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A phosphite derivative with stronger HF
elimination ability as an additive for Li-rich based
lithium-ion batteries at elevated temperaturesy

Xiangzhen Zheng,® Tao Huang,? Ying Pan,® Yongwei Chen,?
Mingdeng Wei ©*° and Maoxiang Wu @ *@

Phosphite derivatives as film forming additives can effectively improve the electrochemical performance of
cathodes in Li-ion batteries (LIBs). In this work, ethyl bis(trimethylsilyl) phosphite (TMSPE), which contains
trimethylsilyl and ethyl functional groups, is used as a P-based additive for improving the electrochemical
performance of a Lij144Nig136C00136MNo 5440, cathode. Further, the comparative evaluation of
tris(trimethylsilyl) phosphite (TMSPi), TMSPE, and triethyl phosphite (TEP) as phosphite-based additives for
Lis 144Ni0 136C00.136MNo 54405/Li cells at 45 °C under a high voltage is also presented. Theoretical
calculations and surface characterization revealed that TMSPE formed a thinner and stable cathode
electrolyte interphase (CEl) on the surface of Lij144Nig136C00.136MN0 54402 which has lower interfacial
impedance, stronger HF elimination, and transition metal dissolution inhibition, resulting in the best cell
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1 Introduction

Electrolytes play an important role in lithium-ion batteries
(L1Bs) and influence the application of high-energy density
materials," and contain solvents, lithium salts, and
additives.>™* With the development of high-energy density
LIBs, the demand for electrolytes is becoming higher.
Conventional carbonated-based electrolytes decomposed
more seriously when high-energy density cathode materials
operated at high voltage and caused worse performance of
LIBs. Therefore, electrolyte optimization has been proposed
as one of the most effective ways to improve the performance
of LIBs using high-energy density materials.® As a
component of electrolytes, the use of additives has been
widely regarded as one of the efficient routes for improving
the electrochemical performance of LIBs.”®

To resolve the problems for the application of high-energy
density materials, a series of additives have been designed
and adopted for improving electrolytes when high-energy
density materials are applied in LIBs, including S-based
additives,”'® P-based additives,"™* B-based additives,'*"”
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performance among the three phosphite-based additives.

and so on. Among them, P-based additives have attracted much
attention due to their extensive applications as film
additives,'*?° flame retardant additives,”** and overcharge
protection additives.”> Wang et al used tris(trimethylsilyl)
phosphate (TMSP) as an effective additive to improve the
cycling performance of a lithium-rich cathode material Li[Lig »-
Nip.13Mng 54C00.15]0, at 2.0-4.8 V.'® Liu et al found that
(ethoxy)pentafluorocyclotriphosphazene (N;P;FsOCH,CH3,
PFPN) can be used as a novel flame-retarding additive for
LIBs.>* Wu et al reported that (4-methoxy)-phenoxy penta-
fluorocyclotriphosphazene (4-MPPFPP) can act as a novel flame
retardant and overcharge protection additive for LIBs.> In fact,
TMSP has been applied on a few high-energy density cathodes
in P-based additives, such as NCM, LiNi,sMn, 50,, Li-rich
cathodes, and so on.'®'?2%2%2% Tris(trimethylsilyl) phosphite
(TMSPi) has been proven more effective than TMSP as an
electrolyte additive for the cyclic stability improvement of
LiNi; 5C04,5Mny 50, at 4.5 V.>® Trimethyl phosphite (TMP) and
triethyl phosphite (TEP) have also been used as an additive to
improve the performance of high-energy density cathodes.>”"*®
However, phosphite which contains trimethylsilyl and alkyl has
not been reported as an additive for high-energy density
materials.

Li-rich materials, as one class of the high-energy materials,
have attracted much attention due to their high specific
capacity (>250 mA h g'), low cost and environmental
friendliness.>**° However, the poor cycling performance
limits their applications.*** In the Li-rich based cell system,
voltage decay, transition metal ion dissolution, and side
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reactions with the electrolyte have caused poor cycling
performance, which become worse with increased cycling,
especially at a high temperature.”® Therefore, surface
modification®**® and functional additive usage'®'®>83¢37
have been proven to be effective ways for improving the
performance of Li-rich based LIBs at elevated temperatures.

