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Li-rich Mn-based cathode materials (LRMs) have garnered considerable interest for their high specific
capacity. Nevertheless, the elevated operating voltage window presents a great hurdle to the high-
voltage tolerance of the conventional electrolytes, and the induced issues such as rapid capacity and
structure degradation also further impede their industrial application. In this regard, an efficient method
to alleviate this problem is proposed via a cyano functional additive. By introducing the trimethylsilyl
cyanide (TMS) additive into a carbonate electrolyte to construct a complex with TM—CN bonds on the
cathode surface and form a low-impedance and durable cathode/electrolyte interphase (CEl), both
electrolyte decomposition and cathode degradation are suppressed effectively. Moreover, harmful
substances are also removed through the reaction between TMS and HF to purify the electrolyte.
Therefore, the electrochemical performance of the LRM cathode is enhanced with a discharge capacity
of 224 mA h g1 after 200 cycles at 1C. A high discharge capacity of 227 mA h g1 is also achieved after
50 cycles at 0.5C under a high mass loading of 13 mg cm~2. This work presents a new path to develop
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1. Introduction

Electric vehicles and other electronic products have flourished
in recent decades, and the energy density of lithium-ion bat-
teries needs to be further elevated to meet the development
demands of this industry.” The use of electrode materials with
high specific capacity is crucial for fulfilling this demand.
Compared to anode materials, cathode materials are the main
bottleneck due to their significantly lower specific capacity.”?
Currently, the widely used cathodes such as LiFePO,, LiITMO,
(TM = Ni, Co, and Mn), and LiCoO, have limited potential for
continuously increasing the energy density. Spinel-type lithium
nickel manganese oxide has a high operating voltage, but its
reversible capacity is too low.* In contrast, Li-rich layered
cathode materials (LRM, xLi,MnO3(1 — x)LiTMO,) with ultra-
high specific capacity (>300 mA h g~ ') and energy density
(>1000 W h kg™ ') have attracted widespread attention from
researchers due to their charge compensation mechanism of
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high-voltage electrolytes for LRM cathodes.

additional oxygen anions at high voltage (> 4.5 V).>>° However,
a series of challenges such as serious voltage decay, rapid
capacity fading, and slow dynamics still hinder their practical
commercial applications. The issues are not only related to the
intrinsic structural instability of LRMs, but also have a great
impact on the deterioration of the surface structure during the
charging and discharging process. The high operating voltage
window (up to 4.8 V) results in poor compatibility with conven-
tional carbonate electrolytes.” Under such harsh conditions,
certain undesired reactions may occur intensely on the elec-
trode surface, such as oxidative decomposition of the electro-
Iyte, rupture of the cathode/electrolyte interphase (CEI), erosion
of the cathode structure from the surface to bulk, and dissolu-
tion of transition metals (TMs) into the carbonate electrolyte.
These issues will cause continuous damage to the structural
stability of LRMs, ultimately aggravating the above-mentioned
problems.®°

To enhance the high-voltage stability of the electrolyte in
lithium batteries, various strategies have been proposed,
including the use of nitrile-based solvents, sulfone-based sol-
vents, high-concentration electrolytes (HCEs), and ionic liquid
electrolytes.'® However, these approaches often introduce addi-
tional challenges concerning ionic conductivity, viscosity, wett-
ability, cost, etc."'" The widely used carbonate electrolytes
are composed of LiPFs as the solute, along with cyclic and
linear carbonates as the organic solvent. This combination
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demonstrates favorable characteristics in terms of electro-
chemical performance and cost-effectiveness. Therefore, using
functional additives to optimize the electrolyte for matching
the LRM cathode on this basis is a promising strategy.

Nevertheless, there are still notable concerns regarding
carbonate electrolytes. The presence of trace water in the
electrolyte and the unsatisfactory stability of LiPFs often lead
to the generation of HF. This acidic compound can accelerate
the corrosion on the cathode surface, the dissolution of TMs,
and the expansion of microcracks, which deteriorates the
electrochemical performance greatly. In this regard, some
researchers have used alkane additives with Si-O bonds to
mitigate the decomposition of LiPFs and to remove HF.*'
Moreover, some organic substances containing Si-N bonds,
such as heptamethyldisilazane (HMDS) and 1-(trimethylsilyl)
imidazole (1-TMSI), have shown similar beneficial effects."*"*
In addition, some organic compounds containing cyano func-
tional groups are also used as electrolyte additives. The cyano-
groups with powerful electron-withdrawing properties exhibit
high electronegativity and strong coordination ability with TM
ions. This allows them to be adhered to the cathode surface
effectively and participate in the CEI formation, which helps
relieve electrolyte oxidation and suppress TM dissolution.">*®

