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Abstract: Low-temperature operation remains a major challenge because sluggish Li+ 

transport and aggravated polarization severely compromise energy delivery and 

cyclability. Here we develop a wide-temperature tri-salt electrolyte comprising LiBF4, 

LiFSI and LiDFOB in a PC/DME/iBA solvent matrix. With an optimized formulation 

(0.75 M LiBF4, 0.2 M LiFSI, 0.05 M LiDFOB, PC : DME : iBA = 25:65:10, v/v/v , T-

electrolyte), Li||LiCoO2 batteries deliver high reversibility, strong rate capability and 

durable cycling from –20 to 40oC. Remarkably, at −20°C, the optimized electrolyte 

sustains 143.5 mAh g−1 at 0.2 C and preserves 129.7 mAh g−1 after 500 cycles, 

corresponding to ~85.5% of the room-temperature capacity, whereas a conventional 

low-temperature electrolyte rapidly decays to 47.2 mAh g−1 over the same cycles. 

Raman spectroscopy and molecular dynamics (MD) simulations reveal that anions and 

iBA participation reconstruct the Li+ solvation sheath by suppressing PC over-

coordination and lowering representative cluster binding energies, thereby reducing the 

desolvation penalty and promoting anion-derived inorganic-enriched interphases. XPS 

reveals that the T-electrolyte stabilizes both Solid Electrolyte Interphase (SEI) and 

Cathode Electrolyte Interphase (CEI) by promoting LiF/LiSOxF/borate-rich inorganic 

passivation while suppressing uncontrolled carbonate/ether decomposition, and by 

forming a self-limited cathode CEI in which ROCO2Li semicarbonates act as a 

compliant scaffold to preserve interfacial integrity under cycling at –20oC. This work 

establishes a practical solvation-interphase design strategy for enhanced Li-storage at 

low temperature. 

1. Introduction 

As global energy systems transition toward renewable electricity generation and 

widespread transportation electrification, lithium-ion batteries (LIBs) or lithium metal 

batteries (LMBs) have become a cornerstone of modern and future energy 

infrastructure.[1] However, with the continuous expansion of application scenarios, 

they are increasingly expected to operate reliably not only near room temperature but 
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also under harsh thermal conditions, from extreme cold to moderately elevated 

temperatures and under rapidly fluctuating environments.[2, 3] Such all-climate 

operability is indispensable for electric vehicles in cold regions, unmanned aerial 

vehicles, grid-scale energy storage in harsh climate and aerospace systems. Under low-

temperature conditions, however, battery performance is often governed more by 

electrolyte transport and interfacial processes than by the intrinsic capabilities of the 

electrode materials, because the sharp increase in viscosity, sluggish Li+ desolvation 

and charge-transfer kinetics.[4–6] Therefore, developing electrolytes that deliver 

satisfactory capacity output and durable long-term cycling stability across a broad 

temperature window has become a critical challenge in advanced battery research.[7, 8] 

Despite the remarkable success of commercial LIBs, their electrochemical performance 

still relies predominantly on conventional LiPF6-based carbonate electrolytes, typically 

composed of EC/DEC, EC/EMC and PC/DME, which exhibit inherent limitations 

under both sub-ambient and elevated temperatures, especially in terms of viscosity 

increase, sluggish Li+ desolvation and unstable interphase formation.[9–12]  

At low temperatures, numerous studies have demonstrated that high-dielectric 

carbonate solvents such as EC and PC strongly coordinate with Li+ through their 

carbonyl oxygen atoms, giving rise to rigid solvation structures that impede Li+ 

desolvation, increase viscosity and suppress ionic conductivity by one to two orders of 

magnitude. These results indicate that low-temperature electrolyte design should 

consider not only bulk transport properties, but also local Li+ coordination and ion-

speciation regulation.[13, 14] Thenuwara et al. further revealed that low temperatures 

significantly slow solvent reduction kinetics, leading to incomplete decomposition of 

EC and DMC and the accumulation of organic species in the solid electrolyte interphase 

(SEI), while simultaneously suppressing LiPF6 decomposition, thereby decreasing the 

LiF content and mechanical robustness of the SEI.[15] In addition, PC undergoes more 

intensive reductive decomposition at low temperatures, generating large amounts of 



 4 

carbonates species and forming thick, resistive, and chemically unstable SEI layers that 

severely compromise low-temperature cycling performance.[16] At elevated 

temperatures, however, the intrinsic ithermal and hydrolytic instability of LiPF6 

becomes a primary source of battery degradation.[17] Chen et al. demonstrated that the 

labile P−F bond in LiPF6 readily dissociate, generating PF5, POF3 and HF, which 

aggressively attack the cathode surface, promote transition-metal dissolution and 

destroy both the SEI and cathode electrolyte interphase (CEI).[18] Similarly, Choi et al. 

confirmed that LiPF6 undergoes hydrolysis to produce HF together with protic species 

(ROH/H2O), which further decompose the carbonate solvent matrix and continuously 

corrode interfacial films.[19] These degradation pathways are particularly detrimental 

for Si-based anodes, where HF reacts with the native SiO2 layer to form unstable SiOxFy 

species, exacerbating interfacial instability and capacity fading. Consequently, 

conventional LiPF6-based single-salt carbonate electrolytes are intrinsically ill-suited 

for truly wide-temperature operation, especially under prolonged low-temperature 

cycling and storage. 