In the present work, ethyl bis(trimethylsilyl) phosphite
(TMSPE) was investigated as an additive for improving the
performance of Li-rich materials at 45 °C. Moreover, the
effects of TMSPE on the performance of cells were
systematically explored by electrochemical impedance
spectroscopy (EIS), X-ray photoelectron spectroscopy (XPS),
inductively coupled plasma-mass spectroscopy (ICP-MS),
nuclear magnetic resonance (NMR) and scanning electron
microscopy (SEM). A comparative evaluation of TMSPi,
TMSPE and TEP is also proposed.

2 Experimental section

2.1 Preparation of electrolytes and electrodes

1.0 M LiPF4 electrolytes (EC/DMC/EMC, wt%, 1:1:1) and
additives (TMSP (99.9%), TMSPi (98%), TMSPE (98%), TEP
(98%)) were purchased from Dongguan Shanshan Battery
Materials Co., Ltd. (China) and Fujian Shaowu Chuangxin
New Materials Co., Ltd. (China), respectively. The electrolytes
with additives were prepared in an argon-filled glove box
(H,0 and O, < 1 ppm). Li; 144Nig.136C00.136MNg 5440, (Ningbo
FuLi Battery Materials Technology Co., Ltd) powder and
MCMB (Shenzhen BTR Nanotechnology Co., Ltd) powder
were commercial. The CR2025 coin-type Li; 144Nig.136C00.136
Mny 5440,/Li cells were fabricated to evaluate the effects of

phosphite-based  additives on  the electrochemical
performance of LIBs at 4.8 V. The preparation processes of
Li; 144Nip136C00.136MNo 5440,  electrodes and  MCMB

electrodes are presented in Fig. S1.f

2.2 Measurements

The ionic conductivity of electrolytes was measured using
a conductivity meter (DDS-307A, INESA) at room
temperature. The electrochemical performances of Lij q44-
Nig.136C00.136MNg 5440,/Li batteries and MCMB/Li batteries
were assessed on a CT2001A tester. In the formation test,
the  Li;j144Nig136C00.136MNg 5440,/Li  coin  cells  were
subjected to charge-discharge at 0.1 C 3 times and then
at 0.2 C 3 times (2.0-4.8 V). After formation, the Lij 144~
Nip.136C00.136MNg 5440,/Li cells were aged for 10 h and
then were subjected to charge-discharge for 200 cycles at
45 °C. The current is 0.5 C and the voltage is 2.0-4.8 V.
The storage test was performed after the formation test
and then the Li; 144Nigp136C00136MNg5440,/Li coin cells
were charged to 4.8 V at 0.2 C. The open-circuit voltage
was traced at 45 ©°C. Electrochemical impedance
spectroscopy (EIS) was conducted using a frequency
response analyzer (VSP, Bio-Logic SAS) from 100 kHz to
0.01 Hz (impedance amplitude: 10 mV). The composition

of disassembled electrodes was identified by X-ray
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photoelectron  spectroscopy  (XPS, ESCALAB  250Xi
spectrometer) using Al Ko radiation. The content of the
transition metal on the cycled lithium electrode was
analyzed by inductively coupled plasma-mass spectroscopy
(ICP-MS, IRIS Intrepid II XSP). Nuclear magnetic resonance
(NMR) was recorded at 400 MHz (Bruker AVANCE III HD).
The electrode morphology was characterized by SEM (S-

4800).

2.3 Computations

The computations are presented in Table S1.}

3 Results and discussion

3.1 Theoretical analysis of solvents and additives

The chemical structures of TMSPi, TEP, and TMSPE are
presented in Fig. 2(a). TMSPi and TEP are the phosphites that
contain trimethylsilyl and ethyl, respectively, while TMSPE is
the phosphite with trimethylsilyl and ethyl. Fig. 1 and Table
S71 exhibit the calculated highest occupied molecular orbital
(HOMO) energies, lowest unoccupied molecular orbital
(LUMO) energies, and oxidation potential of electrolyte
solvents and phosphite-based additives. The calculated
HOMO energies of TMSPi, TMSPE, and TEP are -0.2327,
-0.2403, and -0.2555 au, respectively. These results indicate
that TMSPi is the easiest to be oxidized among the three
phosphite-based additives. At the same time, the calculated
oxidation potentials of TMSPi, TMSPE, and TEP are 4.28,
4.41, and 4.73 V, indicating that the lower the potential, the
easier it is to be oxidized. Furthermore, three phosphites
were comparatively evaluated as an additive for the Li-rich
lithium battery under high voltage at 45 °C in the present
research.