Herein, trimethylsilyl cyanide (TMS) is introduced as a high-
voltage additive into the carbonate electrolyte. TMS can be
adsorbed on the cathode surface to form a complex with
TM-CN bonds due to the presence of the electronegative
cyano-group, and also contributes to the formation of a uni-
form and stable CEI layer, which is beneficial for maintaining
the structural stability of LRM cathodes during cycling at high-
voltage. Additionally, the Si-C bond in the molecular structure
also plays a positive role in removing HF for purifying the
electrolyte. The electrochemical tests indicate that the addition
of TMS can evidently improve the cycling stability of the LRM
cathode. The constructed Li||LRM battery with the TMS addi-
tive delivers an impressive reversible capacity of 224 mA h g™*
at 1C between 2 and 4.8 V with a 91% capacity retention after
200 cycles, which is much higher than that (68%) of the base-
line electrolyte after 150 cycles. In addition, the Li||LRM battery
with the TMS additive also exhibits better performance at high
mass loading and low (—15 °C) and high temperatures (45 °C).
This simple approach can simultaneously improve the cathode
interface stability and remove the HF residuals, which provides
a new pathway for developing high-voltage LRM cathodes
through electrolyte engineering.

2. Experimental section

2.1. Preparation of LRM cathodes and electrolytes

The Li-rich Mn-based cathode (Li; ;Mng 54Ni13C00.130,) was
prepared by the co-precipitation method. Initially, certain
amounts of transition metal salts (manganese sulfate, nickel
sulfate, and cobalt sulfate) were dissolved in ultrapure water in
a stoichiometric ratio of 4:1:1. Then, sodium carbonate and
sodium tartrate, which served as the precipitating agent and
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complexing agent, were mixed with the prepared salt solution
under a N, atmosphere to achieve the carbonate precursor. The
above precursor was heated at 500 °C for 5 hours, and then
evenly mixed with an appropriate amount of lithium source.
Finally, the target product was obtained after calcining the
mixtures at 800 °C for about 10 hours, which was abbreviated as
LRM. After that, LRM, PVDF, and acetylene black were dis-
persed in NMP at a mass ratio of 8:1:1 to obtain a uniform
cathode slurry with continuous stirring. The slurry was then
cast onto aluminum foil, punched into disks with a 12 mm
diameter after drying for about 12 hours, and finally transferred
into an argon-filled glove box. The conventional mass loading
of the cathode material was ~1.5 mg cm ™2, and the high mass
loading was ~13 mg cm™ 2. The electrolytes were prepared in
the glove box. The baseline electrolyte was purchased from
DodoChem, with 1 M LiPF, dissolved in a mixture of cyclic and
linear carbonates (EC: EMC:DMC = 1:1:1, wt%). Trimethylsi-
lyl cyanide (TMS) was purchased from Heowns and treated with
molecular sieves before use. Then 1 wt%, 2 wt%, 3 wt%, and
5 wt% TMS were added into the baseline electrolyte and named
TMS-1, TMS-2, TMS-3, and TMS-5, respectively.

