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ABSTRACT: A thin, uniform, and highly stable protective layer tailored using tris(trimethylsilyl) phosphite (TMSP) with a high
tendency to donate electrons is formed on the Li-rich layered cathode, Li; ;,Ni,;,Mn,Co,1,0,. This approach inhibits severe
electrolyte decomposition at high operating voltages during cycling and dramatically improves the interfacial stability of the
cathode. The TMSP additive in the LiPF4-based electrolyte is found to preferentially eliminate HF, which promotes the
dissolution of metal ions from the cathode. Our investigation revealed that the TMSP-derived surface layer can overcome the
significant capacity fading of the Li-rich cathode by structural instability ascribed to an irreversible phase transformation from
layered to spinel-like structures. Moreover, the superior rate capability of the Li-rich cathode is achieved because the TMSP-
originated surface layer allows facile charge transport at high C rates for the lithiation process.
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1. INTRODUCTION

Lithium-ion batteries (LIBs) are one of the most promising
energy storage technologies because of their high voltage,
energy density, and cost-effectiveness.' > Although LIBs have
been successfully commercialized, the energy density of
lithium-ion cells needs to be improved to satisfy the needs of
high power and/or capacity applications such as power tools,
electric vehicles (EVs), or renewable energies.””® The energy
density of conventional LIBs, with cathodes operating at 3.3—
3.9V, such as LiCoO, (~140 mAh g™') and LiFePO, (~160
mAh g'), is limited. To achieve a LIB energy density greater
than 250 Wh kg_l, many research groups have worked hard to
increase the voltage and capacity of cathode materials such as
LiNiysMn, ;O, (LNMO)'®"" and Lirich cathodes'>"? with
chemical compositions of xLi,MnOj;-(1 — x)LiMO,. Li-rich
cathodes are the most promising because they have a
reasonably high operating voltage and a high reversible
capacity, which can exceed 200 mAh g~.'*"'¢ Although Li-

-4 ACS Publications  © 2015 American Chemical Society

8319

rich cathode materials can achieve a high energy density, their
practical application to LIBs is still quite challenging because Li-
rich layered cathodes have a large irreversible capacity due to
the Li,O formed by Li,MnO; activation in the initial cycle and
severe electrolyte decomposition at high votlages and the
structural instability via irreversible phase transformation.'” "
The amount of Li,MnO; activated is strongly affected by the
cell operating voltage.”””! Although the reversible capacity of
Lirich cathodes can be improved by Li,MnOj; activation at
high voltages, it is important to determine the proper operating
voltage because Li,MnOj; can help to maintain stable cathode
structures.”” Li-rich cathodes can also undergo irreversible
phase transformation from layered to spinel-like structures after

prolonged (:ycling.23_28 This phase transformation occurs as
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transition metal ions in the transition metal layer move into the
Li layer. This causes capacity fading because transition metal
ions in the Li layer disturb the lithiation or delithiation process,
which proceeds gradually from the surface to the bulk of the
cathode as cycling progresses. In addition, severe oxidative
decomposition of the electrolyte beyond the upper voltage limit
(around 4.3 V versus Li/Li*) of conventional LiPF4-based
electrolytes inevitably occurs, because Li-rich cathodes operate
at voltages above 4.4 V versus Li/Li***3° This causes the
formation of a resistive and unstable surface film of inorganic
lithium salts and organic carbonates on the cathode. As a result,
high-voltage Li-rich cathodes with conventional electrolytes
have a large irreversible capacity and low Coulombic
efficiency.*”** To alleviate the oxidative decomposition of
electrotlfres on high-voltage cathodes, AlZO3,33 ZrOZ,E'4 A1F3,35
CaF,,*® polyaniline,’” and reduced graphene oxide/AIPO,
hybrid materials®® have been used as protective coatings for
the cathode. Functional additives are efficient and economic
materials, which form a protective layer on the cathode and
improve the interfacial stability of Li-rich cathodes by
preventing electrolyte decomposition in highly oxidizing
environments.®” In recent years, many studies have reported
that the electrochemical performance of Li-ion cells is improved
by using electrolyte additives that can suppress unwanted
electrolyte decomposition via the formation of a protective
layer on the cathode surface.’®*° For example, oxidative
compounds, which oxidize quicker than carbonate-based
solvents, form a stable solid electrolyte interphase (SEI) layer.
Phosphite-based compounds tend to oxidize easily because the
energy of their highest occupied molecular orbital (HOMO) is
higher than that of the carbonate solvents in the electrolyte,
such as ethylene carbonate (EC). Recently, substituted
dioxaphosphinane was proposed as an oxidative additive to
suppress the decomposition of the main electrolyte’s
components at the Li-rich cathode, Li;,Niy;sMng3C00000,
(0.5Li,MnO5-0.5LiNij 4,C0g,,Mny 3,0,).*" Cells with substi-
tuted dioxaphosphinane-containing electrolyte could potentially
have relatively low interfacial impedance, improved cycling
stability, and thermally stable Li-rich cathodes. Lee reported
that the additive triethyl phosphite (TEPi) improved the
cycling performance of a Lij 4Nij,33C00;Mng46,M0g 0330,
cathode and greatly reduced the internal cell pressure because
TEPi may react with oxygen generated from the activation of
Li,MnO; in the Li; ;¢Nig,3;C00;Mng 46, M0g 0330, cathode.*
Li’s group investigated the effect of trimethyl phosphite
(TMPi) on high-voltage Li-ion cells with a Li-rich layered
oxide cathode, Li;,Mng¢,Niy;3C04,30,. The cell with TMPi-
added electrolyte exhibited good capacity retention, improved
rate capability of Li-rich layered oxide/Li half cells at room
temperature, and slightly enhanced thermal stability of the
delithiated cathode in the presence of the electrolyte.*’ The
nature of the SEI strongly affects not only the reversibility of
electrochemical reactions of the cathode but also the kinetics of
Li* transport through the cathode—electrolyte interface.** To
the best of our knowledge, there are no systematic studies of
the influence of the phosphite-based oxidative additive on the
chemical and physical characteristics of the SEI formed on Li-
rich cathodes, the dissolution of metal ions from the cathodes,
and an irreversible phase transformation of the cathodes.
Herein, we demonstrate the beneficial impact of tris-
(trimethylsilyl) phosphite (TMSP) on the cycling performance
and rate capability of a Li-rich cathode,
Li; ;7Niy 17Mng sCog170,, in half cells and full cells coupled
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with a graphite anode. Moreover, the unique functions of
TMSP with respect to the surface chemistry and phase
transformation of Li-rich cathodes are precisely investigated
by applying surface analyses based on ex situ X-ray photo-
electron spectroscopy (XPS), high-resolution transmission
electron microscopy (HR-TEM), and electron energy loss
spectroscopy (EELS) measurements.