3.2 Effect of additives on the cell performance

The electrolytes with different additives have the same
appearance, as displayed in Fig. 2(b). Fig. 2(c) shows the
conductivity of electrolytes with different additives. With the
addition of the phosphite-based additives, the conductivity of
the electrolytes decreased a little. Among these additives, the
electrolyte with TMSPE showed a higher conductivity.
Fig. 2(d) shows the initial discharge and charge curves for
the Li; 144Nig 136C00 136MNg 54405/Li cells employing
electrolytes with different additives. The initial charge and
discharge capacities of the cells with TMSPi, TMSPE, and
TEP were 325.5 and 298.1, 328.1 and 298, and 386.7 and
268.1 mA h g™', respectively (Fig. S3 and Table S87), and their
coulombic efficiencies were 91.6%, 90.8% and 69.3%,
respectively. The initial charge capacities of the cells are
increased in the presence of TMSPi, TMSPE, and TEP. Such a
result may be caused by the oxidability difference of the
additives. When the additive is easier to be oxidized, the
electrolyte is earlier to be protected.

The cycling performance and coulombic efficiency of
Li;.144Nig.136C00.136MNg 5440,/Li cells with different P-based

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Optimized structures and calculated oxidation potentials of solvent molecules (EC, DMC, and EMC) and additives (TMSPi, TMSPE, and TEP).

The numbers between the bonds represents the bond length (A).

additives in the electrolyte at 45 °C were tested, as shown in
Fig. 2(e and f). Considering the effects of additives on the
electrochemical activity of the Li-rich based LIBs, the optimal
concentrations of TMSP, TMSPi, TMSPE and TEP were found
to be 0.5, 0.5, 0.5 and 3.0 wt% in the electrolyte, respectively
(Fig. S4 and S5 and Table S8t). As shown in Fig. S6,; TMSPi
shows a better performance than TMSP, which is in
accordance with the literature.”® In order to compare the
influence of phosphite on the Li-rich based LIBs, TMSPi,
TMSPE, and TEP are separated (Fig. 2(e)). Among these
phosphite compounds, TMSPE shows the best performance
at 45 °C. The discharge capacity of the cells at the first cycle
with TMSPi was 299 mA h g™* and with TMSPE was 297.6 mA
h g7, but 275.2 mA h g™ for TEP. After 200 cycles, the
discharge capacity of the battery with TMSPi was 111 mA h
g™' and TMSPE was 151.7 mA h g™', whereas the discharge
capacity obtained for the cell with TEP was only 74.1 mA h
g~'. As such, the capacity retentions were 37.2%, 50.9%, and
26.9% for cells with TMSPi, TMSPE and TEP, respectively.
When charged to 4.8 V, the coulombic efficiency of the cells
was more stable during the cycles due to the addition of
TMSPE into the electrolyte, as shown in Fig. 2(f).

Fig. 2(g) shows the rate performance of the cells with and
without phosphite-based additives. It can be found that the

© 2025 The Author(s). Published by the Royal Society of Chemistry

cell cycled without and with additives delivered a similar
discharge capacity at a low current density (0.2 C). However,
the gap of discharge capacity becomes more and more
obvious with the increase of current density (>0.5 C). When
the current rate was increased to 3.0 C, the discharge capacity
of the cells with TMSPi-containing, TMSPE-containing, and
TEP-containing electrolytes remained at 172.5, 189, and 128.5
mA h g7, respectively, while that of the cell with the additive-
free electrolyte was dropped to 121 mA h g™'. The cells with
TMSPE show the best rate performance compared with the
other two phosphite-based additives and bare electrolytes.
This may be contributed to the CEI film produced by TMSPE
with the lowest impedance (Fig. 3(a and b)).