To enhance temperature resilience, intensive efforts have been devoted to 

electrolyte engineering by tuning lithium salt chemistry, solvent matrices and interfacial 

regulation strategies.[20] Representative approaches include optimized LiPF6/EC-PC-

EMC mixtures,[21] LiTFSI-containing binary or ternary salt blends,[22] 

EC/DMC/DEC carbonate formulations,[23] partially fluorinated ester-based gel 

electrolytes[24] and dual-salt LiPF6-LiFSI systems[25]. These studies suggest that 

effective low-temperature electrolytes require a balanced combination of low viscosity, 

sufficient salt dissociation, weakened Li⁺ solvation and stable SEI/CEI-forming 

chemistry, and these designs can improve bulk ionic conductivity or cold-temperature 

discharge performance, yet they still suffer from insufficient capacity retention or 

limited low-temperature reversibility over extended cycling. Given these limitations, 

LiBF4 has attracted growing attention as an alternative lithium salt owing to its higher 
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thermal stability, phosphorus-free composition, suppressed HF generation compared to 

LiPF6, and relatively modest viscosity increase at low temperatures.[26, 27] However, 

LiBF4 alone is hampered by limited solubility, relatively weak ionic dissociation and 

poor passivating film-forming ability in many organic solvents, which together result 

in unsatisfactory long-term cycling stability. To overcome these drawbacks, lithium 

difluoro(oxalato)borate (LiDFOB) has been extensively investigated as a 

multifunctional salt and interfacial film-forming additive. Upon electrochemical 

decomposition, LiDFOB generates B−O−, B−F− and LiF-rich inorganic species that 

build mechanically robust and chemically stable interphases, which in turn markedly 

improves long-term cycling and rate capability.[28–30] Beyond salt chemistry, solvent 

engineering further expands the electrolyte design space.[31, 32] Weakly solvating 

electrolytes (WSEs) have emerged as an effective strategy to lower Li+ desolvation 

energy barriers and promote the formation of inorganic-rich, mechanically robust SEI 

formation.[33] Conventional carbonates such as PC and EC provide strong solvation 

power but suffer from sluggish low-temperature kinetics, whereas ethers such as DME 

afford high Li+ diffusivity but exhibit limited reductive stability on low-potential 

anodes.[34] Thus, introducing weakly coordinating, low-viscosity esters such as iso-

butyl acetate (iBA) can effectively tailor the primary solvation shell, suppresses 

excessive PC coordination, and improves low-temperature Li+ desolvation kinetics.[35] 

When combined with FSI− or DFOB− anions, such ester-containing formulations 

further enhance the thermal and oxidative stability of the electrolyte. 

Motivated by these insights, we propose a LiBF4/LiFSI/LiDFOB tri-salt 

electrolyte (hereafter denoted as T-electrolyte) paired with a PC/DME/iBA ternary 

solvent system for long-term cycling Li||LiCoO2 batteries from −20oC to 40oC. This 

formulation is rationally designed to weaken excessive carbonyl coordination, 

introduce multi-anion participation in the Li+ solvation sheath, and reduce electrolyte 

viscosity, As a result, it facilitates inorganic-rich, mechanically robust SEI/CEI 
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formation, suppresses parasitic PC oxidation/reduction, and enables high ionic 

conductivity with low interfacial resistance for fast Li+ transport.[36] Molecular 

dynamics (MD) calculations further highlight the intrinsic differences in solvation 

structure between the commercial electrolyte (CE, LiBF4 in a PC : DME) and the T-

electrolyte. In the CE, the Li+ solvation sheath is rigid and solvent-dominated in which 

PC/DME overwhelmingly coordinate Li+ (PC coordination up to 24.69%) with strong 

binding energies (6.09–9.23 eV). By contrast, the T-electrolyte exhibits a weakly 

coordinated, anion-assisted solvation network characterized by a markedly reduced PC 

coordination (11.76%), additional participation from iBA (5.24%) and FSI–/DFOB– 

anions involvement, enhanced Li–F/Li–O (DFOB–) correlations and lower binding 

energies (5.41–5.83 eV). Consequently, batteries employing the T-electrolyte retain 

~98.4% of their 25oC discharge capacity at −20oC, and sustain stable discharge specific 

capacities over 500 cycles at 0.2 C and −20oC with a capacity retention of about 90.4%, 

whereas batteries with the CE exhibit rapid capacity decay and fail after short-term 

cycling. These results demonstrate that integrating tri-salt chemistry with a weakly 

solvating ternary solvent system provides an effective design principle for electrolytes 

that enable wide-temperature operation and long-term cycling stability. 