2. EXPERIMENTAL SECTION

2.1. Preparation of Electrolyte and Electrode. The electrolyte
was prepared by dissolving 1.3 M lithium hexafluorophosphate (LiPF,
Soulbrain Co. Ltd.) in a mixture of ethylene carbonate (EC),
ethylmethyl carbonate (EMC), and dimethyl carbonate (DMC) in a
3:4:3 volume ratio. Another electrolyte was prepared by adding 0.5 wt
% tris(trimethylsilyl) phosphite (TMSP, 95%, Aldrich) or 0.5 wt %
trimethyl phosphite (TMPi, >99%, Aldrich) as an additive. The
oxidation tendency of EC and TMSP was predicted by calculating the
highest occupied molecular orbital (HOMO) with MOPAC, a
semiempirical molecular orbital program (not shown here). For the
electrochemical tests, the electrode was prepared by spreading a slurry
mixture of 80 wt % Li;1,Nij;;Mng5Co1,0, (0.SLi[Li;/;Mn, /3]0,
0.5LiNi,; ;3Co;/3Mn,; 30,, Samsung Corning Precision Materials Co.,
Ltd.) as an active material, 10 wt % carbon black as a conducting
material, and 10 wt % polyvinylidene fluoride (PVDF) binder
dissolved in anhydrous N-methyl-2-pyrrolidineone (NMP, 99.5%,
Aldrich). The slurry was cast on aluminum foil and dried in a
convection oven at 80 °C for 30 min. After drying, the electrode was
pressed and the thickness was around 45 um. The specific capacity of
the cathode and the active material loading were 0.99 mAh cm™ and
497 mg cm™> The specific capacity of the cathode for a full cell
coupled with the graphite anode was 2.24 mAh cm™ The anode was
composed of 97.5 wt % natural graphite and 2.5 wt % binder (1.5 wt %
styrene—butadiene rubber + 1 wt % sodium carboxymethyl cellulose).
A microporous polyethylene film (PE, SK innovation Co. Ltd.) was
used as a separator, and its thickness and porosity were 20 ym and
38%, respectively.

2.2. Electrochemical Measurements. Electrochemical tests were
performed using 2032 coin-type half cells assembled in an argon-filled
glovebox. Half cells with Li, ,Ni,;»Mn;sCo,;,0, cathode and full
cells with graphite anode and Li, ;;Ni,;Mn,sCo,;;0, cathode were
galvanostatically precycled at a rate of C/10 between 2.0 and 4.6 V
using a computer-controlled battery measurement system (WonATech
WBCS 3000). Thereafter, the cells were cycled at a current density of
100 mA g~' (corresponding to C/2 rate) between 2.0 and 4.6 V for
100 cycles. To investigate the impact of TMSP on the rate capability of
the Li, ;,Nij ;;Mn, sCog ,0, cathodes, cathode half cells were cycled at
various C rates: C/5, C/2, 1C, 2C, 3C, and 7C. dQ/dV graphs were
obtained by computing the differential capacity versus the potential of
the half cells during the precycle at 25 and 60 °C. To investigate the
storage performance at high temperature, the graphite/
Li; ;7Nig 1;Mny sCoy 170, full cells were galvanostatically precycled
once between 2.0 and 4.6 V at a rate of C/10 at 25 °C. After the
precycle, the cells were charged to 4.6 V with a constant current (CC)
at a rate of C/10 followed by a constant voltage (CV) condition at 25
°C and then stored at 60 °C. The open-circuit voltage (OCV)
variation of graphite/Li, ;;Niy,,Mng5Cog,,0, cells was monitored
during storage, and the capacity retention was evaluated after 20 days.

