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a b s t r a c t

Olivine-type LiMnxFe1-xPO4 (LMFP) cathode materials with high energy density (≈700Wh/kg) and high

discharge platform (4.1V vs. Li+/Li), have attracted considerable interest and prominence in the realm of

lithium-ion batteries (LIBs). Nevertheless, the cycling stability of LMFP highly associated with electrolyte

compatibility, which suffers from the subsistent transition-metal dissolution under hydrofluoric acid (HF)

corrosion and unstable interface formation, posing significant challenges. Herein, we demonstrate that a

multifunctional electrolyte additive, (Trimethylsilyl)methyl acetate (TMSA), possesses the good compati-

bility with LiMn0.60Fe0.40PO4 cathode material. Its features are embodied in the HF elimination, proton

coordination and hierarchic cathode electrolyte interface (CEI) formation to prevent electrolyte decom-

position and swelling of conductive carbon layer inside materials. Therefore, the LiMn0.60Fe0.40PO4ǁLi bat-
teries can sustain the significantly enhanced capacity retentions of 67.5 % after 500 cycles at room tem-

perature (25 °C) and 74.4 % after 400 cycles at high temperature of 55 °C, even contributing to an im-

proved specific capacity of 113.8mAh/g at 15 C rate (vs. 88.1mAh/g in the counterpart). Impressively,

LiMn0.60Fe0.40PO4ǁgraphite pouch cell retains a 93.76% capacity after 300 cycles. These much better elec-

trochemical performances from the facile yet available design of electrolyte additive shows the great im-

portance and potential for the developments of LiMn0.60Fe0.40PO4-based LIBs.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The ever-growing energy density and high-safety use demand

in the realm of lithium-ion batteries (LIBs) urges the development

of new material and battery systems [1–3]. Lithium manganese

iron phosphate (LiMnxFe1-xPO4, abbreviated as “LMFP”) as an it-

erative upgrade of widespread lithium iron phosphate (LiFePO4) is

known for their exceptional energy density, commendable safety

and stable Li+ high-intercalation potential plateau of 4.1V (vs.

Li/Li+) [4–7]. Nevertheless, the inherent deleterious effect of Mn

element involving Jahn-Teller distortion of Mn3+ and the sluggish

kinetics of Mn2+/Mn3+ reaction, lead to the weak structural stabil-

∗ Corresponding authors.

E-mail addresses: xswang2016@m.scnu.edu.cn (X. Wang), wangding@kust.edu.cn

(D. Wang), yangxuerui@ncu.edu.cn (X. Yang), duanjianguo@kmust.edu.cn (J. Duan).

ity and reversibility of material and the low electronic conductivity

(<10–10 S/cm) and ionic diffusivity (<10–16 cm2/s), thereby posing

formidable challenges to fully realize the theoretical performance

of LMFP [8,9].

Currently, the majority of modification strategies for LMFP can

be categorized as elemental doping [10–12] with heterogeneous

ions (Mg2+ [13,14], V3+ [15,16], Ti4+ [17,18], Co2+ [19], etc.), nano-

crystallization controlling nanoparticles granularity and size [20],

and surface modification with amorphous carbon coating [21,22].

Among them, carbon coating can provide the fast charge transport

[23] and is conducive to capacity delivery of battery, known as the

facile, low-cost and large-scale method for LMFP applications. Such

a carbon layer is encapsulated on the surface of cathode material,

effectively preventing active substance from being directly exposed

to the electrolyte, which reduces the occurrence of side reactions

https://doi.org/10.1016/j.cclet.2025.111594

1001-8417/© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
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and transition-metal dissolution to some extent. However, the first

concern on whether this pretreated carbon layer can accommo-

date the volume expansion and contraction during battery charg-

ing/discharging and thoroughly repulse the high activity of elec-

trolyte arises. For another, the fact of whether its appearance can

affect the formation of cathode electrolyte interface (CEI) on LMFP

cathode materials is always ignored, as well as the mergence of CEI

and carbon layer that leads to a weak protective response. Both of

them will incur the susceptible lifespan for LMFP battery.

Besides, the unsatisfactory performance of LMFP cathode ma-

terial also suffers from the high reactivity of electrolyte at high-

voltage cathode surface. In the conventional carbonate formula

with lithium hexafluorophosphate (LiPF6) as salt, the as-formed CEI

on cathode is too weak to make a guarantee for stopping elec-

trolyte penetration and subsequent consumption, then expediting

the capacity decay. Meanwhile, it is well-known that acid byprod-

ucts, typically HF, generates in, especially after thermal storage, de-

riving from the thermal decomposition and hydrolysis of LiPF6. HF

in the electrolyte can corrode the bulk materials and CEI compo-

nents, but also accelerate the disproportionation reaction of Mn3+

to form Mn2+ and Mn4+ [24]. This dissoluble Mn2+ can enter into

the electrolyte (namely Mn dissolution) and then diffuse to anode

side, thereby catalyzing and aggravating the parasitic reactions and

leading to the vigorous growth in internal resistance and battery

failure [25]. The Mn4+ is insoluble but attaches with the surface of

cathode material, resulting in Li+ transmitting interference. These

inherent constraints present great challenges that necessitate inno-

vative solutions to motivate the full potential of LMFP in advanced

LIBs.

