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ABSTRACT: High-capacity Ni-rich LiNi,Co,Mn,_,_,0, (NCM)
has been investigated as a promising cathode active material for
improving the energy density of lithium-ion batteries (LIBs);
however, its practical application is limited by its structural
instability and low thermal stability. In this study, we synthesized
tetrakis(methacryloyloxyethyl)pyrophosphate (TMAEPPi) as a
cathode electrolyte interphase (CEI) additive to enhance the
cycling characteristics and thermal stability of the Li-
Niy3Coy;Mny;0, (NCM811) material. TMAEPPi was oxidized
to form a uniform Li*-ion-conductive CEI on the cathode surface
during initial cycles. A lithium-ion cell (graphite/NCMS811)
employing a liquid electrolyte containing 0.5 wt % TMAEPPi ~
exhibited superior capacity retention (82.2% after 300 cycles at a

1.0 C rate) and enhanced high-rate performance compared with the cell using a baseline liquid electrolyte. The TMAEPPi-derived
CEI layer on NCM811 suppressed electrolyte decomposition and reduced the microcracking of the NCM811 particles. Our results
reveal that TMAEPPi is a promising additive for forming stable CEIs and thereby improving the cycling performance and thermal
stability of LIBs employing high-capacity NCM cathode materials.
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B INTRODUCTION

High-performance lithium-ion batteries (LIBs) are widely used
in mobile electronics as a reliable energy storage source.' >
Recently, the interest in eco-friendly policies and energy
storage technologies has increased worldwide, and the
application fields of LIBs are expanding to large-capacity
power sources such as energy storage systems and electric
vehicles.”> Accordingly, the demand for LIBs with high energy
density, excellent cycle life, and enhanced safety is growing.
Because the energy density of LIBs is greatly affected by the
operating voltage and capacity of the electrode materials, Ni-
rich LiNi,Co,Mn,_,_,0, (NCM) materials with high operating
voltages and large capacities exceeding 200 mA h g~' have
been considered promising cathode materials for LIBs."”
However, these materials have several limitations, such as
anodic decomposition of the liquid electrolyte on the cathode
derived from highly reactive Ni*', structural instability caused
by microcracking, and safety concerns arising from the low
thermal stability of delithiated NCM materials. These
problems are more serious at high-voltage operation, resulting
in severe degradation of the cell performance upon repeated
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cycling.”™"? Therefore, several strategies have been introduced
to suppress cell degradation under high-voltage operation, such
as active material doping, surface coating, binder modification,
morphology control, and design of novel electrolyte
systems.'*"** Among the various approaches, the formation
of a uniform and stable cathode electrolyte interphase (CEI)
on the cathode active materials by adding an appropriate
amount of an additive is an effective way to improve the
cycling performance of Ni-rich NCM cathode materials
without sacrificing energy density of LIBs. The uniform and
stable CEI layer on the NCM surface by the electrochemical
reaction of the additive can suppress oxidative decomposition
of the liquid electrolyte and maintain the facile intercalation/
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deintercalation of lithium ions, thereby enhancing the
structural stability of the cathode active material.”>~>’

To date, several CEl-forming additives containing polar
groups such as P—O, S=O, and C—O have been actively
studied.”®*” The CEI is generally composed of inorganic LiF
and organic (carbonate, ether-based polymeric species)
components. The resistive LiF component in the CEI layer
blocks the migration of lithium ions and thus reduces the
reaction kinetics at the cathode side.>” On the other hand, the
polar groups in the CEI layer can improve the Li* ion
migration by providing a Li* ion conduction pathway. Yim et
al. reported the improved electrochemical performance of a Li/
LiNiy,C0y,Mny;0, cell by the addition of divinyl sulfone.®'
Zheng et al. reported the enhanced cycling performance of a
Li/Li; ,Nij 13C00 13Mn 5,0, cell by addition of phenyl vinyl
sulfone.”” Recently, Park et al. reported the improved thermal
stability and cycling performance of the graphite/Li-
Niy4Coo 1 Mny;0, (NCM811) cell by adding lithium
tetrafluoro(fluoromalonato) phosphate.”” According to these
reports, the polar group is considered a main component of
electrolyte additives for forming the CEI layer that improves
the electrochemical performance of LIBs.