2. Experimental 

2.1. Materials 

Propylene carbonate (PC, 99.95%, battery grade), 1,2-dimethoxyethane (DME, 

99.95%, battery grade), and isobutyl acetate (iBA, 99.9%, anhydrous) were purchased 

from Dodo Chem Co. Lithium salts, including lithium tetrafluoroborate (LiBF4, 99.9%), 

lithium bis(fluorosulfonyl)imide (LiFSI, 99.9%), and lithium difluoro(oxalato)borate 

(LiDFOB, 99.9%) were also obtained from Dodo Chem Co. and used without further 

purification. The tri-salts electrolyte was prepared by dissolving 0.75 M LiBF4, 0.2 M 

LiFSI and 0.05 M LiDFOB in a mixed solvent of PC:DME:iBA (v/v/v = 25:65:10). The 

overall salt concentration and molar ratios were systematically varied to optimize the 
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composition, designated as the “T-electrolyte”. For comparison, reference electrolyte 

(CE) composed of 1.0 M LiBF4 in a PC:DME (v/v = 1:1) was employed. LiCoO2 

powder (D50 = 6 µm, 99.5%, Ningbo Chuangli New Material Technology Co., Ltd) 

was utilized without further treatment. Cathode slurry, comprising 70 wt% LiCoO2, 20 

wt% poly(vinylidene fluoride) (PVDF, 5130, Solvay), and 10 wt% carbon black (Super 

C65, Imerys), was cast onto carbon-coated Al foil (18 µm, Showa Denko) using a 150 

µm doctor blade. The electrodes were dried under dynamic vacuum at 100°C for 8 h, 

and punched into 12 mm diameter disks with a geometric area of 1.13 cm2 and mass 

loading 1.5-2.0 mg cm–2. Lithium foil (200 µm, 99.9%, China Energy Lithium) served 

as the counter electrode. CR2032-type Li||LiCoO2 coin cellswere assembled in an Ar-

filled glove box (H2O and O2 < 0.1 ppm) containing 150 µL of electrolyte per cell. After 

standing at 25°C for 8 h to ensure complete wetting, the batteries were equilibrated in 

a temperature-programmable chamber (–60 to 120°C, ±0.1°C, model JD-8002-80L, 

Dongguan Jiedong Test Equipment Co., Ltd.) prior to galvanostatic cycling between 

2.8 and 4.2 V using a Neware BTS-4000 battery tester. Electrochemical impedance 

spectroscopy (EIS, 0.01 Hz to 1 MHz, 5 mV perturbation) and linear-sweep 

voltammetry (LSV, 0.005 mV s–1) were recorded on a Zahner-class electrochemical 

workstation (Zhengzhou Shiruisi Instrument Technology Co., Ltd.). 

2.2. Characterizations 

Raman spectra at –20oC and ambient temperature (25oC) were collected using a 

Thermo Fisher DXR2xi spectrometer equipped with a 785 nm excitation laser. After 

electrochemical cycling, coin batteries were disassembled in an Ar-filled glove box. 

LiCoO2 cathodes and Li anodes were gently rinsed with anhydrous DME and 

subsequently dried under vacuum. After sputter-coating with a ~5 nm-thick Au layer, 

the pristine and cycled electrodes were examined using a field-emission scanning 

electron microscope (FE-SEM, Hitachi SU8220) operated at 5 kV and 10 µA. X-ray 

photoelectron spectroscopy (XPS) was performed on a ULVAC-PHI VersaProbe 4 (Al 
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Kα, 1486.6 eV) to analyze the surface chemical states. All spectra were calibrated to 

adventitious C 1s at 284.8 eV and processed using the CasaXPS software package. 

Phase identification was carried out by X-ray diffraction (XRD, Bruker D8 ADVANCE) 

employing Cu Kα radiation (40 kV, 40 mA) over a 2θ range of 10-80o with a step size 

of 0.02o. The viscosities of different electrolyte samples were measured using an Anton 

Paar MCR102e rheometer over a temperature range from −20°C to 40°C. All viscosity 

values were directly recorded during a programmed temperature scan. The 

measurements were performed under a nitrogen atmosphere to minimize moisture and 

air exposure, and the acquired data were processed using Anton Paar RheoCompass 

software. 