Fig. 3(a and b) show the EIS results of the Li; ;44Nig 136"
C0g.136MNg 5440,/Li cells with different additives after the
first cycle and 200th cycle. From Fig. 3(a), the interfacial
impedance of the cell with TEP was larger than that with
other two additives (TMSPi, TMSPE) after the first cycle. With
longer cycling (Fig. 3(b)), the cell without additive exhibited
the largest increasein the interfacial impedance compared to
the cells with phosphite-based additives. Fig. 3(c) and (d)
show the equivalent circuit model that is used to analysis the
EIS spectra (R. is the bulk resistance, Ry is interfacial reaction
resistance, and R, is the charge transfer resistance)23 and the

RSC Appl. Interfaces, 2025, 2, 251-260 | 253
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Fig. 2 (a) Chemical structures of TMSPi, TMSPE, and TEP; (b) the photograph of the electrolytes with different additives; (c) conductivity of
electrolytes with different additives; (d) the initial charge-discharge curve performance of Lij144Nip136C00136MNg54402/Li cells with different
additives; (e) cycling performance and (f) coulombic efficiency of Lij 144Nio 136C00.136MNo 54405/Li cells with electrolytes in the different additives at
45 oC; (g) rate performance of Lij 144Nio136C00.136MNg 54402/Li cells in the electrolyte with different additives. The test voltage is 2.0-4.8 V (d-g).
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Fig. 3 Electrochemical impedance spectra of Li; 144Nio136C00.136MN0 54402/Li cells with different additive charged to 4.8 V after one cycle (a) and
the 200 cycles (b); the equivalent circuit model used to analysis the EIS spectra (c) and the fitting result of Rs and Rct of
Lis 144Nio 136C00.136MNg 5440,/Li cells with electrolytes in the different additives (d).

fitting results. After 200 cycles, the cell with TMSPE additive  that the electrolyte in the presence of TMSPE reduced the
exhibited smaller impedance compared with the cells with  impedance of the cell surface film more, which enhanced the
TMSPi and TEP and without additive. These results indicate  Li-rich-based LIB cycling performance.
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To further investigate the effect of the phosphite-based
additives on the Li-rich electrode at 4.8 V, XPS analysis of the
electrodes was carried out after 200 cycles. Fig. 4 shows the C
1s, O 1s, F 1s, P 2p, and Si 2p spectra obtained from XPS
analysis of the cycled Liy 144Nio.136C00.136MNg 5440, electrode.
From Fig. 4(a) (C 1s spectra), five peaks located at 284.8 eV
(corresponding to C-C), 285.7 eV (corresponding to C-H),
286.6 eV (corresponding to C-O), 288.9 eV (corresponding to
C=0) and 290.7 eV (corresponding to C-F) are observed.*®
The peak intensities are different on the cycled cathode
surface in the additive-containing electrolyte, suggesting that
the decomposition products of three phosphite-based
additives are different. The stronger peaks for C-F and C-H
of the cycled electrode in the TMSPE-containing electrolyte
than that in TMSPi-containing and TEP-containing electrolyte
indicate that a thinner film was formed on the cycled
cathode surface in the TMSPE-containing electrolyte. The
peaks located at 529.8 eV, 531.5 €V, 532.5 eV, and 534.0 eV
correspond to Me-O, Li,CO;3, C=O, and C-O,
respectively.***° The peaks for Me-O of the cycled electrode
in the TMSPE-containing electrolyte were stronger than those
in TMSPi-containing and TEP-containing electrolyte, showing
that a thinner film was formed on the surface of the Li-rich
electrode cycled in the TMSPE-containing electrolyte. The
peaks for Li,CO; of the cycled electrodes in the TEP-
containing electrolyte were weaker than that in the TMSPi-
containing and TMSPE-containing electrolytes, indicating
that less Li,CO; can be formed on the surface of the Li-rich
electrolyte cycled in TEP-containing electrolyte. These results
declare that the presence of TEP can reduce the Li,CO;

(@) Cls )0 1s

View Article Online
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formation. When active oxygen existed in the Li; 144Nip 136"
Co¢.136Mny 5440, cathode, the Li,CO; was easily formed. An
interaction might be existing between TEP and active oxygen.