Electrolyte additives represent the most economically viable

and effective approach to enhancing battery performance, which

has the advantages of low dosage and precise targeting [26–

28]. And there are scant reports regarding to LMFP modification

from the view of electrolyte additive. Consequently, it is worthy

to be expected and highly desirable that the development of a

multifunctional additive compatible with LMFP cathode materials

holds important research significance. In this context, we inno-

vatively designed a multifunctional additive, (trimethylsilyl)methyl

acetate (TMSA), into the electrolyte addressing the intrinsic in-

terfacial limitations of LiMn0.60Fe0.40PO4, which significantly im-

proved the electrochemical performances of batteries. As expected,

TMSA takes precedence in oxidative decomposition to compose

CEI ingredients, attached on the carbon layer to formulate the

twin-stage interface. With this, the expansion and contraction of

LiMn0.60Fe0.40PO4 structure is relieved, as well as electrolyte de-

composition, leading to the enhancement of structure stability.

In addition, this additive has the ability to coordinate with HF

and proton, leading to stabilizing electrolyte even under ther-

mal storage and restraining the dissolution of transition-metal ion.

Therefore, LiMn0.60Fe0.40PO4ǁLi cell with 0.5wt% TMSA-containing

electrolyte provides the facilitated Li+ migration and significantly

improved electrochemical performances. Our work involves elec-

trolyte additive design that can stabilize electrolyte and innovate

interface formation to strengthen LiMn0.60Fe0.40PO4 cathode ma-

terial, showing the valuable and promising insights for advanced

LIBs.

LiPF6 is the most widely used lithium salt, due to its excel-

lent electrochemical stability, wide electrochemical window, and

superior ionic conductivity [29,30]. However, it has a significant

drawback in inferior thermal stability, rendering it susceptible

to thermal decomposition even at room temperature and gener-

ating PF5, which can hydrolyze to produce HF. Moreover, LiPF6
is extremely sensitive to water and prone to generate HF in the

presence of H2O [31,32]. The presence of HF exerts a profound

impact on the stability of cathode materials, being widely ac-

knowledged as the predominant factor behind the dissolution

Fig. 1. (a) Schematic illustration of TMSA function in LiMn0.60Fe0.40PO4ǁLi cell. (b)

Comparison of carbon layer and electrolyte interface evolution after cycling in base-

line and 0.5 % TMSA electrolytes.

[33,34]. Under HF attacking and the intrinsic Jahn-Taller distortion,

Mn dissolution from bulk material into electrolyte often occurs.

However, the carbonate electrolyte with 0.5wt% TMSA addition

(marked as “0.5 % TMSA”) is capable of eliminating HF, neutral-

izing protons, and forming a uniform and stable CEI layer that

inhibits electrolyte decomposition and transition-metal dissolution

(Fig. 1a). In the conventional carbonate electrolyte (marked as

“baseline”), cycling induces the combination of electrolyte by-

products with the carbon coating layer (yellow part), forming a

composite interface (denoted in green). However, this mixture

fails to effectively suppress electrolyte decomposition and volume

changes during charging/discharging, leading to capacity decay and

triggering premature battery failure (Fig. 1b). For comparison, 0.5 %

TMSA electrolyte provides the HF remove and proton stabilization

and creates a dual-layer interface consisting of lossless carbon

layer (yellow part) and uniform CEI (blue layer), which minimizes

direct contact between electrolyte and cathode, thereby mitigating

transition-metal dissolution and enhancing structural integrity and

battery performances. Thereinto, the addition of 0.5 % TMSA to the

baseline electrolyte yields the best electrochemical performance,

therefore, the following evaluation will mainly focus on the most

optimal 0.5 % TMSA electrolyte in the main text.

Fig. 2a shows the schematic illustration of the reaction mech-

anism of TMSA. TMSA with a trimethylsilyl group, can react with

HF to form trimethylfluorosilane (TMFS) and methyl acetate, thus

significantly playing an elimination role. In order to verify the ther-

mal ability of electrolyte, we placed the as-configured baseline and

0.5% TMSA electrolytes into a vacuum oven for 11 days’ storage at

60 °C to observe the color change of the electrolytes. As shown in

Fig. 2b, we conducted pH paper tests on baseline and 0.5% TMSA

electrolytes, both of them show a neutral pH of 7 before thermal

storage (compared with the standard chart for pH indicator paper

in Fig. S1 in Supporting information). After 11 days, it is observed

that the baseline has changed from the pristine transparency to

light brown with a pH of 2.47. The shifts in coloration and acid-

ity suggest the occurrence of chemical reactions over time, as well

as the release of acidic compounds within electrolyte. Of neces-

sity, it is primarily attributed to the hydrolysis and pyrolysis of

LiPF6. In contrast, the 0.5 % TMSA electrolyte remains virtually col-

orless, with a pH of 4.48. Such visual observation and test confirm

that as-optimized TMSA molecules effectively erase HF and reduce
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Fig. 2. (a) Schematic illustration of the reaction mechanism of TMSA. (b) Images of baseline and 0.5 % TMSA electrolytes before and after storage at 60 °C for 11 days and pH