In the present study, we synthesized tetrakis-
(methacryloyloxyethyl)pyrophosphate (TMAEPPi) containing
a polar phosphate group because the P—O group in the CEI
layer provides a pathway for Li* ions and supports to desolvate
Li* ions from the solvated structure at the cathode surface
during the intercalation process. Synthesized TMAEPPi was
applied to the lithium-ion cell composed of a graphite anode
and NCM811 cathode as a CEI additive to enhance the cycling
performance and thermal stability of LIBs. The unique
properties of the TMAEPPi-induced CEI that mitigates the
degradation of cathode materials and promotes Li* ion
migration were investigated by X-ray photoelectron spectros-
copy (XPS), electrochemical impedance spectroscopy (EIS),
transmission electron microscopy (TEM), and scanning
electron microscopy (SEM). The effect of TMAEPPi addition
on the thermal stability of the cathode was also examined using
differential scanning calorimetry (DSC) measurements.

B EXPERIMENTAL SECTION

Materials. Diphosphoryl chloride, 2-hydroxyethyl methacrylate,
and tetrahydrofuran (THF, anhydrous) were purchased from TCI
and used without any treatment. Triethylamine (TEA, anhydrous)
and dichloromethane (DCM, anhydrous) were supplied by Sigma-
Aldrich and used as received. A polyethylene (PE) separator (9 um,
SK IE Technology Co., Ltd.) was dried under vacuum at 70 °C. The
baseline liquid electrolyte was 1.0 M LiPFq in ethyl methyl carbonate
(EMC) and ethylene carbonate (EC) (7:3 by the volume ratio) and
was purchased from Dongwha Electrolyte Co. Ltd.

Synthesis of TMAEPPi. TMAEPPi was synthesized via the
reaction between diphosphoryl chloride and 2-hydroxyethyl meth-
acrylate. 2-Hydroxyethyl methacrylate (10.0 g), triethylamine (7.78
g), and THF (100 mL) were added to a 250 mL three-neck flask
under a dry argon atmosphere. Diphosphoryl chloride (3.22 g) was
dropped into the mixed solution at 0 °C using a syringe pump for 1 h,
and the reactants were continuously stirred for 48 h at 25 °C. After
the reaction was complete, the precipitated salt was removed via
filtration. The remaining product was extracted five times with DCM
and deionized water. The residual water in the extracted organic layer
was removed by adding magnesium sulfate. It was further purified by
column chromatography and dried under vacuum at 40 °C. Finally,
pure TMAEPPi was obtained as a yellowish oil (4.97 g, yield: 62%).
The characterization of TMAEPPi by nuclear magnetic resonance
(NMR) spectroscopy was as follows:

'"H NMR (CDCl;, 600 MHz, ppm): § 1.931 (s, 3 H), 4.263—4.301
(m, 2H), 4.332—4.346 (m, 2H), 5.593 (s, 1 H), 6.138 (s, 1H).

3P NMR (CDCl;, 162 MHz, ppm): § —1.323 (s).

Assembly of the Lithium-lon Cell. The NCM811 cathode was
fabricated from a viscous slurry consisting of 95 wt % NCM811 (L&F
Co., Ltd.), 3 wt % poly(vinylidene fluoride) (PVDF, Solef 5130,
Solvay), and 2 wt % Super P carbon (TIMCAL) in N-methyl
pyrrolidone (NMP) on an aluminum current collector. The anode
was prepared from a slurry of 91 wt % artificial graphite (S360, BTR),
1 wt % Super P carbon, and 8 wt % PVDF on a copper foil. The mass
loading of NCM811 and graphite in the electrodes was 14.0 and 9.8
mg cm ™, respectively. A coin cell was assembled by sandwiching the
separator between the graphite anode and the NCM811 cathode. The
liquid electrolyte with and without TMAEPPi was then injected into
the cell. The content of TMAEPPi added to the baseline electrolyte
was in the range of 0.25 to 1.0 wt %. The moisture content in the
electrolytes containing TMAEPPi was confirmed to be less than 15
ppm by Karl Fischer (KF) titration. The assembled cells were aged at
30 °C for 24 h prior to the cycling test. All cell assembly procedures
were conducted in an Ar-filled glovebox (MBRAUN).