2.3. Material Characterization. After precycling and 100 cycles,
the cells were carefully disassembled in a glovebox to collect their
electrodes and lithium metals. The electrodes and lithium metals were
rinsed in dimethyl carbonate (DMC) to remove the residual LiPF-
based electrolyte and dried at room temperature for ex situ analysis.
The X-ray photoelectron spectroscopy (XPS, K-Alpha, Thermo
Fisher) was performed with Al Ka (hv 1486.6 eV) radiation
under ultrahigh vacuum, using a 0.10 eV step and 50 eV pass energy.
All XPS spectra were calibrated by the hydrocarbon peak at the
binding energy of 284.8 eV. All of the samples were prepared in a
glovebox and sealed with an aluminum pouch film under vacuum
before use. High-resolution transmission electron microscopy (TEM,
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Figure 1. Voltage profiles of the Li/Li, ;;Niy;,Mn;sCo, ;;0, cells with and without TMSP additive at 25 °C in the (a) precycle and (b) first cycle
after the precycle. (c) Cycling stability of Li/Li; ;;Nig;,MngsCoq,,0, cells with and without TMSP additive at 25 °C. (d) Rate capability of
Li, ,Nig1;Mng 5Coy 1,0, in baseline electrolyte and the electrolyte with TMSP or TMPi additive at various C rates.

JEM-2100F, JEOL) was used to study the morphology of the SEI layer
and Li; ;;Niy ;;Mng sCoy 1,0, particles. Using focused ion beam (FIB,
Helios 450 HP, FEI) with both ion and electron beam, the TEM
samples were prepared. Electron energy loss spectroscopy (EELS) was
used to evaluate the valence state change of Mn ions, which is related
to the capacity decay of the Li-rich cathode. TEM image and EELS
spectra were acquired at 200 kV and the resolution of EELS was 0.8
eV. To clarify the role of TMSP and TMPi on HF removal from the
electrolyte adding 5 vol % water, ’F NMR spectra of the EC/EMC/
DMC (3/4/3, v/v/v)/1 M LiPF electrolytes with and without TMSP
or TMPi were recorded on an Agilent VNMRS-600 spectrometer with
THEF-d8 as a solvent. ’F NMR resonance was referenced to LiPF at
—72.4 ppm. To understand the dissolution behavior of transition metal
ions such as manganese, nickel, and cobalt from
Li; 17Niy ;;Mn, sCoy 1,0, cathodes at 60 °C, a typical experiment was
performed. Fully charged cathodes with and without a TMSP-derived
SEI layer were soaked in EC/EMC/DMC (3/4/3) with 1.3 M LiPFq
under argon in a polyethylene bottle. After sealing with an aluminum
pouch film, the polyethylene vial was stored in a convection oven at 60
°C for 24 h. The amount of manganese (Mn), nickel (Ni), and cobalt
(Co) ions in the electrolyte that had come into contact with the fully
charged cathode at 60 °C was measured by means of inductively
coupled plasma-mass spectrometry (ICP/MS, ELAN DRC-II).

