

electrolytes after 100 cycles. As shown in Fig. 5a, a-1, the CEI
generated from the baseline electrolyte is uneven and thick. In
stark contrast, the CEI derived from TBT-LiDFOB is uniform
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and much thinner (<4 nm), as shown in Fig. 5b, b-1. To
investigate the phase transformation of NCM811 during the
charge-discharge process, Fig. 5¢, d show the differential capa-
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city curves from the 10th to 100th cycle of the cell containing the
baseline electrolyte and the cell containing the electrolyte with
TBT-LiDFOB, respectively. The apparent redox peaks in the
2.7-4.5V range correspond to the HI-M, M-H2, and H2-H3
phase transitions of the materials during Li* extraction and
insertion, respectively [28]. The area enclosed by the curve
represents the charged/discharged capacity during the phase
transition. With an increasing number of cycles, the peak
strength decreases considerably for the baseline cell and is well
maintained for the cell with TBT-LiDFOB, which shows that the
cell with the dual additives has better capacity retention than the
cell with the baseline. The peak near 3.7 V represents the phase
transition from the hexagonal phase (H1) to the monoclinic
phase (M), and the peak near 4.0 V is associated with the phase
transition from the monoclinic phase (M) to the hexagonal
phase (H2). The peak at 4.2 V is related to the phase transfor-
mation from the hexagonal H2 phase to the hexagonal H3 phase.
It has been reported that during the above phase transition
process, the phase transition from H2 to H3 causes a release of
lattice oxygens and leads to a sudden contraction of the c-axis
lattice parameters, which causes stress accumulation inside the
material particles and eventually leads to the breakage of active
material particles, thus exposing more area eroded by the elec-
trolyte, increasing the interfacial side reactions, leading to more
irreversible phase transitions, and finally causing the active
material to fail. The height of the H2—H3 peak of NCM811 in
the baseline cell is seen to decrease substantially after 100 cycles,
indicating that NCM811 undergoes an irreversible phase tran-
sition. In contrast, the height of the H2—H3 peak of the cathode
in the cell containing the dual additives is well maintained,
indicating a highly reversible phase transition process. There-
fore, the TBT-LiDFOB dual additives can suppress the unfa-
vorable irreversible phase transition of NCM811 by forming a

August 2023 | Vol.66 No.8
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stable Ti-, F-, and B-rich CEI and scavenging the highly corro-
sive HF. The structural changes of NCMS811 after cycling in
different electrolytes can also be derived from Rietveld refine-
ment analyses of XRD patterns (Fig. S11). The diffraction peak
intensity ratio of (003) to (104) crystal planes (marked as 1(003)/
I(104)) represents the degree of cation mixing, and a smaller
1(003)/1(104) value indicates a higher degree of cation mixing
and deleterious phase transformation [13,29]. According to the
Rietveld refinement results, the Li/Ni cation disordered content
of NCM811 is lower after cycling in TBT-LiDFOB than after
cycling in the baseline electrolyte. This result indicates that the
harmful phase transition due to Li/Ni mixing is suppressed by
the TBT-LiDFOB-derived cathode-electrolyte interface layer.
The deleterious phase transition on the surface of the NCM811
cathode may cause the dissolution of TM ions, which migrate to
the Li anode surface to damage the solid—electrolyte interface.
The content of TMs deposited on the Li anode after 200 cycles
was tested using ICP, as shown in Fig. S12. The Li anode cycled
in the baseline has severe TM deposition, particularly Ni
deposition, which is as high as 0.0249 mg L™!, much higher than
the Li anode cycled in TBT-LiDFOB (0.0031 mg L™ deposition).
In addition, a substantial dissolution of Co and Mn occurs in the
baseline, with dissolution amounts of 0.0043 and 0.0057 mg L™,
respectively, while the dissolution amounts of Co and Mn in
TBT-LiDFOB are only 0.0002 and 0.0006 mg L™, respectively.
This result indicates that the Ti-, B-, and F-rich CEI formed by
TBT and LiDFOB can greatly inhibit the dissolution of TMs and
reduce the deposition of TM on the anode [30].

Fig. 6a, b schematize the optimization mechanism of additives.
As shown in Fig. 6a, the CEI formed by the baseline electrolyte
cannot prevent electrolyte decomposition from the corrosion of
byproducts such as HF and, ultimately, cannot maintain a
complete and uniform interface layer. Thus, side reactions at the
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Figure 6 Schematic of the improvement mechanism with different elec-
trolytes: (a) baseline and (b) TBT-LiDFOB.

interface and the formation of a distorted structure cause the
cathode material to fail. In contrast (Fig. 6b), the TBT in the
TBT-LiDFOB electrolyte can undergo a hydrolysis reaction to
consume H,O/HF in the electrolyte. In addition, the robust Ti-,
F-, and B-rich CEI derived from TBT-LiDFOB can resist elec-
trolyte erosion to ensure the stabilization of the cathode-elec-
trolyte interface and protect the electrode surface from the
erosion of PF; and HF. Ultimately, an irreversible deleterious
phase change to a distorted structure at the interface is sup-
pressed.

CONCLUSIONS

A high-voltage electrolyte formulation design that simulta-
neously improves the stability of the bulk electrolyte and cath-
ode-electrolyte interface is proposed. In particular, under the
cooperation of TBT and LiDFOB, a stable Ti-, B-, and F-rich
CEI layer is formed to protect the NCM8I11 electrode from
interfacial side reactions and phase transitions to a distorted
structure. In addition, TBT stabilizes the electrolyte by removing
H,O/HF and inhibits the decomposition of the electrolyte. In the
electrolyte containing TBT-LiDFOB, the NCM811|Li cell exhi-
bits high capacity retention of 86% after 200 cycles at 1 C and a
high cut-off voltage of 4.5 V. We believe that this study provides
a simple electrolyte modification strategy for solving the severe
capacity degradation problem of the Ni-rich NCM cathode at
high voltages.
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