Characterization and Measurements. The highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) energy levels of the electrolyte components (solvents, salt,
and additive) were obtained by density functional theory (DFT)
calculation using Gamess at the B3LYP/6-311++G level. 'H NMR
and *'P NMR spectra of the chemicals were obtained in CDCl; using
NMR spectroscopy (VNMRS 600 MHz, Varian). Fourier-transform
infrared (FT-IR) spectroscopy of the chemicals was performed
between 400 and 4000 cm™' using a Nicolet iSSO spectrometer
(Thermo Fisher Scientific Inc). The morphologies of NCM811
cathodes were examined using high-resolution TEM (HR-TEM;
JEOL 2100F) and field-emission SEM (FE-SEM; Verios G4). The
chemical analysis of the CEI on the NCM811 cathode surface was
conducted by XPS (K-Alpha+, Thermo Fisher) with Al Ka as the X-
ray source under ultrahigh vacuum. For DSC measurements, the
delithiated Li;_,Ni, Co,;Mn, O, cathode was collected and sealed in
a Tzero hermetic aluminum pan. Its thermal stability was examined by
DSC at a heating rate of 10 °C min™". The ionic conductivity of the
liquid electrolyte was measured using a conductivity meter (Cond
3210, WITW GmbH) as a function of temperature. Linear sweep
voltammetry (LSV) was carried out at 1 mV s™' using a CHI 660
analyzer (CH Instruments, Inc.). Cyclic voltammetry (CV) was
performed at 0.1 mV s™' on the carbon-coated aluminum working
electrode with lithium metal as the reference and counter electrodes.
A cycling test of the graphite/NCMS811 cell was conducted between
2.5 and 4.3 V using a battery tester (WBCS 3000, WonATech Co.
Ltd.) at 25 °C. The cells were subjected to pre-cycling at a 0.1 C rate
(two cycles) and 0.2 C rate (three cycles), followed by cycling at a 1.0
C rate to evaluate the cycling stability. At the end of constant current
charging, a constant voltage charging was applied to the cell until the
current was lower than 0.05 C. To evaluate the rate capability, the cell
was charged at the same current rate (0.5 C) and discharged at
different current rates: 0.5, 1.0, 2.0, 3.0, and 5.0 C. EIS of the cells
before and after cycling was carried out using an impedance analyzer
(IM6, Zahner Elektrik) in the frequency range of 10~ to 10° Hz at an
amplitude of 5 mV.

B RESULTS AND DISCUSSION

TMAEPPi was synthesized through a nucleophilic substitution
reaction between 2-hydroxyethyl methacrylate and diphos-
phoryl chloride (Figure S1). Obtained TMAEPPi was
characterized using FT-IR, 'H NMR, and 3P NMR spectros-
copy. As depicted in Figure S2, the peak of the —OH group in
2-hydroxyethyl methacrylate at 3200 —3600 cm™" disappeared
in the TMAEPPi spectrum. The peaks corresponding to the
C=C double bonds and C=0 groups in TMAEPPi could be
observed at 1638 and 1719 cm™’, respectively. The P—CI peak
in diphosphoryl chloride (480—600 cm™) disappeared, and
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Figure 1. Chemical structures of (a) 2-hydroxyethyl methacrylate and (b) TMAEPPi. (c) '"H NMR spectra of 2-hydroxyethyl methacrylate and

TMAEPPi in the CDCl; solvent.