3. RESULTS AND DISCUSSION

Conventional carbonate-solvent-based electrolytes display
inferior oxidation stability of lower than 4.3 V vs Li/Li",
which makes them highly unstable against high-voltage
cathodes. Therefore, understanding the interfacial character-
istics between the high-voltage cathode and the electrolyte is
critically important for developing suitable electrolytes. To
examine the surface chemistry of Li-rich cathodes
(Liy1»Nig ;7Mny 5Coq 70, activating Li,MnOj at high voltages),
ex situ XPS measurements of the cathodes were performed at
various charged and discharged states, as shown in Figure S1 in
the Supporting Information. At point i, the Ni** peak intensity
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at 855 eV was slightly reduced and the peak corresponding to
Ni** appeared at 856 eV, as shown in Figure Slb in the
Supporting Information.*’ Unfortunately, the peak attributed to
Ni*, which is generated by delithiation of Li-rich cathodes, did
not clearly appear at 860.9 eV (Figure S1b in the Supporting
Information). At point ii, the Ni** peak intensity was apparently
reduced (Figure Slc in the Supporting Information).* In the
highly oxidized state, Ni*" produced by the electrochemical
oxidation of Ni** jons tends to take the electrons from the
solvents and the electrons from the oxidative decomposition of
solvents are probably consumed in the conversion of Ni** ions
to Ni** on the cathode surface in contact with the electrolyte.
The resulting Ni** ions are thought to form NiF, by the
reaction with HF on the cathode surface. The intensity of the
peak assigned to Ni*" ions in the Lirich cathode at a fully
charged state (point ii) was lower, possibly because divalent Ni
ions (Ni**) electrochemically oxidize to the tetravalent state
(Ni*") through an intermediate stage of Ni** during charging
(Figure Slc in the Supporting Information). During the
subsequent discharge process, the resulting Ni*' ions reduce
to Ni** ions. Interestingly, the peak corresponding to NiF,,
located at 858 eV on the Li-rich cathode, fully discharged to 2.0
V vs Li/Li* (Figure Sle in the Supporting Information).*’
Metal fluorides such as NiF, can be generated by the reaction
between Ni** and HF in the electrolyte. It should be noted that
labile P—F bonds are highly susceptible to hydrolysis and
generate HF even if trace amounts of moisture are present in
the electrolyte solution (LiPFg (sol.) + H,O — POF; (sol.) +
LiF (s) + 2HF (sol.) and PF (sol.) + H,0 — POF, (sol.) +
2HF (sol.)). The NiF, compound on the cathode may act as an
electrical insulating material that inhibits electron transport and
causes the cell resistance to increase.”® Additionally, since NiF,
formation means the loss of active materials, the reversible
capacity of the cathode may decrease. Further evidence is given
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in the F 1s XPS spectra of Figure S1f in the Supporting
Information. A pronounced peak attributed to NiF, at 685.1
eV* was observed for the cathode fully discharged to 2.0 V,
whereas in the charged (points i and ii) and partially discharged
(point iii) states, the LiF peak appeared at 684.3 eV on the
cathode surface. From the XPS result, we could confirm that
the NiF, insulating material is produced via the reaction of Ni**
with HF in a fully discharge state (point iv). Since the
characteristics of the surface layer formed on the cathode are
key factors that affect the lithiation—delithiation kinetics and
the interfacial stability during long-term cycling, we attempted
to modify the surface chemistry of the Li-rich cathode using an
electrolyte additive to form a desirable artificial SEI layer on the
cathode surface. To stabilize the Lirich cathode—electrolyte
interface at high voltages, tris(trimethylsilyl) phosphite
(TMSP) was selected as the functional oxidative additive. It
should be noted that TMSP is prone to lose electrons in
electrochemically oxidative environments because its HOMO
energy (—8.097 eV) is higher than that of carbonate solvents
(HOMO energy: EC = —11.905 eV, DMC = —11.821 eV,
EMC = —11.541 eV), thus readily reacting with the HF in the
electrolyte owing to its nonmaximal oxidation degree.**

Figure 1la shows the voltage profiles of Li/
Li; ;Niy ;;Mng sCog 1,0, half cells with and without the
TMSP additive at 25 °C. Li; ;;Niy;7;MnjCoq 70, cathodes
composed of Li;MnO; and Li(Ni;;3Mn,/;Co;/3)O, showed
two voltage plateaus (~4.0 and 4.5 V) during the precycle
charge process and delivered a large reversible capacity of
approximately 250 mAh g~'. The discharge capacities of
cathodes with and without TMSP were nearly identical at the
precycle. It is known that the first voltage plateau at around 4.0
V indicates the delithiation of Li(Ni; sMn,,;Co;/3)O,, and the
second plateau at around 4.5 V represents the Li,MnO;
activation, which adds to the reversible capacity of the
cathode.">'® The Li, ;Niy,sMn,Coy;,0, cathode with
TMSP-added electrolyte had a similar initial Coulombic
efficiency of 91.5% as the baseline electrolyte (91.8%). A
comparison of the reversible capacity of the cathodes revealed
that the discharge capacity of the baseline electrolyte is similar
to that of TMSP-containing electrolyte in the first cycle after
the precycle (Figure 1b).