strips after immersing into the respective electrolytes, and the corresponding pH values after measurement. 19F NMR spectra of (c) baseline and (d) 0.5 % TMSA electrolytes

after 11 days storage at 60 °C. Insets are the corresponding magnified areas of 19F NMR spectra from −186 to −194ppm and from −152ppm to −160ppm, which indexes

the formation of HF and TMFS, respectively. (e) Post-storage voltage of the LiMn0.60Fe0.40PO4ǁLi cells with baseline and 0.5 % TMSA electrolytes in the fully charged state after

11 days of storage at 60 °C.

the acidity of electrolyte, which can inflict heavy losses on the

transition-metal [35,36]. To further substantiate this, the nuclear

magnetic resonance (NMR) was employed to detect 13C and 19F

spectra of the baseline and 0.5 % TMSA electrolytes before and after

storage at 60 °C for 11 days (Figs. 2c and d, Fig. S2 in Supporting in-

formation). It is seen from the 19F spectra before storage (Figs. S2a

and b), both the baseline and 0.5% TMSA electrolytes have a weak

peak at −190ppm, representing the slight formation of HF, which

derives from the decomposition of LiPF6 during electrolyte prepa-

ration [37]. After storage at 60 °C for 11 days, the HF content shows

a sustainable growth in the baseline electrolyte, leading to the di-

lated HF peak intensity (Fig. 2c). By comparison, in the 0.5 % TMSA

electrolyte, HF signal cannot be detected within the given range,

instead, a new peak appeared at −156.5 ppm, which indexes the

formation of TMFS molecules (Fig. 2d). This is further corroborated

by the 13C NMR spectra, which shows a peak at −4ppm that can-

not be observed in the baseline (Figs. S2e and f).

Furthermore, the voltage variation of fully charged

LiMn0.60Fe0.40PO4ǁLi cells with the baseline and 0.5% TMSA

electrolytes after 11 days’ thermal storage at 60 °C was monitored

to validate the TMSA effect (Fig. 2e). Upon reaching ∼550h, the

LiMn0.60Fe0.40PO4ǁLi cell with baseline electrolyte commences volt-

age decline to the plateau at 3.5V (vs. Li/Li+), which corresponds

to Fe2+/Fe3+ redox [38,39]. As battery rest continues, this voltage

usher the second dramatic decrease to zero around ∼920h. These

indicates that full-charged LiMn0.60Fe0.40PO4 cathode material

suffers from serious electrolyte corrosion, leading to significant

self-discharge behavior. By contrast, the LiMn0.60Fe0.40PO4ǁLi cell

with 0.5 % TMSA electrolyte maintains a consistent voltage of

4.05V throughout the observation period, indicating an almost

negligible self-discharge rate. This observation underscores the

efficacy of 0.5 % TMSA electrolyte in eliminating HF, thereby en-

hancing the material stability and long-term storage capability of

battery.

To further clarify the availability of TMSA to coordinate HF

and proton (H+), the theoretical calculations using density func-

tional theory (DFT) were performed to compute the optimized

structures and binding energies (Eb) of EC, EMC, and TMSA with

HF respectively. As illustrated in Fig. 3a, the lowest Eb value of

−41.894kJ/mol is observed for the interaction between TMSA and

HF (TMSA-HF) as compared with the Eb of HF and ethyl carbon-

ate (EC–HF, −36.774kJ/mol) and ethyl methyl carbonate (EMC–HF,

−34.571kJ/mol), indicating that TMSA has the highest propensity

to bind with HF, which also affirms that TMSA can be as a po-

tential scavenger of HF. Further, TMSA molecule can also trap the

proton, which is well-known as the accelerator of electrolyte de-

composition and gas evolution [40]. It can be found that the bind-

ing energies of H+ and EC and EMC are estimated as −618.666 and

−615.679kJ/mol (Fig. 3b), respectively. By contrast to them, a low-

est value is achieved in binding energy of TMSA and H+, further
confirming the cleaning effect of TMSA towards the proton.