the new P—O—C peak was observed at 970—1140 cm™' in
TMAEPPi after the reaction. Figure 1 shows the 'H NMR
spectra of 2-hydroxyethyl methacrylate and TMAEPPi. The
peak of —OH in 2-hydroxyethyl methacrylate (6 = 2.15 ppm)
completely disappeared in TMAEPP], and the —CH,— peak
adjacent to —OH shifted from 3.85 to 4.27 ppm after the —OH
group was replaced by the —PO group by the substitution
reaction. The peak of —OP(=0)Cl, in diphosphoryl chloride
(6 = —9.46 ppm) shifted completely to —1.32 ppm by the
replacement of chlorine atoms with oxygen atoms after the
reaction, as presented in the *'P NMR spectra of Figure S3.
These results suggest that TMAEPPi was successfully
synthesized from diphosphoryl chloride and 2-hydroxyethyl
methacrylate, without any residual impurities in the product.
Figure 2a presents the LUMO and HOMO energy levels of
EC, EMC, LiPF,, and TMAEPPi, which were obtained from
DEFT calculations. Their optimal molecular structures for DFT
calculations are given in Figure S4. As depicted in Figure 2a,
the HOMO energy of TMAEPPi is much higher than that of
the solvents (EC: —8.38 eV, EMC: —8.05 eV) and lithium salt
(LiPF¢: —10.77 eV) in the baseline electrolyte. This indicates
that TMAEPP; is likely oxidized to form a CEI layer on the
cathode surface prior to the oxidative decomposition of the
electrolyte components during the charging process. Figure 2b
depicts the ionic conductivities of the electrolytes without and
with 0.5 wt % TMAEPPI as a function of the temperature. It
can be seen that the addition of TMAEPPI has little effect on
the ionic conductivity of the liquid electrolyte. CV of the liquid
electrolytes without and with TMAEPPi was conducted. As
depicted in Figure 2¢, no noticeable oxidation peaks were
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present in the baseline electrolyte. In contrast, an anodic peak
was present around 3.9 V wversus Li/Li* in the electrolyte
containing 0.5 wt % TMAEPPI (Figure 2d), which can be
ascribed to the electrochemical oxidation of TMAEPPL In
subsequent cycles, the anodic current is decreased with cycling
in both cells, which implies that a protective layer formed on
the electrode surface during the first cycle suppresses the
electrolyte decomposition. LSV of the liquid electrolytes was
performed to investigate the reductive behavior of TMAEPPi.
As shown in Figure S5, no additional reduction peaks due to
the addition of TMAEPPI are present, indicating that the
additive does not affect the reductive behavior of the
electrolyte solution at the anode side during the charge and
discharge cycles.

Figure 3a presents the voltage profiles of the graphite/
NCMB811 cells with different liquid electrolytes during the first
formation cycle. The cell employing the baseline electrolyte
without TMAEPPi delivered a discharge capacity of 201.0 mA
h ¢! based on the NCM811 material, with an initial efficiency
of 86.3%. In contrast, the cell with 0.5 wt % TMAEPPi showed
a lower discharge capacity of 198.6 mA h g~' and a lower
efficiency of 82.6%. The lower initial efficiency of the cell with
TMAEPPi can be attributed to the irreversible oxidative
reaction of TMAEPPi during the first charging process,
resulting in the formation of a TMAEPPi-derived CEI on the
cathode. After two formation cycles, the cells were further pre-
cycled three times at 0.2 C before the long-term cycling test.
As presented in Figure S6, both cells delivered almost the same
discharge capacities during the three cycles. After pre-cycles,
the cells were cycled between 2.5 and 4.3 V at the 1.0 C rate.
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Figure 2. (a) LUMO and HOMO energy levels of organic solvents, salt, and TMAEPPi. (b) Ionic conductivities of liquid electrolytes without and
with TMAEPPi as a function of the temperature. Cyclic voltammograms of liquid electrolytes (c) without and (d) with TMAEPPI.

To investigate the effect of the TMAEPPi content on the
cycling characteristics of the cell, the cycling performance was
compared between the cells containing different contents of
TMAEPP; (Figure S7). As depicted in Figure S7e, the cell with
0.5 wt % TMAEPPi showed the best cycling performance.
When the TMAEPPi content was less than 0.5 wt %, it was
difficult to form a stable CEI on the cathode surface, whereas a
high content of TMAEPPI results in the formation of a thick
CEI layer with high surface film resistance.”*™*° In order to
confirm these presumptions, we obtained the TEM images of
NCMB811 particles after pre-cycling (Figure S8). When 0.25 wt
% TMAEPPi was added, the thin and non-uniform CEI was
formed on the NCM811 particle. On the other hand, a thicker
CEI layer was produced when adding 0.75 wt % TMAEPPi.
From these results, it is concluded that the optimum content of
TMAEPPi for achieving good cycling performance is 0.5 wt %
in this study. Accordingly, the TMAEPPi content was
maintained at 0.5 wt % in the subsequent experiments. The
cell employing 0.5 wt % TMAEPPi delivered an initial
discharge capacity of 187.0 mA h g™ and exhibited a high
capacity retention of 82.2% after 300 cycles at the 1.0 C rate, as
presented in Figure 3b,c. The cell showed high cycling
efficiencies throughout the cycling after several initial cycles. In
contrast, the cell with the baseline electrolyte exhibited greater
capacity fading than the cell with TMAEPPi. The enhanced
cycling stability in the TMAEPPi-containing cell can be
attributed to the presence of a stable CEI layer on the
NCM811 surface by the oxidation of TMAEPPi during the
initial cycles.