These results suggest that the use of TMSP preserves the
reversibility of electrochemical reactions of the
Li, ;;Niy 7Mny 5Cog 70, cathode without significant capacity
loss. More persuasive evidence for the positive impact of TMSP
on the cycling stability of the cathode is given in Figure 1c. The
discharge capacity retention of Li/Li, ;,Nij ;;Mny sCo, 1,0, half
cells at a rate of C/2 was drastically improved from 55.9% to
77.1% by using the TMSP additive. It is thought that TMSP
builds up a protective surface film that effectively inhibits
transition metal dissoultion and continuous electrolyte
decomposition at high voltages during cycling. Moreover, the
TMSP-derived SEI layer on the cathode offers highly improved
conduction pathways for Li ions and electrons to ensure
superior cycling stability (Figure 1d). A comparison of the
interfacial resistance of the cathodes cycled in the baseline and
TMSP-added electrolytes is shown in Figure S2 in the
Supporting Information. The interfacial resistance (67 Q),
including the SEI resistance and charge transfer resistance of
cathodes with TMSP-containing electrolyte, is much lower than
that of the baseline electrolyte (130 €2) after the precycle
(Figure S2a in the Supporting Information). This implies that
the TMSP-derived SEI allows facile charge transfer through it.
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Furthermore, the AC impedance spectra in Figure S2b,
Supporting Information, clearly show that the TMSP-added
electrolyte forms a very low resistance SEI compared to the
baseline electrolyte even after 100 cycles. More clear evidence
for the role of the TMSP additive in forming low resistance SEI
layers on the cathode is presented in Figure 1d. Since the
voltage of the Li/Li;;Nij;;Mn5Coy,,0, half cells rapidly
reaches the cutoff voltage (due to polarization at high C rates
during the discharge process), the reversible capacity of the
cathode may be reduced under a given voltage range. At high
discharge rates, the Lij;;;Nij;;MngsCoq;,0, cathode with
TMSP-added electrolyte has a superior rate compared to the
baseline electrolyte. The discharge capacity of the cathode with
the baseline electrolyte started to decrease drastically at a rate
of 1 C (corresponding to 200 mA g~') and was 156 mAh g~" at
the end of cycling at the 1 C rate. Unlike the baseline
electrolyte, the Li, ;,Niy;»MngsCog;,0, cathode with TMSP-
added electrolyte maintained a high discharge capacity of 195
mAh ¢! at a rate of 2 C. Surprisingly, the cathode with the
TMSP-containing electrolyte delivered an excellent discharge
capacity of over 150 mAh g~ even at a high rate of 7 C. This
stands in striking contrast to the trimethyl phosphite (TMPi)-
added electrolyte exhibiting a very low discharge capacity of 34
mAh g~' even at a high rate of 7 C (Figure 1d). To understand
the different role of phosphite-based additives, TMSP and
TMPj, on the Li" and electron transport through the cathode—
electrolyte interface, their action for eliminating HF, which
results in the NiF, formation acting as an electrical insulating
material, was investigated, as shown in Figure 2.

The characteristic resonance of HF at —154.5 ppm was
clearly observed in the electrolyte with TMPi, while the
resonance of HF apparently disappeared in the TMSP-added

(a)
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Figure 2. '°F NMR spectra of the electrolytes with (a) 0.5% TMPi and
(b) 0.5% TMSP. Five vol % water was added to the TMPi- and TMSP-
added electrolyte solutions, and the "F NMR measurement of the
resulting solutions stored for 22 h at room temperature was
performed.
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electrolyte, as shown in the '’F NMR spectra of Figure 2. This
result implies that the ability of TMPi for the HF removal is
relatively low compared to TMSP. Residual HF, which was not
entirely eliminated by TMPi, may cause the NiF, formation by
the reaction with Ni**. The cycling performance of full cells
coupled with a graphite anode were examined over 100 cycles
at 25 °C. Figure 3a clearly shows that the voltage profiles of
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Figure 3. (2) Voltage profiles of graphite/Li; ;,Nij ;;Mn, sCog;,0, full
cells with and without 0.5% TMSP additive during the precycle. (b)
Discharge capacity retention and (c) Coulombic efficiency of graphite/
Li; 17Niy ;;Mn sCo4 1,0, full cells with and without 0.5% TMSP
additive at 25 °C.

graphite/Li; ;,Niy ,Mn, sCog 70, full cells for both baseline
and TMSP-added electrolytes are similar. Figure 3b,c shows a
substantial improvement in the cycling stability and Coulombic
efficiency of full cells with TMSP additive. The discharge
capacity retention of full cells with the TMSP-containing
electrolyte was drastically improved compared with the baseline
electrolyte from 58.6% to 87.1% after 100 cycles at 25 °C.
Moreover, a very high Coulombic efficiency of over 99.5%,
which is vital for practical applications, was obtained for the full
cell with TMSP, shown in Figure 3c. However, the capacity of
the full cell with the baseline electrolyte faded rapidly during
cycling and had a very unstable, low Coulombic efficiency
below 99%. This low Coulombic efliciency may have originated
from two side reactions: First, the cracked SEI layer on the
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anode can be repaired, resulting in a net consumption of Li
from cathode. Second, the reformation of SEI, which is
dissolved from the anode and is oxidized at the cathode, takes
place.®® This may be because of unwanted electrolyte
decomposition at the cathode cycled with a high voltage of
4.6 V in a full cell and the loss of reversible capacity by metal
(Ni, Mn, Co) deposition on the graphite. We speculate that the
metal ions dissolved out of the cathode may cause the capacity
of a full cell to fade considerably because the dissolved metal
ions migrate toward the graphite anode under an electric field
and the deposition of metal ions leading to the extraction of Li*
ions from the lithiated graphite anode occurs.>® This finding
suggests that severe oxidative decomposition of the electrolyte
caused by the high charge cutoff voltage (4.6 V) and the
dissolution of metal ions by HF attack are effectively reduced
by using the TMSP additive. Potential surface chemistry
mechanisms of the TMSP additive are proposed in Figure 4.