Fig. 4(c) shows the F 1s spectra. Three peaks located at
685.2 eV (correspond to LiF), 686.8 eV (correspond to Li,PO/F,),
and 687.9 eV (correspond to PVDF) are observed,
respectively.*>*! The weaker LiF peaks of the cells with TMPSE-
containing additives mean that LiF with a low concentration
was coated on the surface of the cathode electrode with the
TMSPE-based electrolyte. Less LiF can decrease the interfacial
impedance of the cell. The stronger peaks for C-F of the cycled
electrode in the TMSPE-containing electrolyte indicate that a
thinner film was formed on the cycled cathode surface in the
TMSPE-containing electrolyte. The lower Li,POyF, peak means
that salt decomposition in the electrolyte is weaker. Two peaks
located at 136.7 eV and 134.1 eV, which correspond to Li,PF,
and Li,POF,,"* are observed in the P 2p spectra, as shown in
Fig. 4(d). The decomposition of LiPF, can form LiP,F, species
(PFs +ne +nLi" — LiF + Li,PF)).** The intensities of Li,PF,
are weaker in the presence of TMSPE relative to that of the cell
with TMSPi and TEP. This result indicates that the addition of
TMSPE further prevented the decomposition of LiPFs under
high-voltage conditions. Additional elemental Si was detected
in the electrode with the TMSPi and TMSPE additive (Fig. 4(e)),
which implies that TMSPi and TMSPE participated in the
formation of the film and formed Si-containing species in the
cathode electrolyte film.****

In addition, the Co 2p, Mn 2p, and Ni 2p XPS spectra of
the cycled Li; 144Nig136C00.136MNg 5440, electrodes with
different additives are also presented, as shown in Fig. 5. In

(d)P2p (e)Si2p

C=0

no

additive Li,CO;3

¢o Me-O
P

TMSPi

TMSPE

TEP

WWW

531
Binding Energy / eV

292 288

Binding Energy / eV

537 534 528 690

687

Binding Energy / eV

684 681 141 138 135

Binding Energy / eV

132 105 100
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Fig. 4 C1s(a), O 1s (b), F 1s (c), P 2p (d) and Si 2p (e) XPS spectra of the cycled Li; 144Nip 136C00.136MN0 5440, electrodes placed in the electrolytes

with different additives.
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the fresh Li; ;144Nig.136C00.136MNg 5440, electrode, the binding
energies at 780.5, 642.6, and 855.1 eV correspond to Co’",
Mn*" and Ni**, respectively.*> The chemical valences of Co,
Mn, and Ni are +3, +4, and +2. After 200 cycles, the valences
of Co, Mn, and Ni are changed. In the Co 2p spectra
(Fig. 5(a)), the valence of Co is +4 (780.6 €V).*® A stronger
peak of Co was observed for the cycled electrode in the
TMSPE-containing electrolyte, indicating that a thinner film
was formed on the cycled cathode surface in the TMSPE-
containing electrolyte. In the Mn 2p spectra (Fig. 5(b)), the
main valence of Mn is +4.*” However, an obvious shift was
observed on the surface of the cycled electrode in the base
electrolyte and TEP-containing electrolyte. This phenomenon
indicates that the valence of Mn ions was lowered.>® In the
Ni 2p spectra, the binding energy of Ni 2p;/, is composed of
three major peaks at 861.6 eV (Ni*'-containing species), 858.3
eV (NiF,), and 855.7 €V (Ni’'-containing species).>> The
formation of NiF, on the cathode is due to the reaction of HF
with Ni** ions during the discharge process (Ni*" + 2HF —
NiF, + H,1).?® Compared with other electrodes, the NiF,
peaks become weaker for the electrode cycled in the
electrolyte with TMSPE, confirming that the presence of
TMSPE effectively eliminates HF in the electrolyte.

3.3 Effect of additives on the HF elimination

The calculated reaction energies of TMSPi, TMSPE, TEP, and
their cations with an HF molecule are shown in Fig. 6 and
S7-S10.7 The reactions with HF via the P-O bond, Si-O bond
and C-O bond cleavages are considered. TMSPi and TMSPi"
with HF could undergo a favorable reaction by the Si-O bond
cleavage (Fig. S7t). This result is consistent with the
literature.*®° TMSPE and TMSPE" with HF also undergo a
favorable reaction by the Si-O bond cleavage (Fig. S8 and
S9t). TEP with HF undergo a favorable reaction by the C-O
bond cleavage and TEP' with HF undergo a favorable
reaction by the P-O bond cleavage (Fig. S10t). The AG values
of TMSPi, TMSPE, and TEP with HF are -54.59, -62.33, and
-44.69 kJ mol™, respectively, indicating that TMSPE is the
most effective HF elimination additive among the three
phosphite-based additives, which is consistent with the
analysis results in Fig. 5.