Figure 3d,e presents the EIS results of lithium-ion cells
without and with 0.5 wt % TMAEPPi during cycling, showing
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two overlapping semicircles. As given in the equivalent circuit
(Figure S9), the semicircle in the high-frequency region
corresponds to the ion transport in the surface film (Ry)
formed at the electrode surface, and the semicircle in the mid-
to low-frequency region is related to the charge transfer
reaction (R,) at the interface between the electrolyte and
electrode.”” The obtained EIS data were fitted by the
equivalent circuit, and the fitting results are given in Table
S1. After the first cycle, the total interfacial resistances (R; +
R.,) are similar, irrespective of the presence of TMAEPPi, and
then gradually increase with cycling in both cells. It should be
noted that the increase in interfacial resistance in the
TMAEPPi-containing cell during cycling is relatively small
compared to that in the cell without TMAEPPi. Consequently,
the cell with TMAEPPi shows a lower interfacial resistance
than the cell with the baseline electrolyte after 300 cycles. As
discussed earlier, the addition of TMAEPPi induces the
formation of the CEI on the cathode surface, which suppresses
the oxidative decomposition of the electrolyte and deterio-
ration of the cathode active materials during repeated cycling,
thereby mitigating the increase in interfacial resistance in the
cell. The leakage current of the cell was measured at 4.3 V after
three pre-cycles to investigate the role of the TMAEPPi-
derived CEI in the oxidative stability of the electrolyte at the
cathode during high-voltage charging.’**” As depicted in
Figure S10, the cell with 0.5 wt % TMAEPPi showed a lower
leakage current than the cell with the baseline electrolyte,
which indicates that the CEI layer inhibits the deleterious
electrochemical oxidation of the electrolyte at high voltage.
The morphologies of the CEI layer formed on the NCM
particle were examined using TEM images obtained before and
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Figure 3. (a) Cycling curves of the lithium-ion cells with different electrolytes for the first formation cycle. (b) Voltage profiles of the cell with the
electrolyte containing 0.5 wt % TMAEPPi at 1.0 C. (c) Cycling performance of the cells without and with TMAEPP; at 1.0 C. EIS results of the

cells (d) without and (e) with TMAEPPi during cycling.

after three pre-cycles. As depicted in Figure 4b, the cathode
particle cycled in the liquid electrolyte without TMAEPPI is
covered with a thick and non-uniform surface film with a
thickness of 10—20 nm, which arose from the decomposition
of the electrolyte components (organic solvents and salt). In
contrast, the addition of 0.5 wt % TMAEPPi gives rise to the
formation of a thin (~S nm) and uniform CEI layer (Figure
4c). The cross-sectional morphologies of the cathode were
investigated using SEM images recorded before and after 300
cycles, and the results are presented in Figure 4d—f. There was
a clear difference in the structural stability of the NCM
particles cycled in the electrolytes without and with TMAEPP;i.
That is, the NCM material cycled without TMAEPPi exhibited
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intergranular cracking within the particles. The nonuniform
layer on the cathode surface (Figure 4b) in the cell without
TMAEPPi led to heterogeneity in the delithiation/lithiation
degree across the NCM particles during repeated cycling.*>*!
The inhomogeneous delithiation/lithiation process caused
anisotropic volume changes and a large strain of secondary
particles, thus accelerating the mechanical cracking of the
cathode particles.””** Subsequently, the microcracking of the
NCM particles provoked electrolyte penetration into the
particles; thereafter, undesired electrolyte decomposition
occurred on the newly exposed cathode surface, resulting in
degradation of the cycling performance with repeated cycling.
In contrast, few cracks were observed in the NCM particles
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Figure 4. TEM images of NCM811 particles (a) before pre-cycling and after pre-cycling (b) without and (c) with TMAEPPi. Cross-sectional SEM
images of the NCM811 particles (d) before and after 300 cycles (e) without and (f) with TMAEPP;.
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Figure 5. XPS spectra (F 1s and P 2p) of cathodes after three pre-cycles in liquid electrolytes (a,b) without and (c,d) with TMAEPPi.

cycled in the liquid electrolyte containing 0.5 wt % TMAEPPi,
which reveals that the addition of TMAEPPi improves the
structural and interfacial stability through the uniform and
stable CEI layer. Such a difference in the structural stability of
the secondary NCMS811 particles after repeated cycling was
also confirmed from the surface SEM images of the cathodes
shown in Figure S11. The surface morphology of the graphite
anodes was also examined by SEM analysis. As given in Figure
S12, no significant difference is found in the SEM images of
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the anodes depending on the addition of TMAEPPj, indicating
that there is no effect of the additive on the anode side.