To investigate the surface chemistry mechanisms of the
cathode with and without the TMSP additive, ex situ X-ray
photoelectron spectroscopy (XPS) was performed after the
precycle at 25 °C. Figure S shows the P 2p, F 1s, and O 1s XPS
spectra for the cathodes with and without the TMSP additive. A
pronounced peak corresponding to P—O containing com-
pounds appeared at 134.2 eV, slightly higher than the binding
energy of Li,PO,F, (~134 eV), as shown in Figure Sb. This P—
O group may be produced by decomposition of TMSP at the
cathode (see schematic of Figure 4); therefore, TMSP may
contribute to the formation of the SEI on the cathode. Our
previous investigation of 5 V class high voltage LNMO
cathodes with and without TMSP clearly showed that TMSP
eliminates HF from the electrolyte and forms a stable and
robust SEI on the cathode.**

The F 1s XPS spectra of Figure 5 show two major peaks; one
corresponds to the P—F bond formed by LiPF4 decomposition
and the other is attributed to LiF created by the reaction of HF
with Li ions and the SEI component, such as Li,CO; (2HF +
Li,CO; — 2LiF + H,0 + CO,1). In the case of the cathode
precycled in the TMSP-added electrolyte, the LiF peak was
discernibly lower. This means that TMSP effectively mitigates
LiF formation by eliminating HF from the electrolyte, as
depicted in Figure 4. In addition, the cathode with TMSP
additive exhibits a more intense peak at 530 eV, compared to
the baseline electrolyte (O 1s spectra of Figure S), which is
assigned to metal oxide (M-O) of the cathode. This is probably
because the TMSP-derived SEI is thinner than the SEI formed
by the baseline electrolyte and therefore does not block the
cathode surface as much.

As previously mentioned in Figure Slef, Supporting
Information, the NiF, peak was observed on the cathode
with the baseline electrolyte in the fully discharged state during
the precycle. Interestingly, the NiF, peak mostly disappeared
for the cathode precycled in the TMSP-added electrolyte, as
clearly shown in the Ni 2p XPS spectra of Figure 6. The HF can
react with Ni** ions produced during the discharge process
which results in the formation of NiF, on the cathode (Ni** +
2HF — NiF, + H,1). Since the TMSP additive can act as a
scavenger for HF in the electrolyte (see the schematic of Figure
4 and "F NMR of Figure 2b), the formation of NiF, on the
cathode with TMSP could be suppressed and thus the capacity
loss via the NiF, formation could be minimized. Although HF
is not entirely removed from the electrolyte, the TMSP-derived
SEI layer is expected to block the HF attack toward the
cathode, as seen in the schematic representation of Figure 4.
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Figure 6. Ni 2p XPS spectra for the Li, ;,Ni, ;;Mn,sCo, 1,0, cathodes
precycled in baseline electrolyte and the electrolyte with TMSP or
TMPi additive.

On the other hand, a peak corresponding to NiF, at 685.1 eV
appeared for the Li; 7Nij,MnysCoy 1,0, cathode precycled in
the electrolyte with TMPi additive, as displayed in Figure 6.
This is because the TMPi additive did not effectively eliminate
HF compared to TMSP, as presented in Figure 2a,b.
High-resolution transmission electron microscopy (HR-
TEM) was used to investigate the physical structure of the
SEI layer on the cathode. Figure 7 shows the representative
morphology of the SEI layer on the cathode with and without
TMSP additive after 50 cycles. We found that the baseline
electrolyte forms a thick, nonuniform, and bumpy SEI layer that
covers the cathode particles. A thick SEI layer may hamper the
transport of lithium ions and electrons inside the cathode and
thereby impede the kinetics of delithiation and lithiation of the
cathode upon prolonged cycling. However, the cathode cycled
in the TMSP-added electrolyte was evenly covered with a thin
SEI layer (<6 nm). This is persuasive evidence that the TMSP
additive forms a uniform SEI layer on the cathode surface,
which allows facile charge transport and prevents severe
electrolyte decomposition in highly oxidative conditions
induced by the high charge voltage of 4.6 V. Another critical
issue for the failure mechanism of Li-rich cathodes during
cyclin% is 8phase transformation from a layered to spinel-like
phase.*"** The main cause of phase transformation is cation
disorder through the migration of transition metal ions in the
transition metal layer to Li vacancies in the Li layer.”® Phase
transformation causes capacity fading because transition metal
ions in the Li layer disturb the lithiation or delithiation process.
Therefore, suppression of the phase transformation from

layered to spinel could be a highly effective strategy to improve
the cycling performance of Li-rich cathodes.