2.2. Electrochemical measurements

Electrochemical tests were performed in coin-type (CR2025)
cells with lithium foil as the counter electrode and Celgard 2500
microporous membrane as the separator. Symmetrical bat-
teries were assembled with 2032-type coin cells. All the cells
were assembled in a glove box with H,O and O, content below
0.1 ppm. The cells were activated for one cycle at 0.2C (1C =
250 mA h g~ ") before charging and discharging tests with different
current densities on the Neware battery test system (CT-4008T,
Neware Electronics Co., Ltd, China). The linear sweep voltam-
metry (LSV) test was carried out on a CHI660E electrochemical
workstation (Shanghai Chenhua Instrument Corp., China) with
a scanning rate of 0.5 mV s~ ". Electrochemical impedance spectro-
scopy (EIS) was performed on a PARSTAT 3000A-DX electrochemi-
cal workstation (AMETEK Instrument Corp., USA) with a voltage
amplitude of 5 mV at the frequency of 100 K-0.001 Hz. Self-
discharge tests were recorded at a voltage of 4.8 V for 240 h after
100 cycles at 1C. Floating charge performance was evaluated at
4.8 V to monitor the level of leakage current after 100 cycles at 1C.
Galvanostatic intermittent titration technique (GITT) curves were
assessed at 0.2C for 20 minutes followed by a 3 h rest period after
20 cycles. Additionally, the high-temperature property test was
conducted at 1C and 45 °C, while the low-temperature property
test was performed at 0.33C and —15 °C. Both of them were
activated at 0.2C for one cycle before cycling. The in situ XRD
measurements were conducted by integrating the Neware battery
testing channel and the XRD equipment. The battery was
assembled with lithium metal as the anode and LRM as the
cathode in the specially designed mold, followed by cycling twice
at 0.5C in the voltage range of 2-4.8 V. During the whole charging
and discharging processes, the LRM cathodes were tested through
an automated program, and the real-time change trend of the (003)
diffraction peak with voltage recorded in the range of 17.5-19.5°.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2025
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2.3. Characterization

The cycled electrodes disassembled from the batteries were
washed with DMC, followed by drying naturally in the glove
box for a series of tests. A scanning electron microscope
(SEM, Hitachi SU-70) and a transmission electron microscope
(TEM, Talos F200) were used to observe the surface morphol-
ogies of the samples. The chemical structures of the samples
were characterized using the Raman spectrum (Xplora). In situ
XRD tests were performed to track the changes of the (003)
diffraction peak during the initial charging and discharging
process. The structural changes of the cycled electrodes were
also analyzed by X-ray diffraction (XRD, Bruker Axs X-ray
diffractometer). X-ray photoelectron spectroscopy (XPS, PHI
Quantum 2000) was utilized to analyze the surface chemical
compositions of the samples after 100 cycles. Inductively
coupled plasma mass spectrometry (ICP-MS, iCAP7400) was
applied to detect the TM content dissolved from the LRM
cathode and deposited on the lithium anode. '°F nuclear
magnetic resonance (NMR) spectroscopy was performed using
a 400 MHz NMR spectrometer (Bruker Avance II) with deuter-
ated chloroform (CDCly) as the solvent. Time-of-flight second-
ary ion mass spectrometry (TOF-SIMS 5, ION-TOF GmbH) was
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carried out to detect the fragment information separated from
the cathode surface. The testing principle is to use the primary
pulse ions to bombard the sample surface, to determine the ion
mass by measuring the flight time of the excited secondary
ions, and then to obtain relevant surface information.

2.4. Theoretical calculations and MD simulations

The theoretical calculations were performed using density func-
tional theory (DFT) with the Gaussian 09 software package. Mole-
cular structures were optimized at the level of B3LYP/6-
311G++(d,p), and GD3BJ was used for dispersion correction.'”*°
Acetone was used as the default solvent for the implicit solvent
model (SMD), which has a similar dielectric constant to the
carbonate electrolyte.”® The electrostatic potential (ESP) and the
Gibbs free energy (AG) representing the energy difference between
products and reactants were also measured with the Gaussian 09.>*

The GROMACS program with cubic periodic boundary
conditions was used to perform molecular dynamic (MD)
simulations.?*** The electrolyte simulation employed the Gen-
eral Amber Force Fields (GAFF), and the force field parameters
were generated based on the sobtop. This force field was
successfully applied in previous electrolyte studies.”* The
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Fig. 1 Radial distribution function g(r) and coordination hnumber n(r) of Li* calculated from MD simulations in the (a) baseline and (b) TMS-containing
electrolytes. (c) Theoretical calculations of HOMO values for solvents and additive solvated with Li*. (d) ESP charge distribution of TMS. (e) LSV tests at a
scan rate of 0.5 mV sL. (f) High-temperature storage tests for the baseline and TMS-3 electrolytes at 60 °C.
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packaging optimization for MD simulations (PACKMOL) tool
was utilized to generate the initial atomic coordinate files for
the MD simulations, guaranteeing a tightly packed starting
configuration of the simulated system without any notable
overlap between molecules.>® A conjugate gradient energy
minimization scheme (1.0 x 10~®) for initialization configu-
ration was used to minimize the unreasonable configurations
in the initial structure. A 20 ns MD simulation was performed
with the isothermal-isobaric ensemble (NPT) to confirm system
equilibrium, followed by additional simulations of all atoms for
10 ns in the canonical ensemble (NVT). Visualization of the
electrolyte structure was achieved using visual molecular
dynamics (VMD).?®