The chemical analysis of the CEI layer formed on the
cathode was performed using XPS after three pre-cycles in
different electrolytes (Figure S). In the spectra of F 1s (Figure
Sa,c), two peaks corresponding to LiF and C—F/P—F are
observed at 685.3 and 687.8 eV, respectively.*""** The
reduced intensity of LiF in the TMAEPPi-containing electro-
lyte can be attributed to the inhibition of the irreversible
decomposition of the electrolyte components by the

https://doi.org/10.1021/acsami.2c15685
ACS Appl. Mater. Interfaces 2022, 14, 54688—54697


https://pubs.acs.org/doi/suppl/10.1021/acsami.2c15685/suppl_file/am2c15685_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c15685/suppl_file/am2c15685_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c15685/suppl_file/am2c15685_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.2c15685?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c15685?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c15685?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c15685?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c15685?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c15685?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c15685?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c15685?fig=fig5&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.2c15685?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

TMAEPPi-derived CEL Because resistive LiF may hinder Li*
ion transport, a CEI layer with less LiF is desirable. The P 2p
spectra in Figure Sb,d show three peaks: phosphate (P—O) at
1342 eV, Li,POF, (P—O—F) at 136.2 eV, and Li,PF, (P—F)
at 138.0 eV."~* Tt is well known that the phosphates in the
CEI layer facilitate the migration of lithium ions and promote
the char%e transfer reaction at the cathode—electrolyte
interface.”” It can be seen that the relative intensity of the
phosphate group is significantly increased, and the relative
fraction of Li,POF, (P—O~F) generated by hydrofluoric (HF)
attack is decreased in the presence of 0.5 wt % TMAEPPi
compared to the baseline electrolyte. These results indicate
that the improved cycling performance of the TMAEPPi-
containing cell is attributed to the presence of the TMAEPPi-
derived CEI layer on the cathode surface, which facilitates the
cathode kinetics and suppresses the electrolyte decomposition.

The XPS spectra of the anode surface after pre-cycling are
given in Figure S13. In the spectra of F 1s, a smaller intensity
of LiF is observed when 0.5 wt % TMAEPPi is added due to
the suppression of salt decomposition at the cathode side. The
relative intensity of phosphate (P—O) in the P 2p spectra is
not increased even in the presence of TMAEPPI. These results
imply that there is no reaction of TMAEPPi on the anode side.

We investigated the cycling performance of the Li/graphite
and Li/NCM811 half-cells with different electrolytes. A cycling
test was conducted between 0.005 to 1.5 V and 2.5 to 4.3 V at
0.5 C for Li/graphite and Li/NCMS8I11 cells, respectively. The
cells were subjected to pre-cycling at the 0.1 C rate for two
cycles, followed by cycling at 0.5 C. As shown in Figure S14,
the addition of TMAEPPi hardly affected the cycling
characteristics of the Li/graphite cell. On the other hand, the
Li/NCMS811 cell with 0.5 wt % TMAEPPi exhibited better
cycling stability than the cell without TMAEPPi. These results
suggest that the improved cycling performance of the graphite/
NCMS811 cell is related to formation of the CEI on the surface
of the NCMS811 cathode by addition of TMAEPPi.

The effect of the TMAEPPi addition on the rate perform-
ance of the cell was investigated in the cells without and with
TMAEPPi. The cells were charged to 4.3 V at the same 0.5 C
rate and discharged to 2.5 V at different C rates from 0.5 to 5.0
C. The first discharge curves of the cell with 0.5 wt %
TMAEPPi at each C rate are shown in Figure 6a. The increase
in the current rate led to a decrease in the cell voltage and
discharge capacity owing to the increase in the overpotential.
The discharge capacities of the cells without and with
TMAEPPi were compared at different C rates. As presented
in Figure 6b, the cell with TMAEPPi delivered higher
discharge capacities than the cell without TMAEPPj,
particularly at high current rates exceeding 2.0 C, indicating
that the TMAEPPi-derived CEI improves the migration of Li*
ions and facilitates the charge transfer reaction, as discussed
earlier.