To elucidate the positive effect that the TMSP-added
electrolyte has on the surface chemistry and phase trans-
formation of the Li; ;Niy;;MnysCo,,,0, cathode during
cycling, electron energy loss spectroscopy (EELS) was
performed, as shown in Figure 8. The change of Mn ion
valence states can be explained on the basis of the peak shift in
the EELS result. Compared with the cathode bulk, the Mn L
edge clearly shows a chemical shift of 2.8 eV toward lower
energy for the cathode surface cycled in baseline electrolyte
(Figure 8c). This indicates that the valence state of Mn ions is
2+ for the cycled cathode surface, whereas after 50 cycles, the
valence state of Mn ions is 4+ in the cathode bulk. This result is
in good agreement with previous results, where the
inhomogeneous valence state of Mn ions was observed with
its lower oxidation state near surface than in the bulk, causing a
severe capacity decay of the Li-rich cathode.”**” The lower Mn
ion valence is possibly because the disproportion reaction of
Mn** ions takes place because of structural instabilities in the
spinel-like phase. The disproportion reaction of Mn*' ions
(2Mn** (spinel-like phase) — Mn*' (Li,Mn;O,) + Mn®**
(MnO or MnF,)) in the spinel-like phase can produce a low
Mn ion valence state, Mn?**7* This process may propagate
gradually from the surface to the bulk of the cathode as cycling
progresses.”>?” Thus, the inhomogeneous valence state of Mn
ions could be one of the governing factors, which affect the
degradation of the reversible capacity of Li-rich cathodes.
Importantly, the chemical shift of the cathode surface cycled in
the TMSP added electrolyte was reduced by 1.9 eV compared
with the cathode bulk (Figure 8d). The Mn-L,/L, ratio could
be one of the indexes that represent the valence state change of
Mn ions. For comparison between the bulk and the surface of
the cycled cathode with the baseline electrolyte, the Mn L
edges were normalized to the L; peak. The Mn-L;/L, ratio of
the cycled cathode surface decreased from 3.43 to 2.47 by using
the TMSP additive (Figure 8c,d). The increment in the Mn-L,/
L, ratio with the addition of TMSP suggests that the TMSP-
derived SEI effectively suppressed the valence state drop of Mn
ions (for instance, the reduction of Mn*" to Mn®" by taking the
electrons from the oxidative decomposition of the electrolyte)*>
as depicted in Figure 4. Mn®" undergoes a disproportion
reaction releasing Mn>* of low Mn ion valence state and
yielding Mn* ions. The released Mn*" ions may migrate
toward the counter electrode (the graphite anode in a full cell)
and precipitate on the cathode surface via the reaction with F~
and O,” ions. These behaviors were suppressed by the TMSP-

Thick and T
non-uniform SEI. *{

Figure 7. HR-TEM images of Li; ;;Niy1,MngCoq 1,0, particle after SO cycles in (a) baseline electrolyte and (b) TMSP-added electrolyte.
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integration of the O K and Mn L edge.

derived SEI on the Li-rich cathode (Figure 4), since the Mn-L,/
L, ratio was reduced compared to the baseline electrolyte. This
behavior was further supported by the O K edge at ~527 eV
that is closely linked to valence states of transition metal ions
because the peak intensity of the O K edge reflects the local
vacant 3d transition metal states.”>”’ The O K peaks for the
cathode particles cycled in the baseline electrolyte almost
disappeared, whereas the O K peaks for the cathode with
TMSP-added electrolyte were clearly observed (Figure 8e).
Our finding indicates that the valence states of the cycled
particle surface transition metal (Mn) ions are significantly
reduced in the baseline electrolyte, compared to the TMSP-
added electrolyte. In other words, the TMSP-derived SEI
effectively mitigates the Mn valence state drop (Mn*" — Mn*",
Mn*"), retards irreversible phase transformation from the
layered to spinel-like phase, and improves the cycling stability
of the Li-rich cathode. Although the phase transformation from
layered to spinel-like was not completely avoided by using the
TMSP additive, the dissolution of Mn?* ions from the spinel-
like phase of the cathode into the electrolyte is expected to be
restrained by the TMSP-derived SEI layer on the cathode, as
depicted in Figure 4. Since soluble Mn*" ions readily react with
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HF to form MnF, on the cathode and cause significant capacity
fading of the spinel-like phase in the cathode materials, practical
methods, which suppress the dissolution of Mn*" ions from the
cathode, should be proposed to ensure the cycling performance
of the Li-rich cathode. In this regard, the formation of a
protective film on the cathode by using the TMSP additive is
expected to be a very promising approach for high-performance
Lirich cathodes. Furthermore, the oxygen loss from the
cathode surface is known to be a critical problem causing the
capacity fading of Li-rich cathodes.””**>> Therefore, it is
important to minimize the oxygen loss of the Li-rich cathode
caused by the valence state reduction of Mn ions (Mn*" + ¢~ —
Mn?*', 2Mn** = Mn* + Mn**, Mn>* + 0>~ (from the cathode)
— MnO| or Ni¥* + 0>~ (from the cathode) — NiO*®). By
integrating the area of Mn L and O K edge peaks and
calculating the Mn/O ratio, we could quantitatively compare
the oxygen loss for both cycled cathodes. As shown in Figure
8f, the Mn/O ratio for the surface of cathodes cycled in the
baseline electrolyte is almost twice that of TMSP-added
electrolyte. This indicates that the oxygen loss from the
cathode can be suppressed by forming the protective layer on
the cathode.
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To further understand the transition metal (Mn, Ni, Co)
dissolution behavior of cycled Lirich cathodes with and
without TMSP-derived SEI, fully delithiated cathodes after
the precycle were soaked in the electrolyte and stored at 60 °C
for 24 h. The amount of transition metal ions in the baseline
electrolyte was measured using inductively coupled plasma
(ICP)-mass spectrometry (Figure 9). The electrolyte in contact