3. Results and discussion

3.1. Characterization of the electrolytes

Molecular dynamic (MD) simulations were carried out first to
examine the impact of TMS on the solvation sheath of the
carbonate electrolyte. Fig. 1a and b and Fig. S1 (ESIt) illustrate
the radial distribution function, coordination number, and
solvation model diagram of the electrolytes. A strong Li'-N
(TMS) peak appears near 0.22 nm in the TMS-containing
electrolyte, indicating that the additive can participate in the
formation of a solvation structure of Li* (Fig. 1b). The coordina-
tion numbers of Li"-EC and Li"-EMC in the baseline electrolyte
are 1.97 and 1.24, respectively. With the introduction of TMS,
these coordination numbers have decreased to some extent,
which is advantageous for reducing polarization and forming a
stable interface layer on the electrode surface.”” The HOMO
energies of TMS before and after solvation with Li" were
computed by density functional theory (DFT), as shown in
Fig. 1c and Fig. S2 (ESIf). The HOMO energy of the TMS
molecule is close to EC before solvation, while the HOMO value
of TMS solvated with Li" is calculated to be —8.81 eV, which is
obviously higher than that of other solvents (—9.15 eV for EC,
—9.13 eV for DMC, and —8.99 eV for EMC), indicating that TMS
is more easily oxidized in the electrolyte. Moreover, an obvious
oxidation peak at around 4.3 V is detected in the linear sweep
voltammetry (LSV) tests, illustrating the priority decomposition
of TMS (Fig. 1e)."> According to the electrostatic potential (ESP)
density distribution of TMS in Fig. 1d, the negative charges are
mainly concentrated near the cyano (-CN) functional group.
This distribution is attributed to the strong electron absorption
property of the -CN group, which is conducive to the coordina-
tion between TMS and Li" and also provides the possibility for
adsorbing on the cathode surface to participate in the CEI
formation.*®*°

Lithium hexafluorophosphate is prone to hydrolysis and
lacks sufficient thermal stability, along with the generation of
HF during long-term cycling, which poses a noticeable threat to
the electrochemical performance of lithium batteries.>® There-
fore, it is important to remove HF and maintain the stability of
the electrolyte. The Gibbs free energy (AG) of TMS reacting
with HF was calculated using the DFT method, as illustrated in
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Fig. S3 (ESIf). The value of AG is —16.08 kcal mol~", which
indicates that TMS can spontaneously combine with HF, and
simultaneously accompanied by the breaking of the Si-C bond
during the reaction process (also confirmed by XPS in Fig. 7f).
Furthermore, after storing the baseline and TMS-containing
electrolytes for 30 days, NMR tests are conducted to assess the
efficacy of TMS in removing HF for purifying the electrolyte. As
shown in Fig. S4 (ESIt), the signals near 75 ppm belong to PFs ",
while the signals around 87 ppm are attributed to P,O,F,”
formed during the hydrolysis process of lithium salts.*** It is
worth noting that the signals of P,OyF, are stronger in the
TMS-containing electrolyte, which may be due to the rightward
shift of the hydrolysis equilibrium of lithium salts caused by
the reaction of TMS with trace HF. Besides, a new peak can be
observed at around 158 ppm in the TMS-containing electrolyte,
resulting from the reaction between TMS and HF. The peak
near 191 ppm is the characteristic peak of HF, which is not
found after adding TMS, suggesting the positive role of TMS in
clearing HF and purifying the electrolyte.?*3?

In addition, the baseline and TMS-containing electrolytes
were both put into the oven at the same time for high-
temperature storage to accelerate the adverse reactions to
compare their stability. As depicted in Fig. 1f, both electrolytes
are initially clear and transparent. After 5 days of storage at
60 °C, the baseline electrolyte exhibits pale yellow, progressing
to dark yellow after 10 days. This change may be related to the
induction of solvent polymerization by HF and other decom-
position products.®' In comparison, the TMS-containing elec-
trolyte still maintains transparency after 10 days. This clear
distinction highlights the beneficial impact of the TMS additive
on purifying the electrolyte, which is beneficial for enhancing
the cycling performance of batteries.