The ionization energies (AIE) were evaluated using DFT calcu-

lations to characterize the oxidative reactivities of TMSA and the

solvents (Fig. 3c and Fig. S3 in Supporting information). The AIE

of TMSA is 660.870kJ/mol, which is much lower than that of EC

(821.126kJ/mol) and EMC (795.172kJ/mol), showing that TMSA is

more easily oxidized than solvent. Especially, after coordinating

with HF, F- or H+, the TMSA molecule still sustains the lower AIE

as compared to carbonate solvent. This reveals that TMSA can hold

the ability of preferential oxidation either before or after elimi-

nating HF and proton, which supports the construction of an in-

terfacial protective film on cathode material [41]. Accordingly, we

conducted the calculation of highest occupied molecular orbital

(HOMO) and lowest unoccupied molecular orbital (LUMO) on EC,

EMC, and TMSA molecules to further confirm this behavior. As

illustrated in Fig. 3d, the highest HOMO energy of −7.858 eV is

found for TMSA (vs. −8.723 eV for EC and −8.399 eV for EMC), in-

dicating the propensity of TMSA to oxidize prior to solvents. Thus,

3
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Fig. 3. Optimized structures and binding energies (Eb, kJ/mol) of electrolyte solvents and TMSA with (a) HF and (b) H+ . (c) Optimized structures and adiabatic ionization

energy (AIE, kJ/mol) of EC, EMC and TMSA. (d) HOMO and LUMO energies of solvents and additive TMSA. (e) LSV curves of the Liǁstainless steel cells with baseline and 0.5 %

TMSA electrolytes. (f) Ionic conductivity of baseline, 0.5 % TMSA, 1% TMSA, 1.5 % TMSA and 2% TMSA electrolytes.

TMSA can precedes the solvents in the formation of a protective

CEI film on the LiMn0.60Fe0.40PO4 cathode material. To delve into

the feasibility of electrochemical oxidation of TMSA, we employed

linear sweep voltammetry (LSV) to validate the electrolytes. It is

evident that the electrolyte containing 0.5 % TMSA begins to ox-

idatively decompose around ∼4.5V (Fig. 3e), earlier than the base-

line electrolyte, confirming its preferential oxidative feature, which

is in agreement with the previous calculations. With the increase

of TMSA content in electrolyte to 2.0 % one by one, this oxidative

current density becomes gradually higher, revealing the measur-

able oxidation of TMSA as well (Fig. S4 in Supporting information).

Such a similar increase can be harvested in the measurement of

ionic conductivity, which is a critical parameter for assessing the

ionic transport capability in the electrolyte [42]. It is seen that the

ionic conductivity electrolyte boosts after TMSA addition (Fig. 3f),

which may be attributed to an accelerated Li+ diffusion rate.

To further elucidate the structural and compositional changes

of as-formed CEI on LiMn0.60Fe0.40PO4 cathode, a comprehen-

sive analysis via scanning electron microscopy (SEM), transmission

electron microscope (TEM), X-ray photoelectron spectroscopy (XPS)

and time-of-flight second ion mass spectroscopy (ToF-SIMS) was

conducted before and after 150 cycles. It is abundantly clear that

the fresh LiMn0.60Fe0.40PO4 cathode material predominantly con-

sists of spherical nanoparticles (Fig. 4a). Following 150 cycles in

the baseline electrolyte, the particles exhibit agglomeration, with

a notable deposition of thick by-products from electrolyte decom-

position on the cathode surface (Fig. 4b). This phenomenon in-

tensifies the interfacial resistance and hinders the effective shuttle

of Li+ ions, resulting in the battery capacity loss and the decline

in cycle stability. Conversely, in the 0.5 % TMSA electrolyte, the

LiMn0.60Fe0.40PO4 cathode material preserves its original morphol-

ogy of spherical nanoparticles, without any discernible by-products

of electrolyte decomposition attaching on the surface (Fig. 4c).