2.3. Theoretical calculations 

Density functional theory (DFT) calculations were performed using the DMol3 

module implemented in the Materials Studio package. The B3LYP hybrid functional 

with Grimme’s DFT-D2 dispersion correction and a double numerical plus polarization 

(DNP 4.4) basis set was employed to describe molecular interactions. All molecular 

geometries were fully optimized with electrostatic potential (ESP) charge fitting. The 

k-point sampling was restricted to the Gamma (1 × 1 × 1), and the convergence 

tolerance was set at 1.0 × 10⁻5 Ha, 2.0 × 10⁻3 Ha Å⁻1 and 5.0 × 10⁻3 Å for maximum 

displacement. The solvation energy (Esol) was calculated using the following expression: 

Esol= Etotal-E1- E2  

where Etotal denotes the total energy of the solvated system, and En represents the energy 

of individual isolated molecules. Molecular dynamics (MD) simulations were 

performed using the Forcite module in Materials Studio. The COMPASSIII force field 

was applied to all simulations with anion charges scaled by 0.7 in accordance with 

previous studies to account for charge delocalization effects. Two electrolyte models 

were constructed: (i) a ternary-solvent system (T-box) containing 96 DME, 108 PC, 30 

LiBF4, 8 LiFSI, and 2 LiDFOB molecules; (ii) an iBA-containing system comprising 
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266 DME, 108 PC, 30 LiBF4, 8 LiFSI, and 2 LiDFOB molecules. All systems were 

equilibrated under the NPT ensemble using the Berendsen barostat (decay constant 0.1 

ps) and the Nosé thermostat at 298K for 20 ps. Subsequently, production runs were 

performed under an NVT ensemble for 200 ps to ensure equilibrium of the electrolyte 

configurations. 

3. Results and discussion 

Raman spectroscopy and MD simulations were performed to validate the designed 

solvation hierarchy of the T-electrolyte and its evolution with temperature. At 25°C, the 

CE exhibits two dominant Raman bands at ~850 cm−1 (νsC–O–C of DME) and ~1780 

cm−1 (νC=O of PC), confirming that Li+ solvation is mainly governed by DME and PC 

(Fig. 1a). In contrast, the T-electrolyte shows, in addition to the DME band at ~850 

cm−1, a distinct νC=O band at about 1730 cm−1 that persists from 25°C to –20°C (Fig. 

S1a), which is assigned to iBA and evidences its active participation within solvation 

shells through weak coordination.[37] In addition, the enlarged Raman spectra in Fig. 

S1 further experimental support for the regulated local solvation structure of the T-

electrolyte. In the 660 to 800 cm−1 region, the T electrolyte exhibits a band at around 

710 to 715 cm−1 that can be assigned to DFOB− related oxalate and O–B–O vibrations, 

together with a broadened feature at around 720 to 735 cm−1 associated with FSI− 

related ionic species. A weak shoulder at ~760–770 cm−1 can be attributed to the B–F 

vibration of BF4
−. These anion related spectral features are more evident in the T 

electrolyte than in the CE, supporting the anion-involved solvation structure suggested 

by the MD analysis. Meanwhile, the PC carbonyl band is markedly attenuated in the T-

electrolyte compared with the CE, suggesting that iBA partially replaces PC in the 

primary solvation sheath and thereby weakens PC-dominated coordination. Especially 

at lower temperature, the CE consistently displays a stronger PC signal, suggesting that 

PC-dominated Li⁺ solvation becomes more pronounced and thus more susceptible to 

reductive decomposition, whereas the persistent iBA-associated band in the T-
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electrolyte implies that iBA effectively mitigates PC over-coordination and suppresses 

interfacial side reactions. Furthermore, this sustained ester-involved coordination in the 

T-electrolyte moderates the overall coordination strength, which is consistent with the 

absence of solvent-selective crystallization observed experimentally even under 

subzero conditions (Fig. S2). 

Complementary MD simulation snapshots further visualize the distinct liquid 

structures arising from the different solvation chemistries in the CE and T-electrolyte. 

As shown in Fig. 1b, the CE simulation cell exhibits a liquid environment in which Li+ 

is embedded in tightly packed PC/DME coordination spheres with limited 

configurational flexibility. Conversely, T-electrolyte develops a more heterogeneous 

spatial distribution, where FSI− and DFOB− anions are frequently located in the vicinity 

of Li+ and weakly coordinating iBA molecules are interspersed within the primary 

solvation sheath. This mixed anion/solvent coordination environment is expected to 

weaken purely solvent-dominated Li+ solvation, thereby facilitate Li+ transport by 

lowering the effective desolvation barrier and providing structural precursors for anion-

enriched interphases at electrode surfaces. The radial distribution functions (RDF) offer 

deeper insights into the spatial organization of solvation structures that correlate with 

the distinct electrochemical behaviors of two electrolytes. In the CE system, 

pronounced Li–O (DME) and Li–O (PC) correlations dominate the coordination 

environments, whereas Li–F (BF4
−) contacts are comparatively weak (Fig. 1c), 

consistent with a solvent-controlled solvation that tends to restrict ionic mobility, 

particularly at reduced temperatures where tightly bound solvent networks hinder Li+ 

desolvation and promote interfacial instability. As shown in Fig. 1d, T-electrolyte 

exhibits enhanced Li–F (FSI−) and Li–O (DFOB−) correlations together with a 

measurable Li–O (iBA) correlations, reflecting an intentionally designed integration of 

competitive anion coordination and weakly solvating ester molecules that disrupt 

simple solvent-selective ordering. Such anion-assisted solvation is expected to favor 
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the formation of inorganic-rich nterphases containing LiF and borate/oxalate-derived 

species, thereby stabilizing the electrode/electrolyte interface under wide-temperature 

operation. This structural difference is further quantified by coordination-number 

analysis (Fig. 1e). While solvent-dominated coordination persists (DME: 59.17%, PC: 