View Article Online

RSC Applied Interfaces

To analyze the precipitate on the lithium electrode, ICP-
MS was employed. Fig. 7(a and b) provides the contents of
Ni, Co, and Mn, which were deposited on the lithium anode
disassembled from Li; 144Nig136C00.136MNg 5440,/Li  cells.
Fig. 7(a) shows the photographs of the cycled lithium
electrodes disassembled from Li; 144Nig 136C00.136MN.5440,/Li
cells with different electrolytes. The surface of the lithium
electrode without additives was covered with a lot of
precipitates. These precipitations might be the deposition of
the transition metal that dissolved from the Li; 144Nig.136-
Co¢.136MnNg 5440, electrode during cycling. As shown in
Fig. 7(b), the contents of Ni, Co, and Mn that are deposited
on the lithium electrodes are lower in the electrolyte with
phosphite-based additives than that in the electrolyte without
additive. ICP-MS results suggest that the addition of
phosphite-based additives in the electrolyte can inhibit the
dissolution of the transition metal from the cathode material
during cycling at a high voltage. Among three additives,
TMSPE exhibited the strongest ability to inhibit the
dissolution of the transition metal from the cathode
material.

Fig. 7(c-f) show the SEM micrographs of the electrodes
after cycling without and with different phosphite-based
additives in the electrolyte. After cycling in the electrolyte
without additives, the Li; 144Nig136C00.136MnNg 5440, particles
cycled without additive were covered with thick deposits,
while those cycled with a phosphite-based additive were
covered with thinner deposits. It was also detected that the
deposits formed by TMSPE were more uniform and stable.
This result indicates that the addition of TMSPE would form
more effective CEI films compared to the other two additives
(TMSPi and TEP). The addition of TMSPE would effectively
prevent the erosion of the electrolytes at a high voltage under
45 °C and enhance cell performance.

In order to verify the effect of TMSPE on the removal of
HF from the electrolyte, 1000 ppm water was added to the
electrolytes with and without additives. Then, the electrolytes
were stored at 25 °C for 24 h. Fig. 8(a and b) show the '°F
NMR spectra of the electrolytes with and without TMSPE
after storage. The peak at 188 ppm corresponds to HFE.>" After
storage, HF can easily be identified in the electrolyte without
additives (Fig. 8(a)), but hardly be identified when TMSPE is

no additive (a) no additive
—— TMSPi —— TMSPi
—— TMSPE Cott ——— TMSPE
TEP TEP

fresh

fresh

Mn#*<—

b no additive ¢
' ®) —— TMSPi i ©
LsMnd | |——TMSPE —>NiF,

Mn?

810 804 798 792 786 780 654

Binding Energy / eV

660

648
Binding Energy / eV

642 636

Binding Energy / eV

Fig. 5 The Co 2p (a), Mn 2p (b) and Ni 2p (c) XPS spectra of the cycled Lis 144Nio 136C00.136MN0 5440, electrodes placed in the electrolytes with

different additives.
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(a) Photographs of the cycled lithium electrodes disassembled from Lij 144Nip 136C00.136MNo 5440,/Li cells with different electrolytes; (b)

contents of transition metal elements deposited on lithium electrodes from cycled Lij144Nip 136C00.136MNo 54402/Li cells in different electrolytes;
SEM micrographs of cycled Li; 144Nip 136C00.136MNo 54402 electrode without additive (c), with TMSPi (d), with TMSPE (e) and with TEP (f) after 200

cycles.

added to the electrolyte (Fig. 8(b)). It is obvious that HF
can be effectively eliminated by adding TMSPE. Fig. S11f}
shows the 'F NMR spectra of the electrolytes with
different additives after storage. It is found that TMSPE is
the most effective HF elimination additive among the
three phosphite-based additives from the 'F NMR spectra.
Fig. 8(c) and S12} show the combination energies between
HF and solvents (EC, DMC, and EMC) and phosphite-

© 2025 The Author(s). Published by the Royal Society of Chemistry

based additives, which had been used to understand the
contribution of TMSPE to eliminate the negative effects of
HF. Fig. 8(c) shows that the combination energies of EC
(-37.21 k] mol™), DMC (-34.57 k] mol™") and EMC
(-35.16 k] mol™") with HF are higher than that of TMSPE
(-44.25 kJ mol™), suggesting that TMSPE will
preferentially interact with HF compared to the solvents.
Among the three phosphite-based additives, TMSPE also
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Fig. 8 (a and b) °F NMR spectra of the electrolytes with and without adding 0.5% TMSPE after storage under 25 °C for 24 h; (c) optimized
structures and the relative combination energies (AE, kJ mol™) between HF and solvents or an electrolyte additive: DMC/EC/EMC/TMSPE-HF.

exhibited the preferential ability to interact with HF (Fig.
S127).