Furthermore, TEM images reveal the formed hierarchic interface

in the 0.5 % TMSA electrolyte. Firstly, the fresh cathode material

is enveloped by an amorphous carbon layer with a thickness of

∼2nm. And the distinct lattice fringes and a calculated lattice

spacing of 0.258nm (Fig. S5a in Supporting information), belong-

ing to the LMFP (131) lattice plane, were detected in the pristine

LMFP particle (Figs. 4d-f). After cycling, in the baseline electrolyte,

this formed interface layer on the surface of cathode material

is enhanced to as high as 9.68nm, significantly thicker than

the original carbon layer. Noted that no boundary can be found

between amorphous carbon and electrolyte byproducts, which is

ascribed to the mergence of electrolyte by-products and carbon

layer. This symbols that the carbon layer happens to crack during

Li+ intercalation/deintercalation, leading to electrolyte infiltration

and oxidative decomposition. Such a thick and integrated cladding

directly affects the pathway and velocity for Li+ transport, thereby

reducing the rate capacity and cycling stability of battery. And the

newly generated compounds are mixed with carbon layer, which

can disrupt its charge distribution and electronic conductivity,

further exacerbating performance. Besides, the partial blurring

of the lattice fringes in the cathode material after cycling indi-

cates lattice distortion during electrochemical processes, which

increases interfacial energy, disrupts free energy balance, and

weakens structural stability [43–45]. This leads to significant

dissolution of transition-metal from bulk, leaving only residual

indistinct fringes corresponding to the LMFP (200) lattice planes

with a spacing of 0.298nm (Figs. 4g-i and Fig. S5b in Supporting

information). In contrast, the cycling for 150 cycles in 0.5 % TMSA

electrolyte results in a film with the thickness of 5.07nm on the

surface of LiMn0.60Fe0.40PO4 cathode material. It is inclusive of a

thin, dense, and uniform interfacial protective layer approximately

3.14nm in thickness at outer and the original carbon layer at inner

due to the intrinsic electronic conductivity of carbon layer leading

to the direct oxidation and deposition. And TEM image exhibits

the clear lattice fringes with a spacing of 0.416nm, belonging to

the LMFP (011) lattice plane (Figs. 4j-l and Fig. S5c in Supporting

information). This structural integrity is attributed to the moderate

preferential oxidation of the 0.5 % TMSA additive, which facilitates

the formation of a robust and thin CEI on the carbon layer. By
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Fig. 4. (a-c) SEM images and (d-l) HRTEM images and FFT patterns of LiMn0.60Fe0.40PO4 cathode: (a, d) fresh, (b, g) cycled in the baseline electrolyte and (c, j) cycled in the

0.5% TMSA electrolyte. XPS spectra of (m) O1s and (n) F 1s for the LiMn0.60Fe0.40PO4 cathodes after cycling under different electrolyte conditions.

regulating the interfacial processes, the 0.5 % TMSA electrolyte ad-

ditive effectively suppresses cathode material dissolution, thereby

enhancing the structural stability, avoiding obstruction of Li+

transport channels, and ensuring rapid Li+ transport [46].

XPS analyses were conducted on the LiMn0.60Fe0.40PO4 cath-

ode material before cycling and after 150 cycles in the baseline

and 0.5 % TMSA electrolytes to offer insights into the chemical

composition of interfaces under different electrolyte conditions.

In the C1s spectra, two novel characteristic peaks emerge in

the LiMn0.60Fe0.40PO4 cathode with baseline electrolyte (Fig. S6a

in Supporting information), which is absent in the fresh cath-

ode. Notably, the intensity of ROCO2Li (289.31 eV) and Li2CO3

(290.42 eV) peaks is significantly reduced in the 0.5 % TMSA elec-

trolyte, alongside the appearance of a C-Si bond (284.31 eV). These

observations substantiate the role of TMSA in CEI formation and

its efficacy in curtailing the oxidative decomposition of carbonate.

The intensities of peaks attributing to ROCO2Li (530.04 eV), Li2CO3

(530.68 eV), and LixPOyFz (533.99 eV) in O1s spectra are greater

for the baseline electrolyte than that for 0.5 % TMSA electrolyte

(Fig. 4m). Conversely, the higher intensity of Metal-O (529.58 eV)

peak is detected in the presence of TMSA, which indicates that

TMSA facilitates the formation of a thinner CEI film. In the F 1s

spectra, the fresh cathode shows a strong C-F peak (687.8 eV)

originating from polyvinylidene fluoride (PVDF) binder residue,

which diminishes after cycling [47,48]. The intensities of peaks

associate with LiF (684.47 eV), LixPOyFz (685.64 eV), and LixPFy
(686.66 eV) in the baseline electrolyte are higher than in the 0.5%

TMSA electrolyte (Fig. 4n), which is ascribed to the LiPF6 decom-

position. And the newly-formed Si-F (686.2 eV) in the 0.5 % TMSA

electrolyte associates with the formation of TMFS species, which is

also reflected in the Si 2p spectra (Fig. S6f in Supporting informa-

tion), consistent with the NMR characterizations. Within the P 2p

spectra, the peaks situating at 136.17 and 133.47 eV correspond to

LixPFy and LixPOyFz (Fig. S6b in Supporting information), respec-

tively, stemming from the decomposition of LiPF6. While the peaks

at 133.03 and 133.96 eV are attributed to the P 2p3/2 and P 2p1/2

components of PO4
3-. In the Li 1s spectra, there is an observable

diminution in the whole peak intensity (Fig. S6c in Supporting in-

formation). The Mn 2p reveals the emergence of Mn3+ (642.85 and

654.07 eV) in the cathode after 150 cycles, and the Fe 2p spectrum

exhibits the presence of Fe3+ (710.90 and 723.91 eV) (Figs. S6d and

e in Supporting information). These could potentially be attributed

to the dissolution of transition-metal from the cathode during cy-

cling. Notably, the intensities of Mn 2p and Fe 2p peaks are greater

in the electrode cycled with the baseline electrolyte as compared

to that with 0.5 % TMSA electrolyte, signifying that the as-from CEI

from TMSA can effectively mitigate the dissolution of transition-

metal. This suppression is crucial in maintaining cathode integrity

and enhancing the electrochemical performance of battery.