24.69%) in CE with only a smaller contribution from BF4
−, T-electrolyte demonstrates 

a substantial reduction in PC coordination (11.76%) accompanied a non-negligible 

participation of iBA (5.24%) and anions (BF4
−/FSI−/DFOB− together ~17%). This 

reconfigured coordination environment provides a structural basis for an inorganic-

dominant SEI enriched in fluorinated and oxygen-containing species, which can 

suppress parasitic reactions and accelerate Li+ transport kinetics. Representative Li+ 

solvation clusters and their corresponding binding energies also reveal the distinct 

coordination characteristics in the T-electrolyte compared with the CE, and these 

binding-energy differences more clearly illustrated by the optimized structural models 

in Fig. S3. For the CE (Fig. 1f), representative Li+-DME/PC clusters exhibit relatively 

strong binding energies of 6.09–9.23 eV, indicating tightly bound solvation structures 

that impede Li+ desolvation and transport, especially under low-temperature conditions  
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Fig. 1. (a) Raman spectra of CE and T-electrolyte at 25°C and –20°C. (b) MD snapshots 

of CE and T-electrolyte. RDF of Li+ with anion/solvent in (c) CE and (d) T-electrolyte. 

(e) The statistical coordination numbers of Li+ with anion and solvent. Representative 

solvation clusters in (f) CE and (g) T-electrolyte and their corresponding binding 

energies. 

where thermal activation is limited. As depicted in Fig. 1g, mixed Li+-anion-solvent 

clusters characteristic of the T-electrolyte, such as Li+·2DME·iBA and 

Li+·2DME·iBA·PC, display the reduced binding energies of 5.41–5.83 eV, consistent 

with a more weakly coordinated solvation shell that facilitates Li+ dissociation. 

Although certain clusters still possess relatively high binding energy (8.93 eV), the 

presence and higher population of these lower-energy motifs result in a weaker average 

solvation strength in the T-electrolyte. Collectively, these spectroscopic and 

computational results describe the equilibrium ion speciation, revealing that the 

cryogenic superiority of the T-electrolyte is closely associated with a weakly 

coordinated and compositionally diversified solvent/anion coordination structure. 

Specifically, the concurrent incorporation of iBA and multi-anion coordination disrupts 
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excessive PC participation in the first solvation shell and creates more labile 

coordination sites along percolated ion transport pathways. Meanwhile, the 

multidentate DFOB– anions helps redistribute coordination among multiple oxygen 

donors and alleviates overcrowding of carbonate molecules around Li+, whereas the 

steric bulk of iBA dilutes strong solvent-solvent interactions that would otherwise 

stabilize tightly bound clusters and elevate the desolvation barrier. Unlike the traditional 

PC-rich CE, where strongly bound solvation shells become detrimental under thermal 

and cryogenic extremes, leading to sluggish Li+ desolvation and unstable interphases, 

this deliberately heterogeneous coordination enhances interfacial stability and 

facilitates Li+ transport, thereby yielding higher ionic conductivity, improved low-

temperature kinetics and reduced parasitic reactions. 

Therefore, Figure 2a schematically summarizes the contrasting solvation motifs 

and interphase evolution in the CE and the tri-salt T-electrolyte. In the CE, Li+ is 

predominantly coordinated by PC (with DME as a co-solvent), forming a solvent-

dominated solvation sheath with a high desolvation penalty that becomes more 

pronounced at low temperature. This rigid solvation environment promotes continuous 

solvent decomposition, producing organic-/carbonate-rich interphases, with limited LiF 

formation and thus elevated interfacial resistance. In contrast, the T-electrolyte reshapes 

Li+ solvation through weakly coordinating iBA and competitive coordination from BF4
–

/FSI–/DFOB–, which partially displaces carbonate solvents in the primary solvation 

shell and lowers the desolvation barrier. Preferential anion-derived interfacial reactions 

then are expected to generate compact, inorganic-rich interphases enriched in 

LiF/LiSOxF/borate-rich containing species, suppressing parasitic solvent reactions and 

stabilizing electrode interfaces. After establishing the fundamental differences in 

solvation structures between CE and T-electrolyte, it is essential to clarify how these 

molecular‐level features translate into macroscopic electrochemical kinetics. To this 

end, temperature-dependent electrochemical impedance spectroscopy (EIS) and ionic 
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conductivity measurements were performed to quantitatively correlate solvation 

modulation with ion-transport and charge-transfer behavior. EIS at 25, –20, and 40oC 

and fitted using an equivalent circuit model comprising ohmic resistance, interfacial 

resistance and a Warburg element to describe diffusion processes (Fig. S4).[38] As 

shown in the Nyquist plots at 25oC (Fig. 2b), batteries employing the T-electrolyte 

display a much smaller depressed semicircle than those with the CE, and equivalent-

circuit fitting yields an interfacial resistance of 68.3 Ω for the T-electrolyte versus 178.2 

Ω for the CE, corresponding to a 61.7% reduction, which reflects more facile Li+ charge 

transfer at room temperature. This kinetic advantage amplifies under cryogenic 

condition (Fig. 2c), where the T-electrolyte containing LiBF4, LiFSI and LiDFOB with 

iBA as co-solvent maintains 87.5 Ω interfacial resistance at –20°C compared to CE’s 

241.3 Ω, representing a 63.7% reduction despite the severe temperature limitation. 