3.2. Electrochemical performance of Li||LRM batteries

To confirm the optimal addition ratio, cycling performance was
evaluated by assembling the Li||LRM batteries using the elec-
trolytes with different amounts of TMS. As illustrated in Fig. S5
(ESIY), the battery using TMS-3 exhibits the best cycling perfor-
mance, close to TMS-5. Considering that excessive additive will
cause increased cost and may also lead to the formation of a
thicker CEI that would increase the interfacial resistance and
hinder the rapid migration of Li', the discussion in this
work primarily focuses on the electrolyte with 3 wt% TMS
(TMS-3).2%3*

Long-term cycling differences between the baseline and
TM-3 are displayed in Fig. 2a. The discharge capacity of the
battery with the baseline electrolyte (baseline-battery) decreases
to 169.5 mA h g~ ' after 150 cycles at 1C, with a low capacity
retention of 68.5%. In contrast, the higher discharge capacity of
224 mA h ¢! and capacity retention of 91% are maintained for
the battery with TM-3 (TMS-battery) after 200 cycles under the
same testing conditions. In addition, the average CE of the
baseline-battery after 150 cycles is only 93.5%, while that of
TMS-battery still exceeds 99.0% after 200 cycles (Fig. 2b). As
shown in Fig. 2c, the voltage decay of the baseline-battery,
especially after 100 cycles, is noticeably more serious, which

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2025
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Fig. 2 (a) Cycling performance of Li||LRM batteries with the baseline and
TMS-containing electrolytes between 2 and 4.8 V at 1C. (b) The compar-
ison of coulombic efficiency in the two electrolytes. (c) Average charge
and discharge voltages during cycling. (d) and (e) Charge and discharge
curves of Li||LRM batteries (d) without and (e) with TMS.

supports the beneficial effect of TMS on enhancing voltage
stability. Fig. 2d and e display the galvanostatic charge-dis-
charge curves of the batteries with different electrolytes,
directly revealing a lower polarization and slower capacity
degradation trend for the TMS-battery during long-term
cycling. Moreover, the high-voltage stability of batteries is
analyzed by the self-discharge and floating charge tests. As
shown in Fig. 3a and b, the batteries with both two electrolytes
can maintain a relatively stable voltage for the initial 50 hours
after 50 and 100 cycles. However, after 50 hours, a noticeable
voltage drop is observed for the baseline-battery compared to
that with TMS-battery showing a considerably smaller decrease.
The constant voltage floating charge test at 4.8 V also reflects a
lower leakage current for the TMS-battery (Fig. 3c). These
improvements are attributed to the stable and durable
TMS-derived CEI film, which can effectively suppress the
adverse interfacial side reactions under high voltage.
Furthermore, the influence of the TMS additive on the
dynamic performance was analyzed through EIS, rate capabil-
ity, and GITT tests. In the first five cycles, there is not much
difference in the interface impedance R and charge transfer
impedance R, in different electrolytes (Fig. 3e). Nevertheless,
the overall impedance of the TMS-battery is notably smaller
than that with the baseline electrolyte after 100 cycles (Fig. 3f).
The results indicate that the uniform and stable CEI derived
from TMS inhibits the severe decomposition of the electrolyte
and the accumulation of byproducts on the cathode surface

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2025
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Fig. 3 (a) and (b) Self-discharge curves of Li||LRM batteries using different

electrolytes at 4.8 V after (a) 50 and (b) 100 cycles. (c) Constant voltage
floating charge test at 4.8 V in different electrolytes after 100 cycles.
(d) Rate performance. (e) and (f) Nyquist plots of Li||LRM batteries in
baseline and TMS-3 electrolytes after (e) 5 and (f) 100 cycles.

during long-term cycling, thus ensuring the Li* migration
kinetics. The higher Li" diffusion coefficient in the GITT tests
further confirms the positive effect of the TMS additive as
shown in Fig. S6 (ESIt). Due to the reduced impedance and
high ion diffusion coefficient during cycling, the transfer of Li"
is accelerated. Consequently, the higher discharge capacities of
281,257, 239, 216,198 and 173 mA h g~ * can be achieved at 0.2,
0.5, 1, 2, 3 and 5C for the TMS battery, respectively (Fig. 3d and
Fig. S7, ESIt).