Fig. 5a and Fig. S7 (Supporting information) depict the time-

of-flight secondary ion mass spectrometry (ToF-SIMS) analyses of

the LiMn0.60Fe0.40PO4/C cathode material after cycling, providing

the information of structure and chemistry of as-formed CEI layer.

The 3D spatial distribution maps reveal the presence of LiF-, CO3
2-,

PO2F2
-, C2HO

-, CHO2
-, LiCO3

-, PO3F
2-, MnF3

- and FeF3
- compo-

nents in the cathode materials with baseline and 0.5% TMSA elec-

trolytes. It is noted that the LiMn0.60Fe0.40PO4 cathode material cy-

cled in the baseline electrolyte exhibits heightened signals of LiF-,

PO2F2
- and PO3F

2-, which can be attributed to the decomposition

of lithium salts. Additionally, this electrode surface is covered by

more organic by-products such as CO3
2-, C2HO

-, CHO2
- and LiCO3

-,

indicating that the interface formed in carbonate cannot gener-

ate a stable interfacial film to mitigate the continuous oxidative

decomposition of electrolyte. On the contrary, the weaker signal

strengths of these by-products are observed in the cathode with

0.5 % TMSA electrolyte, suggesting that the as-established CEI de-

clines electrolyte decomposition and maintains the good ion trans-

port efficiency. Moreover, the substantially diminished signal of

MnF3
- and FeF3

-, confirms the efficacy of TMSA-induced CEI in

mitigating transition-metal dissolution and inhibiting its deposi-

tion on the LiMn0.60Fe0.40PO4 cathode material. This effect can be

further exposed in the side of anode, where the dissolved and dif-

fused transition-metal deposit. As shown in Fig. 5b, the contents

of transition-metal Fe and Mn ions on the lithium metal surface

are 7.214 and 3.084ppm for baseline, respectively. While in the

0.5% TMSA electrolyte, their contents are reduced to 4.664ppm

5
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Fig. 5. (a) 3D reconstruction distribution maps of LiF-, CO3
2- and PO2F2

- showing the CEI structure and chemistry of LiMn0.60Fe0.40PO4 cathode measured by ToF-SIMS. (b)

ICP-AES results of transition-metal dissolution on the side of lithium metal and (c) XRD patterns of LiMn0.60Fe0.40PO4 cathode with baseline and 0.5% TMSA electrolytes after

cycling for 150 cycles. In situ X-ray diffraction of LiMn0.60Fe0.40PO4 cathode with (d) baseline and (e) 0.5 % TMSA electrolytes.

and 1.069ppm, respectively. This markedly lower presence sug-

gests the suppression of metal dissolution and the protection of

material structure during charging/discharging process.

The XRD characterizations of LiMn0.60Fe0.40PO4 cathode mate-

rial before and after cycling elucidate the alterations in its crys-

talline structure throughout the cycling process, which is piv-

otal for gaining deeper understanding on the structural integrity

and performance degradation upon repeated charging/discharging

cycling. Comparative analysis of XRD patterns reveal a notable

diminution in the whole peak intensity for LiMn0.60Fe0.40PO4 cath-

ode material after cycling in the baseline electrolyte as opposed

to that in the presence of TMSA (Fig. 5c), especially in the ampli-

fied angle area between 24.5°−30.5° and 31.2°−36.1°. These char-

acteristic peaks correspond to (021), (200), (031) and (131) lattice

planes in the baseline electrolyte, respectively, which are conspic-

uously absent and coupled with the emergence of a de-lithiated

phase, suggesting the potential dissolution of transition-metal ions

and phase transformations. By contrast, taking the similar Al foil

diffraction peaks as reference (Fig. S8 in Supporting information),

the peaks of cathode material cycled with 0.5 % TMSA align closely

with those of the pristine material, exhibiting no significant shifts,

indicative of the enhancement of material stability imparted by

TMSA. Further, in situ X-ray diffraction (XRD) analyses were carried

out on electrodes with the baseline and 0.5 % TMSA electrolytes to

reveal this effect (Figs. 5d and e, Fig. S9 in Supporting informa-

tion). By monitoring the intensity variations of typical diffraction

peaks, insights can be gained into the stability and its sustainable

capacity of LiMn0.60Fe0.40PO4 cathode material during cycling. No-

tably, compared with the baseline electrolyte, the extent of angular

shifts in the presence of 0.5 % TMSA is markedly diminished based

on the observation for (021) and (200) peaks. This reduced ten-

dency towards partial solid solution phase transitions is conducive

to enhance structural stability. These findings affirm that the ad-

dition of TMSA exerts a protective influence on LiMn0.60Fe0.40PO4

cathode material by forming a protective CEI, thereby safeguarding

the structural integrity and contributing to its improved electro-

chemical performance and longevity.