Even at 40oC (Fig. S5), the interfacial resistance of cell with the CE rises to 209.2 Ω, 

indicative of interfacial degradation, while that of the T-electrolyte decreases to 57.6 Ω, 

corresponding to a remarkable 72.5% reduction, further confirming its ability to 

maintain low-resistance interfaces at elevated temperature. The consistently smaller 

high-frequency intercepts and reduced semicircle diameters for the T-electrolyte 

confirm that the tri-salts formulation affords both lower bulk resistance and faster 

interfacial charge-transfer kinetics,[39] in good agreement with its higher ionic 

conductivity measured independently. The ionic conductivities of both electrolytes 

were further evaluated over a broad temperature range (Fig. 2d). While CE follows 

typical Arrhenius-type trend, with conductivity declining from 5.0 mS cm−1 at 40oC to 

3.4 mS cm−1 at –20oC, the T-electrolyte demonstrates exceptional conductivity 

resilience, maintaining 4.73 mS cm−1 at –20oC. This represents 91.0% retention of its 

room-temperature conductivity (5.2 mS cm−1 at 25oC), whereas the CE retains only 

73.5% of its 25oC conductivity over the same temperature interval. Notably, the T-

electrolyte achieves higher conductivity than CE throughout the operational range, 
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most critically delivering a substantial enhancement at the challenging –20oC 

benchmark and still outperforming the CE at 40oC (7.0 vs. 5.0 mS cm−1). The enhanced 

ionic conductivity of the T-electrolyte can be attributed to the combined effect of 

reduced viscosity and regulated solvation structure regulation. On the one hand, the 

PC/DME/iBA solvent matrix helps maintain liquid phase ion mobility by alleviating 

viscosity related transport limitations, which become more pronounced at low 

temperature. On the other hand, conductivity is not governed by viscosity alone, but 

also depends on salt dissociation, the fraction of effectively mobile Li+ species and the 

strength of Li+ coordination. The incorporation of iBA, together with the participation 

of multiple anions, weakens the PC dominated Li+ solvation sheath and reduces 

excessive solvent binding around Li+, while maintaining sufficient anion involvement 

for interphase forming chemistry. As a result, the T-electrolyte maintains both favorable 

ion mobility and a more labile Li+ coordination environment, leading to higher low-

temperature conductivity and faster interfacial charge transfer. Such dual-temperature 

superiority in both cryogenic and elevated-temperature regimes is consistent with the 

solvation and interphase chemistry discussed above that LiDFOB-derived borate and 

oxalate species together with LiFSI-derived fluorinated components promote the 

formation of mechanically robust, LiF-rich interphases, while the weakened, anion-

participating solvation structure lowers the Li+ desolvation barrier and maintains high 

bulk ion availability, collectively enabling rapid Li+ transport and stable charge transfer 

under wide-temperature operation. 
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Fig. 2. (a) Schematic comparison of solvation structures and interphase evolution in the 

CE and the T-electrolyte. EIS spectra for CE and T-electrolyte at (b) 25°C and (c) –

20°C. (d) Conductivity as a function of temperature for CE and T-electrolyte. (e) XPS 

spectra of C 1s and B 1s for CE and T-electrolyte. (f) LSV curves at 25°C and –20°C 

for CE and T-electrolyte. 

X-ray photoelectron spectroscopy (XPS) was used for compositional analysis (Fig. 

S6) both the CE and T-electrolyte. In the C 1s spectra (Fig. 2e, left), both electrolytes 

display characteristic components at approximately 284.8 eV (C–C), 286.4 eV (R–C–

O) and 289.0 eV (O–C=O), arising from the organic carbonate and ether solvents.[28] 

In the CE system, the O–C=O and R–C–O peaks are relatively intense, indicating a 

large fraction of PC-derived carbonate environments in which carbonyl oxygen atoms 

strongly interact with Li+, consistent with a PC-rich, strongly coordinating solvation 

shell. In contrast, the T-electrolyte shows a weaker O–C=O contribution and a broader 

R–C–O peak, suggesting reduced PC involvement and an increased contribution from 
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DME/iBA-derived environments, in line with the DME/iBA-dominated and anion-

participating solvation structure revealed by Raman and MD analyse. This shift from a 

strongly PC-coordinated solvation environment to a more weakly coordinated mixed-

solvent environment is expected to render the local liquid structure more flexible, 

thereby facilitating Li+ mobility and suppressing PC over-reduction at low temperature. 