In addition, the TMS-battery also exhibits superior cycling
performance even when cycled at 3C. An initial discharge
capacity of 163 mA h g ' and a capacity retention of 81.2%
are achieved after 300 cycles as shown in Fig. 4a. However, the
capacity retention is reduced to 69.5% after only 150 cycles for
the baseline battery at 3C. Moreover, the TMS-battery also
exhibits a higher average CE of 99.3% and more stable average
voltage (Fig. S8, ESIT). At low-temperature (—15 °C), although
the general interface side reactions can be decreased to some
extent, the polarization level will significantly increase, result-
ing in a slow diffusion rate and notable decrease in reversible
capacity.®® Owing to the high kinetic properties of TMS-derived
CEI, the TMS-battery presents a higher discharge capacity of
123 mA h g™" after 300 cycles at 0.33C, while the baseline-
battery only retains 95 mA h g~ (Fig. 4b). Fig. S9 (ESIt) further
indicates that the voltage attenuation and capacity degradation
have been well alleviated for the TMS-battery at low tempera-
tures. Besides, the high-temperature cycling performance
of the battery is also improved with the TMS-3 electrolyte
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a high mass loading of 13 mg cm™2.

(Fig. S10, ESIf). To further investigate the effect of the additive,
cycling tests were carried out with a high cathode mass loading
of ~13 mg ecm . The results show that the TMS-battery still
maintains a specific capacity of 227 mA h g~ " and exhibits 85%
retention after 50 cycles at 0.5C, while the baseline-battery
cannot exhibit normal charging and discharging behavior after
just 10 cycles (Fig. 4c).

At higher voltages in the cycling process, the cathode
materials will exhibit greater Li* intercalation/deintercalation
depth and larger volume changes. Meanwhile, the electrolyte
oxidation will also be stronger. These factors pose more rigor-
ous requirements on the CEI film in terms of the mechanical
strength, toughness, and resistance to strong oxidizing envi-
ronments. In this regard, the upper cut-off voltage is increased
to 5 V to explore the impact of the additive. As shown in Fig. 5a,
the TMS-battery retains a high discharge capacity of 248 mAh g™*
after 100 cycles at 2-5 V, which is obviously better than that of
the baseline-battery. The repeated occurrence of CEI rupture
and repair at the local position on the cathode surface inevi-
tably increases electrolyte consumption, causing CE to decrease
and fluctuate significantly.*®*” Therefore, the average CE of the
baseline-battery within 100 cycles is only 90.5%, which is
obviously lower than the 98.7% of TMS-battery (Fig. 5b).
Further compared with the CE results over 100 cycles at
2-4.8 V in Fig. 2b, the CE of the baseline-battery decreases by
8.56% even though the upper cut-off voltage just increases
by 0.2 V (4.8 to 5 V), while the TMS-battery only decreased by
0.48%. In addition, it can be seen from Fig. 5c-e that the
voltage decay in the 2-5 V range has also been effectively
relieved for the TMS-battery. These apparent differences in
performance can be attributed to the multiple effects of the
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TMS additive. The cyano functional group in TMS promotes the
formation of the complexes with TM-CN bonds on the LRM
cathode surface, which helps to stabilize the layered structure
and prevent corrosion from the electrolyte. Simultaneously, a
uniform and durable CEI derived from the TMS-3 electrolyte
separates the LRM cathode from the electrolyte, thereby alle-
viating interfacial side reactions and reducing the interfacial
impedance. In addition, the trace HF in the electrolyte is also
removed effectively by the TMS additive, benefitting suppres-
sing the dissolution of TM. Resultantly, the long-term cycling
performance of the LRM cathode is improved, which further
highlights the application potential of TMS in high-voltage
scenarios.

Meanwhile, considering that the lithium anode also affects
the electrochemical performance, symmetrical batteries with
the two electrolytes were constructed to evaluate the influence
of the additive on the anode side. As illustrated in Fig. S11
(ESIY), cycling tests of Li||Li symmetrical batteries were per-
formed at current densities of 0.5 and 1 mA cm ™. The plating
and stripping behaviors of Li" do not show significant differ-
ences, suggesting that the enhanced performance is mainly
ascribed to the improvement of the cathode side.