The electrochemical performances were evaluated in the

LiMn0.60Fe0.40PO4ǁLi cells. The lithium-ion transport kinetics during

the electrochemical redox processes of LiMn0.60Fe0.40PO4ǁLi cells

were checked using cyclic voltammetry (CV) in the baseline and

0.5% TMSA electrolytes. Fig. S10 (Supporting information) displays

the CV curves of LiMn0.60Fe0.40PO4ǁLi cells at 0.1mV/s for first

five cycles in the baseline and 0.5% TMSA electrolytes, the two

prominent pairs of redox peaks are observed, corresponding to the

reversible transitions of Fe3+/Fe2+ and Mn3+/Mn2+, respectively,

which reflects on the Li+ intercalation and deintercalation pro-

cesses. In comparison with baseline electrolyte, it can be seen that

the redox peaks for the cell with 0.5 % TMSA electrolyte exhibits

superior symmetry, indicating the enhanced reversibility during

cycling. Fig. S11 (Supporting information) shows the CV curves of

LiMn0.60Fe0.40PO4ǁLi cells in both electrolytes at different scanning

rates. By leveraging the linear relationship between the peak cur-

rent ip and the square root of the scan rate v0.5, the Li+ diffu-

sion coefficients (DLi+ ) for LiMn0.60Fe0.40PO4ǁLi cells were calcu-

lated (Fig. 6a). In the baseline electrolyte, the coefficient is as-

sessed as 1.011×10–9 cm2/s, whereas the slightly high value of

1.412×10–9 cm2/s is obtained for the DLi+ in the cell with the

0.5% TMSA electrolyte, indicating that the presence of TMSA fa-

cilitates a swifter Li+ transportation. Such the enhancement of re-

versibility and Li+ diffusion can likely be attributed to the forma-

tion of a favorable CEI film on the surface of LiMn0.60Fe0.40PO4

cathode material, guaranteeing the efficient Li+ pathway. This fa-

cilitated kinetic behavior can also be responded in the rate ca-

pability of LiMn0.60Fe0.40PO4ǁLi cells. The LiMn0.60Fe0.40PO4ǁLi cell

employing the optimal 0.5 % TMSA electrolyte exhibits the best re-

versible specific capacities of 145.4, 142.2, 141.6, 136.4, 131.4, 129.5,

125.3, 120.1, and 113.8mAh/g at 0.1, 0.2, 0.5, 1, 2, 3, 5, 10, and

15 C (Fig. 6b and Fig. S12 in Supporting informatio), respectively.

Whereas, the capacity declines at 2, 3, 5, 10, and 15 C are visu-

alized in the LiMn0.60Fe0.40PO4ǁLi cell utilizing the baseline elec-

trolyte, dropping to 125.2, 108.4, 105.3, 98.4, and 88.1mAh/g at

the respective rates. Electrochemical impedance spectroscopy (EIS)

analyses further confirm that the 0.5 % TMSA electrolyte signifi-
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Fig. 6. (a) Relationship between the peak current ip of LiMn0.60Fe0.40PO4ǁLi cells and the square root of the scanning rate ν0.5. (b) Rate capability of baseline and 0.5 % TMSA

electrolytes at various currents from 0.1 C to 15 C. (c) Fitting resistance data of LiMn0.60Fe0.40PO4ǁLi cells with baseline and 0.5% TMSA electrolytes. Cycling performance of

LiMn0.60Fe0.40PO4ǁLi cells with baseline and 0.5% TMSA electrolytes at 1 C under (d) 25 °C and (e) 55 °C. (f) The long-term cycling performance of LiMn0.60Fe0.40PO4ǁgraphite
pouch cell with 0.5 % TMSA electrolyte at 1 C under 25 °C.

cantly improves lithium-ion transport [49,50]. After fitting based

on the equivalent circuit diagrams (insets in Fig. S13 in Support-

ing information), the EIS profiles predominantly feature the ohmic

resistance (Rs), the resistance of surface film (Rf) on electrodes,

the charge transfer resistance (Rct) at the electrode/electrolyte in-

terface, and the Warburg impedance (W1) [51,52]. Overall, the

Rs, Rf, and Rct values of the cell with baseline electrolyte consis-

tently outstrip those with 0.5 % TMSA electrolyte regardless of cy-

cling numbers (Fig. 6c and Table S1 in Supporting information).

In addition, the interfacial resistances (Rf and Rct) in the pres-

ence of excessive electrolyte additive (2% TMSA) after 100 cy-

cles is greater than that of 0.5 % TMSA (Fig. S13 in Supporting

informatio), indicating the more possibility of additive decompo-

sition, which can exacerbate the battery polarization and capac-

ity delivery. The DLi+ of the LiMn0.60Fe0.40PO4 cathode materials

were calculated from the linear Warburg region of the Nyquist

plots (Fig. S13). The DLi+ of cathode materials cycled in base-

line electrolyte for 100, 200, and 400 cycles are determined as

2.658×10–13, 1.702×10–13 and 8.421×10–14 cm2/s, respectively.