0.7

Transition metal

dissolution (ppm)
o O O O o
N W A oo

o
-

o
=)

TMSP-added

Baseline

Figure 9. A comparison of transition metal dissolution behavior from
the cycled Lirich cathode with and without a TMSP-derived SEL
Fully delithiated cathodes with and without the TMSP-derived SEI
were stored in the baseline electrolyte at 60 °C for 24 h.

with the cathode covered by the TMSP-derived SEI layer had a
relatively low transition metal ion content compared to the
cathode with the SEI formed by the baseline electrolyte. This is
because the TMSP-derived SEI layer is robust enough to
suppress the Ni/Mn/Co dissolution from the Li-rich cathode at
60 °C. On a basis of the HR-TEM and EELS studies, we believe
that our proposed cathode surface chemistry mechanisms, with
and without the TMSP additive, are reasonable, as previously
displayed in Figure 4. The cathode with the baseline electrolyte
suffers from considerable electrolyte decomposition at high
voltages while HF attack promotes the dissolution of metal ions
from the cathode (Figures 7 and 9). In addition, a nonuniform
and thick SEI layer generated by the baseline electrolyte covers
the cathode particles, whereas the TMSP-added electrolyte
forms a highly uniform and thin SEI layer on the cathode
surface. The resulting TMSP-originated SEI layer could reduce
unwanted electrolyte decomposition in the highly oxidative
environment and inhibit the formation of metal fluorides such
as NiF, and MnF, that may be produced from the reaction
between metal ions and HF (Figures 4 and 6). The dQ/dV
measurement during the precycle at 25 and 60 °C shows that
TMSP hinders electrolyte decomposition at high voltages. As
shown in Figure S3 in the Supporting Information, the anodic

peak caused by severe electrolyte oxidative decomposition
appeared at around 4.6 V for the cathode precycled in the
baseline electrolyte, while there was no appreciable anodic peak
above 4.5 V for the cathode with the TMSP-added electrolyte
(Figure S3 in the Supporting Information). It is clear that the
baseline electrolyte undergoes significant oxidative decom-
position, which resulted in a pronounced anodic peak at around
4.6 V during the precycle at 60 °C. This is because the baseline
electrolyte is prone to electrochemical oxidation at high
voltages and therefore severe oxidative decomposition is
unavoidable.

The high temperature storage performance of graphite/
Li, 17Nij ;Mn, sCoy 1,0, full cells with and without TMSP was
investigated at 60 °C for 20 days, as displayed in Figure 10.
There was a significant open-circuit voltage (OCV) drop from
4.18 to 3.74 V in the full cell with the baseline electrolyte.
However, unlike the baseline electrolyte, the TMSP-added
electrolyte led to a slight OCV drop from 4.19 to 4.01 V in the
full cell (Figure 10a). The full cell with TMSP had superior
capacity retention (74.6%) after being stored at 60 °C for 20
days, compared to cells with the baseline electrolyte (53.8%)
(Figure 10b). This indicates that TMSP-derived SEI on the
cathode is thermally stable and robust enough to prevent
continuous electrolyte decomposition and relithiation of the
cathode induced by the breakdown of the SEI on the cathode.
In addition, it is thought that the TMSP-originated SEI
restrains the dissolution of transition metal ions from the
cathode and thereby avoids the detrimental effects of the
dissolved transition metal ions in a cell.

4. CONCLUSIONS

We demonstrated that the TMSP-derived SEI layer is a highly
promising means to inhibit severe electrolyte decomposition at
high voltages and leads to the substantially enhanced
electrochemical performance of Li-rich layered cathodes. Ex
situ XPS and TEM analyses confirmed that the TMSP additive
forms a thin protective film that evenly covers the cathode
surface. The ex situ EELS study manifested that the resultant
TMSP-derived SEI layer effectively minimized structural
disintegration of the Li-rich cathode surface during cycling.
Furthermore, high-temperature storage performance tests of
graphite/Li; 1,Nij ;;Mn,sCo, 1,0, full cells at 60 °C clearly
showed that the TMSP-originated SEI layer is essential to
suppress the dissolution of metal ions from the cathode and to
protect the graphite anode from the detrimental effects of metal
deposition. We believe that the results of this study and the
associated analysis will contribute to the design of suitable
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Figure 10. (a) OCV variation of graphite/Li; ;;Nij;,Mny5Co4;,0, full cells with and without TMSP additive at 60 °C with storage time. (b)
Comparison of capacity retention of graphite/Li, ;;Nij;,Mn, sCog 7,0, full cells with and without TMSP additive after storage at 60 °C for 20 days.
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additives with the promise of further improvements in
electrochemical performance of Li-rich cathodes.
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