3.3. Morphological and structural changes of LRM cathodes

During the high-voltage charging and discharging process, the
decomposition of the electrolyte will lead to the generation of
harmful products including HF, which would corrode the
cathodes and cause the dissolution of TM. And under the
influence of the electric field, the dissolved TM further migrates
to and deposits on the surface of the lithium anode.?® In the
LRM cathode, the proportion of the Mn element is significantly

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2025
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first two cycles at 0.5C. (d) and (e) SEM images of the cycled cathodes in
the (d) baseline and (e) TMS-3 electrolytes.

higher, and the content of Mn deposited on the anode side can
be used to reflect the extent of dissolution and destruction of
the cathode structure. The batteries were disassembled after
100 cycles, and inductively coupled plasma (ICP) tests was
carried out to determine the Mn content deposited on the
anode side. As displayed in Fig. 6a. The TMS-battery displays
a lower Mn content compared to that of the baseline-battery,
which can be attributed to the positive role of TMS in stabiliz-
ing the cathode interface. After introducing TMS into the
baseline electrolyte, the formed TM-CN complex and the dur-
able CEI effectively avoid the direct contact between the cath-
ode and adverse substances in the electrolyte, thus inhibiting
TM dissolution.*®

To deeply understand the difference in structural changes,
the cycled cathodes with different electrolytes were tested by
Raman spectroscopy. As shown in Fig. 6b, the E, peak near
490 cm ™! corresponds to the bending vibration of the O-TM-O
bond, while the A, peak at 600 cm ™' belongs to the stretching
vibration of the TM-O bond.*° The cathode matched with the
baseline electrolyte shows a distinct characteristic peak of the
spinel phase at 650 cm™.*! In contrast, there is no notable
change with the modified electrolyte, indicating the effects of
TMS on stabilizing the layered structure of the LRM cathode. In
addition, in situ XRD tests were performed to track the change
of the (003) peak over the first two cycles. As shown in Fig. 6c, in
the initial charging stage, the (003) peak shifts to a lower angle
due to the extraction of Li' from the LiTMO, phase, caus-
ing greater electrostatic repulsion between the oxygen layers,
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thereby resulting in an increase in the lithium layer spacing. As
the voltage gradually reaches around 4.5 V, the Li;MnO; phase
of the LRM cathode is activated and Li" is extracted from the
TM layer, accompanied by the oxidation of the lattice oxygen.
As a result, the (003) peak begins to shift towards the high
angle. During the subsequent discharging process, Li' is
re-inserted into the TM layer, causing the (003) peak to shift
to the lower angle, followed by the shift to the high angle due to
the reinsertion of Li" into the lithium layer. In the second cycle,
the (003) peak shows similar evolution to that in the first cycle.
Compared to the initial position, the (003) peak of the cathode
with TMS-3 reveals a smaller average shift value of 0.170°
(vs. baseline: 0.187°), suggesting that the variation of the
cathode along the c-axis direction is partially inhibited. Besides,
the (003) peak shift of cathode with TMS-3 is also smaller than
that with baseline electrolyte after 100 cycles (Fig. S12, ESIT).
This is attributed to the superior CEI formed from TMS-3,
which is stable at high voltages and can effectively suppress
unfavorable interface side reactions, reduce the consumption
of active lithium, and ultimately maintain the stable cathode
structure.

As illustrated in Fig. 6d and e, the cathode particle from the
baseline-battery after 100 cycles exhibits a rough and uneven
surface with irregular microcracks, while after the introduction
of TMS, a relatively clean cathode surface is obtained and the
whole structure is also maintained well. From the TEM results
(Fig. 7a and b), it is evident that the CEI derived from the TMS-3
electrolyte presents a uniform and complete state, while the
problems such as uneven thickness and poor local continuity
appear for the CEI formed from the baseline electrolyte. The
poor and uneven CEI would cause inconsistent lithiation of
LRM cathode particles, exacerbating local stress accumulation
and leading to particle cracking during cylcing.”® The appear-
ance of microcracks increases the contact area between the
electrode and electrolyte, which accelerates adverse side reac-
tions and the consumption of active lithium. As a result, issues
such as continuous electrolyte oxidation and cathode structure
deterioration occur, ultimately leading to rapid decline in
electrochemical performance.