Notably, the 0.5 % TMSA electrolyte significantly enhances DLi+ val-

ues to 2.783×10–13, 5.504×10–13, and 2.831×10–13 cm2/s after

equivalent cycling periods, demonstrating the improved ionic ki-

netics. Although the 2% TMSA electrolyte achieves a Li+ diffusion

coefficient of 2.679×10–13 cm2/s after 100 cycles, which is higher

than the baseline, it underperforms the 0.5 % TMSA additive. Con-

sequently, it is known that the as-optimized 0.5% TMSA effectively

reduces the interfacial resistances and then accelerate Li+ diffu-

sion, but excessive electrolyte additives diminish these beneficial

effects.

Upon incorporating the additive TMSA into the electrolyte, a

significant improvement of the cycling performance becomes ev-

ident, particularly when imputing 0.5 % TMSA into the baseline

electrolyte, which can offer an optimal capacity retention. As

shown in Fig. 6d, at room temperature of 25 °C, the cell with 0.5 %

TMSA electrolyte can contribute to the high specific capacity of

136.83mAh/g at 1 C for the first cycle, and sustain a good capacity

retention of 67.46% after 500 cycles with an average Coulombic ef-

ficiency of 99.67%. Conversely, the precipitously declined discharge

capacity after 150 cycles is recorded in the cell with baseline elec-

trolyte, leading to a mere 13.43% capacity retention within 500

cycles. Such a pronounced degradation rate is highly relative to

the structure damage and irreversible loss of active material, ac-

companying with the terrible electrolyte decomposition. In terms

of the excessive additives, the cells with them only keep the sta-

ble cycling until 200–250 cycles, which may be due to the over-

much decomposition of TMSA boosts the interfacial resistance of

LiMn0.60Fe0.40PO4ǁLi cells, leading to the diminishment in cycling

stability and capacity for battery (Fig. S14 in Supporting informa-

tion). The charging/discharging profiles with different electrolyte

conditions further reveal the superiority of 0.5 % TMSA electrolyte

(Fig. S15 in Supporting information). Even under high-temperature

conditions at 55 °C, the 0.5 % TMSA electrolyte can still demon-

strate the remarkable cycling performance (Fig. 6e and Fig. S16

in Supporting information). The discharge specific capacity of cells

can be up to 160.0 and 150.8mAh/g at 0.1 and 1 C rates, re-

spectively. After 400 cycles, an impressive capacity retention as

high as 74.41% is achieved, while the LiMn0.60Fe0.40PO4ǁLi cells us-

ing baseline electrolyte only delivers a retention of 30.07% within

300 cycles. To further evaluate the practicability of TMSA additive,

the cycle performance of LiMn0.60Fe0.40PO4ǁgraphite pouch cell was

tested in the voltage of 2.5–4.25V (vs. Li/Li+) (Fig. 6f). Impressively,

LiMn0.60Fe0.40PO4ǁgraphite pouch cell delivers an capacity of 1.26

Ah at 1 C and retains a 93.76% capacity after 300 cycles with stable

coulombic efficiency of ≥ 99.9% under 25 °C, confirming the poten-

tial of TMSA additive in lithium-ion battery applications. Clearly,

the addition of TMSA facilitates the formation of a thin, protective

CEI film, which serves to inhibit the dissolution of transition-metal

and electrolyte degradation and protect the structural stability of

cathode material, thereby significantly enhancing the electrochem-

ical performances of LiMn0.60Fe0.40PO4-based cells.
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In conclusion, we propose a novel electrolyte additive TMSA,

which can not only coordinate with HF and proton to stabilize

electrolyte but also facilitate the formation of hierarchic interface

on cathode with the help of pristine carbon layer, to significantly

enhance the electrochemical performances of LiMn0.60Fe0.40PO4.

Such the favorable effects enable electrolyte with the reduced

acidity and aggressivity towards cathode materials and are poten-

tially free from electrolyte decomposition and the dissolution of

transition-metal ions, as demonstrated by the theoretical calcula-

tions and comprehensive testing analysis. Based on this idea, the

0.5 % TMSA electrolyte endows the LiMn0.60Fe0.40PO4ǁLi cell with

superior specific discharge capacities, capacity retentions at 25 °C
and 55 °C and rate performance, as well as contributing to the fast

Li+ kinetics for cathode. Our investigation focuses on the modifi-

cation of LiMn0.60Fe0.40PO4 cathode materials from the perspective

of electrolyte, illuminating a novel avenue to reconfigure the CEI

film linking with conductive carbon layer and inspiring innovative

understandings in the development of multifunctional electrolytes

for advanced LIBs.
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