The B 1s spectra (Fig. 2e, right) further highlight the differences in anion chemistry 

between the two electrolytes. For the CE, B 1s can be deconvoluted into two main 

components at 193.2 eV (B–F) and 195.8 eV (BF4
–···Li+ contact ion pairs), which are 

typical features of a single-salt LiBF4 electrolyte and indicate that B–F bonding 

environments dominate.[40] By contrast, the T-electrolyte shows a more complex B 1s 

spectrum with three components located at 193.2 eV (B–F), 194.3 eV (B–O species 

originating from DFOB–) and 195.8 eV (BF4
–···Li+), confirming the coexistence of B–

F and B–O environments in a multi-anion coordination framework. The appearance of 

B–O species, together with the synergistic participation of FSI– and DFOB– evidenced 

by F 1s spectra (Fig. S7), increases both the diversity and stability of the Li+-anion 

coordination motifs and supports the formation of an anion-rich, weakly coordinated 

solvation structure. Such a controlled solvation environment in the T-electrolyte is fully 

consistent with its reduced desolvation barrier and LiF/borate-forming interphase 

chemistry discussed above, thereby providing a molecular-level rationale for the 

enhanced interfacial kinetics and superior low-temperature conductivity retention 

observed in the EIS and conductivity measurements. Furthermore, linear sweep 

voltammetry (LSV) was employed to evaluate the stability of the two electrolytes. At 

ambient temperature of 25oC, the oxidation onset potential of the T-electrolyte, defined 

at a current density of 20 mA cm–2, is shifted positively by +0.19 V decomposition onset 

potential shift relative to that of the CE (Fig. 2f), indicating a wider oxidative stability 

window at room temperature. Under the more demanding low-temperature condition 

of –20oC, the T-electrolyte still exhibits a higher oxidation onset, with an additional 
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~0.1 V positive shift compared with the conventional electrolyte. These results 

demonstrate that the T-electrolyte maintains superior anodic stability over a wide 

temperature range, which is favorable for sustaining high-voltage operation without 

triggering premature electrolyte oxidation. 

To determine whether the molecular-level advantages of the T-electrolyte translate 

into practical cell-level benefits, the two electrolytes were further evaluated in 

Li||LiCoO2 batteries with a focus on cycling stability, rate capability and low-

temperature performance. A series of tri-salts electrolytes featuring distinct ratios of 

LiBF4, LiFSI and LiDFOB were carefully formulated and tested under both ambient 

(25°C) and low-temperature (−20°C) conditions. As shown in Fig. 3a, the T-electrolyte 

containing 0.75 M LiBF4, 0.2 M LiFSI and 0.05 M LiDFOB in a PC : DME : iBA (25 : 

65 : 10 by volume, Fig. S8) solvent mixture delivers outstanding room-temperature 

cycling stability, retaining approximately 138.6 mAh g−1 after 200 cycles at 0.2 C with 

Coulombic efficiency consistently exceeding 99.5%. In contrast, alternative tri-salt 

formulations exhibit faster capacity fading and lower Coulombic efficiencies, 

underscoring the importance of carefully balancing the three salt components. Under 

the more demanding low-temperature condition of −20℃ (Fig. 3b), the same 0.75 M 

LiBF4 + 0.2 M LiFSI + 0.05 M LiDFOB formulation maintains a high discharge 

capacity of 133.2 mAh g−1 at 0.2 C, whereas batteries using other compositions suffer 

pronounced capacity decay. The superior cryogenic performance of this optimized T-

electrolyte can be primarily attributed to its well-balanced solvation structure and 

synergistic multi-anion coordination that LiFSI and LiDFOB anions effectively 

compete with PC for Li+ coordination sites, partially displacing PC from the primary 

solvation shell, suppressing solvent decomposition, and facilitating Li+ transport. By 

contrast, an excessively high LiDFOB content (e.g., 0.7 M LiBF4 + 0.2 M LiFSI + 0.1 

M LiDFOB) electrolyte may strengthen Li+ anion association and increases the 

electrolyte viscosity, thereby lowering the fraction of effectively mobile Li+ species and 
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slowing ion transport at low temperature (Fig. S9). Therefore, a moderate LiDFOB 

level combined with an optimized LiBF4/LiFSI ratio is essential for achieving a 

favorable balance between ion transport and stable electrode/electrolyte interfaces at 

low temperature. These synergistic effects weaken Li+ desolvation barriers, optimize 

ion-transport pathways and stabilize electrode interfaces under cryogenic conditions, as 

will be further corroborated in the following sections. The voltage-capacity profiles 

provide direct evidence linking electrolyte formulation to electrode reaction kinetics. 

For the reference electrolyte (CE, 1.0 M LiBF4 in PC : DME = 1:1 v/v), severe voltage 

polarization is observed at both 25℃ (Fig. 3c) and −20℃ (Fig. 3d), as reflected by the 

large charge/discharge hysteresis and the progressive sloping of the plateaus with 

cycling, indicative of increasing kinetic limitations and growing interfacial resistance. 