We investigated the cycling performance of the cells without
and with TMAEPPi at 55 °C and 1.0 C. As presented in Figure
S1S, the cell with 0.5 wt % TMAEPPi showed better capacity
retention, which can be attributed to suppression of side
reactions of the electrolyte with cathode materials at high
temperature by the TMAEPPi-derived CEI layer. The thermal
stability of the delithiated cathode is an important factor that
affects battery safety.’’~>* To investigate the thermal stability
of the charged cathodes, the cells were fully charged to 4.3 V at
0.1 C after 300 cycles at 1.0 C and then disassembled to collect
the cathode materials in an argon atmosphere. Figure 7 shows
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Figure 6. (a) Discharge curves of the cell with 0.5 wt % TMAEPP; at
different C rates. (b) Discharge capacities of the cells without and
with 0.5 wt % TMAEPPi as a function of the C rate.
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Figure 7. DSC thermograms of delithiated NCM811 cathodes after
300 cycles in the liquid electrolytes without and with 0.5 wt %
TMAEPP;.

the DSC thermograms of the delithiated NCM811 cathodes
without and with TMAEPPi. The cathode cycled in the
baseline electrolyte shows one exothermic peak at approx-
imately 130 °C with a small heat of 12.6 J g~' and two
exothermic peaks between 180 and 280 °C with a large heat of
8254 J ¢!, The small exothermic peak at 130 °C can be
attributed to the thermal decomposition of the unstable CEI
layer, and the exothermic peaks observed at higher temper-
atures are ascribed to the oxidation between the liquid
electrolyte and the oxygen gas released by the structural
degradation of delithiated NCM
(Li,_,NiysCop,Mngy,0,).>7>° The amount of heat due to
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the exothermic oxidation reaction was reduced to 544.1 ] g~*
in the cell containing 0.5 wt % TMAEPPj, indicating that the
TMAEPPi-derived stable CEI improves the thermal stability of
the charged cathode.

Based on the results of this study, the mechanism for
enhancing the cycling characteristics and thermal stability of
NCMS811 materials using the TMAEPPi-derived CEI layer is
schematically illustrated in Figure 8. The resistive and

Rough and nonuniform CEI TMAEPPi-derived uniform CEI
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Figure 8. Schematic illustration showing the role of the TMAEPP;i-
derived CEI formed on the Ni-rich NCM cathode materials.

nonuniform CEI layer formed in the baseline electrolyte
degraded the cycling performance owing to electrolyte
decomposition at high voltages, and microcracks occurred
within the particles. In contrast, the thin, uniform, and ion-
conductive TMAEPPi-based CEI layer facilitated the migration
of lithium ions, allowing the uniform deintercalation/
intercalation of lithium ions to prevent microcracking in the
cathode active material, and reduced the anodic decomposition
of the liquid electrolyte during repeated cycling, resulting in
improved cycling characteristics and thermal stability of the
Ni-rich NCM cathode material.

B CONCLUSIONS

TMAEPPi was synthesized and applied as a CEI-forming
additive in the LIBs with a high-capacity NCM cathode.
TMAEPPi was oxidized on the cathode surface to form a thin
and uniform CEI layer prior to anodic decomposition of the
solvents and lithium salt. The uniform and ion-conductive
TMAEPPi-derived CEI suppressed electrolyte decomposition
on the cathode surface at high voltage and thus mitigated the
increase in interfacial resistances in the cells. The uniformity of
the layer also allowed the homogeneous deintercalation/
intercalation of Li* ions and enhanced the structural stability of
the cathode active materials. Consequently, the addition of 0.5
wt % TMAEPPi to the liquid electrolyte enhanced the cycling
performance of the lithium-ion cell in terms of capacity
retention and rate performance. Moreover, the TMAEPPi-
derived CEI layer improved the thermal stability of delithiated
NCM cathode materials. Our results reveal that TMAEPP; is a
promising CEI additive for improving the cycling performance
and thermal stability of high-capacity Ni-rich Li-
Ni,Co,Mn,_, ,O, cathode materials.
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