In order to further elucidate the enhanced mechanism in
electrochemical performance of the LRM cathode with the
TMS-3 electrolyte, the chemical compositions of the formed
CEI layer were detected via X-ray photoelectron spectroscopy
(XPS). As displayed in Fig. 7c-i, the P 1s XPS spectra exhibit two
prominent peaks in the baseline and TMS-containing electro-
lytes, representing Li,POyF, and LiP,F, species, respectively.*?
In the O 1s XPS spectra, the peaks near 532 and 533.5 eV are
assigned to the C=0 and C-O species.*>** The components
containing P are generated from the decomposition of lithium
salts, while the C—O species primarily originate from the
organic solvents in the electrolyte. The presence of stronger
P-containing substances and C—O peaks in the baseline elec-
trolyte suggests a more severe decomposition of lithium salts
and organic solvents, which highlights the important effect of
TMS in restraining the large consumption of the electrolyte.
From the N 1s XPS spectra, it can be seen that there are two
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obvious peaks of the TMS-containing electrolyte, corresponding
to TM~CN and CN-containing species.’>?®*° This is because
the TMS additive has an electronegative cyano (-CN) functional
group, and its strong coordination effect allows it to adsorb on
the cathode surface to form the TM-CN adsorption layer,
thereby stabilizing the LRM cathode interface.">*" Simulta-
neously, some —-CN groups can further participate in the CEI
formation and generate CN-containing species. Interestingly,
no noticeable peak is observed in the Si 2p XPS spectra with the
TMS-3 electrolyte, indicating that the Si-C bond of TMS is
broken after the reaction and the Si-containing part may
remain in the electrolyte and does not contribute to the CEI
formation.

As shown in Fig. 8a-c and Fig. S13 (ESIt), the components of
CEI after 100 cycles were further studied through the time-of-
flight secondary ion mass spectrometry (TOF-SIMS). The frag-
ment information of C,HO™, CH, , and CH;  from the alkyl
chain segments is generated during the decomposition of
organic carbonate solvents. The higher intensity of these frag-
ments confirms the severe decomposition of the baseline
electrolyte (Fig. S13, ESIT). Moreover, significant fragments of
CN~, CNO 7, and LiNC™ species are also detected for the LRM
cathode with the TMS-containing electrolyte (Fig. 8a—c), which
again indicates that the TMS additive is deeply involved in the

972 | Mater. Chem. Front., 2025, 9, 965-975

formation process of CEI Taking the N 1s XPS spectral test into
account, the presence of CNO™ and LiNC™ species suggests that
some cyano groups are adsorbed on the LRM particle surface to
construct the complex containing TM-CN bonds, while other
cyano groups may undergo further reactions at the interface
and become the components of the CEL This behavior enriches
the composition of the interface layer, which plays an impor-
tant role in enhancing the stability of CEI, mitigating the
electrolyte oxidation, and improving ionic diffusion.”

The above studies indicate that the introduction of TMS into the
carbonate electrolyte can greatly improve the electrochemical
performance of the LRM cathode, especially in the high-voltage
range. The performance enhancement mechanism is outlined in
Fig. 8d and e. On the one hand, TMS can purify the electrolyte
through removing trace HF from the decomposition of the electro-
lyte. On the other hand, its electronegative cyano functional group
can adsorb on the cathode surface to form a complex with TM-CN
bonds to retain a stable cathode structure and reduce the surface
degradation. Besides, the additive also contributes to the formation
of the uniform and complete CEI with N-containing components,
which is conducive to rapid Li" migration. This durable interfacial
protective layer can also effectively avoid direct contact between the
cathode and electrolyte, thus inhibiting the oxidative decomposi-
tion of the electrolyte and alleviating the dissolution of TMs.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2025
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4. Conclusions

In summary, the unique silane additive with a cyano functional
group has been successfully used to improve the high-voltage
performance of the carbonate electrolyte. The introduced TMS
additive can participate in CEI formation to obtain a low-
resistance and durable CEI with N-rich components, reducing
side reactions of the electrolyte in a high-voltage environment. By
combining with the electronegative cyano groups to form the
complex containing TM-CN bonds on the cathode surface, the
oxidative decomposition of the electrolyte and destruction of
the cathode structure can be greatly alleviated. In addition, the
reaction between TMS and HF can also effectively reduce the
content of harmful substances in the electrolyte. Therefore,
the cycling stability of the LRM cathode has been well maintained.
The battery with 3 wt% TMS in the electrolyte displays a high
discharge capacity of 224 mA h g~ with a retention over 90% after
200 cycles at 1C. Even under high mass loading of 13 mg cm™ 2, a
discharge capacity of 227 mA h ¢~ and an 85% capacity retention
are achieved after 50 cycles at 0.5C. Furthermore, the rate
performances have also been significantly improved with the
optimized electrolyte. This work presents a practical approach
to improve the electrochemical performance of LRM cathodes by
introducing a functional additive to remove harmful acidic
substances in the electrolyte while stabilizing the electrode
interface.
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