Fig. S131 shows the results of the storage performance of
Li; 144Ni0.136C00.136MNg 5240,/Li at 45 °C with TMSPi, TMSPE,
and TEP. In the curves of cells without additives, four
platforms are observed. The plateaus at 4.5-4.0 V, 4.0-3.7 V
and 3.7-3.0 V are attributed to the reduction of Co*" — Co*"
(point a to b), Ni*" — Ni** (point b to c), and Mn** — Mn*"
(point c to d), respectively, and the point d to e is attributed
to the formation of new compounds.”®”* After storage for 20
days, the voltage of Li; 144Nig 136C00.136MNg 544602/Li cell in
the electrolyte without additives decreased more than those
of cells in the phosphite-containing electrolytes. These results
indicate that the addition of phosphite additives can
suppress the self-discharge of the charged Li; 144Nig 136
Cog.136Mny 5440, effectively. In the phosphite-containing
electrolyte, a protective CEI film can be formed on the
surface  of  Li;144Nig136C00.136MN5440, due to the
preferential oxidation of these phosphite-based additives,”
which can separate the Li; ;44Nip.136C00.136MNg. 5440, cathode
from direct contact with the electrolyte and thus suppress the
self-discharge of the charged Li; 144Nio.136C00.136MNg 5440;.
The CEI film formed by TMSPE is more stable than that of
TMSPi or TEP.

Considering the positive effect of TMSPE on the anode, we
also tested the performance of mesocarbon microbead
(MCMB)/Li cells. Fig. S14t shows the cycling performance of
MCMBY/Li cells with electrolytes in the different additives. It
can be seen that the addition of TMSPE can improve the
electrochemical performance of MCMBY/Li cells.

Based on the aforesaid results from EIS, XPS spectra, ICP,
SEM measurements and NMR, we conclude that TMSPE
showed the best electrochemical performance among the

258 | RSC Appl. Interfaces, 2025, 2, 251-260

three phosphite-based additives. These improvements might
be attributed to the functional groups in TMSPE. The
trimethylsilyl and ethyl functional groups in TMSPE can form
Si-containing species CEI films and provide lower interfacial
impedance, stronger HF elimination, transition metal
dissolution inhibition and lower Li,CO; content. The
interaction of two functional groups in TMSPE makes its CEI
have the best properties among the three additives, and then
enhance the cell electrochemical performance.

Conclusions

In summary, we comparatively evaluated TMSPi, TMSPE,
and TEP as additives for high temperature application of a
Li-rich lithium battery at a high voltage. The capacity
retentions were 37.2%, 50.9% and 26.9% for cells with
TMSPi, TMSPE and TEP after 200 charge-discharge cycles at
45 °C. When charged to 3 C, the discharge capacity of cells
with TMSPE reached 189 mA h g™', while that of cells with
TMSPi and TEP was 172.5 mA h g* and 128.5 mA h g/,
respectively. In the electrochemical tests, TMSPE showed the
best performance between the three additives. The results
from EIS, XPS spectra, ICP, SEM measurements and NMR
indicate that the CEI film generated by TMSPE is thinner
and more stable among the three additives. With the help
of this CEI film, the electrochemical performance of cells
cycled in TMSPE showed the best performance, which might
be attributed to the interaction of functional groups
(trimethylsilyl and ethyl) in TMSPE. The trimethylsilyl and
ethyl functional groups in TMSPE can form Si-containing
species CEI films and provided lower interfacial impedance,
stronger HF elimination, and transition metal dissolution
inhibition. The interaction of functional groups makes

© 2025 The Author(s). Published by the Royal Society of Chemistry
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TMSPE have a good oxidation potential, which can
effectively inhibit the decomposition of the electrolyte and
the change of battery materials. Thus, such a study would
provide more reference for the future development of
additive diversity.
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