Conversely, Li||LiCoO2 batteries employing the optimized T-electrolyte displayed 

well-defined and tightly overlapping charge/discharge plateaus both temperatures (Fig 

3e and 3f), with a smaller voltage gap and more stable mid-plateau potentials, 

suggesting markedly alleviated polarization, more facile Li+ diffusion, and sustained 

charge-transfer kinetics even under cryogenic conditions. Rate capability testing further 

accentuate the differences in charge-transport behavior between the two electrolytes. 

At 25℃ (Fig. 3g), the CE formulation exhibited specific capacities of 117.5, 105.6, 

84.8, 58.3, 44.0, 30.1 and 18.7 mAh g−1 at 0.1, 0.2, 0.5, 1, 2, 5 and 10 C, respectively, 

and recovered to 114.6 mAh g−1 when the rate is returned to 0.1 C. The T-electrolyte 

formulation (Fig. 3h) provides a much higher baseline capacity of 133.5 mAh g−1 at 0.1 

C. Moreover, after being cycled up to 10 C and subsequently returned to 0.1 C, the cell 

with the T-electrolyte almost completely recovers its initial capacity, with ~100% 

retention of the original 0.1 C value, demonstrating excellent rate reversibility. This 

kinetic advantage is preserved at −20℃ (Fig. 3i and 3j), where T-electrolyte still 

delivers 132.6 mAh g−1 at 0.1 C, and preserves a substantial discharge capacity at the 

demanding 0.4 C rate at which the CE cell nearly loses its capacity output. Furthermore, 
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upon returning from high-rate cycling at subzero temperatures to 0.1 C, the T-

electrolyte exhibits excellent reversibility, recovering a capacity of 112.9 mAh g−1. 

Even at elevated temperature (40℃), additional electrochemical evaluation (Fig. S10) 

shows that the T-electrolyte maintains a reversible capacity of 109.8 mAh g−1 at 0.2 C 

after 200 cycles with Coulombic efficiency consistently above 99.7%. In contrast, the 

CE exhibits the irregular capacity fluctuations after 80 cycles followed by rapid failure, 

indicating an unstable electrode/electrolyte interface. The corresponding rate 

performance at 40°C (Fig. S11) also confirms that the T-electrolyte sustains high 

reversible capacities even under 5-10 C operation, whereas the CE system suffers from 

severe polarization and poor rate adaptability. Even under higher current density of 5.0 

C, the cycling stability of the T-electrolyte remains markedly superior to that of the CE 

(Fig. S12). The higher current density long-term cycling tests at different temperatures 

further represent fast charge/discharge scenarios and directly evaluate the high-rate 

tolerance of the electrolyte. Li||Li symmetric cells further employed to evaluate the 

compatibility of the T-electrolyte. At both 25°C and −20℃, the T-electrolyte shows 

lower voltage hysteresis and more stable Li plating/stripping behavior than the CE (Fig. 

S13). Such rate resilience stems directly from the tri-functional interfacial architecture 

engineered in our T-electrolyte formulation. LiDFOB decomposition yields boron-

oxygen networks that form uniform, mechanically robust, fluorine- and borate-rich 

SEI/CEI layers capable of accommodating rapid lithiation/delithiation without loss of 

interfacial integrity. Simultaneously, LiFSI generates fluoride-rich interphases that 

reduce interfacial resistance and suppress localized interfacial reactions. Together with 

the stabilizing contribution of LiBF4 at high voltage, these interfacial chemistries 

collectively support fast Li+ transport and highly reversible charge storage over a wide 

range of current densities and temperatures. Long-term cycling further highlights the 

robustness of the tri-salt formulation at both ambient and subzero temperature. Fig. 3k  
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Fig. 3. Specific capacity and coulombic efficiency at (a) 25°C and (b) −20°C over 200 

cycles for different electrolyte compositions. Galvanostatic charge/discharge curves of 

Li||LiCoO2 batteries at (c and e) 25°C and (d and f) −20°C for the different cycles. Rate 

performance of (g) CE and (h) T-electrolyte at 25°C. Rate performance of (i) CE and 

(j) T-electrolyte at −20°C. Long-term cycling performance at (k) 25°C and (l) −20°C 

for both electrolytes. 

shows that at 25℃, Li||LiCoO2 batteries with the the CE show gradual capacity fading 

from an initial discharge capacity of 122.5 mAh g−1 to at 90.5 mAh g−1 after 500th cycles, 

while the T-electrolyte sustain 151.7 mAh g−1 over the same period, slightly exceeding 

its initial capacity and corresponding to ~100% capacity retention due to mild activation. 

At −20℃ (Fig. 3l), the advantage of the T-electrolyte becomes even more pronounced. 

Its initial discharge capacity reaches 143.5 mAh g−1, corresponding to ~98.4% retention 

relative to its room-temperature value, while after 500 cycles it still preserves 129.7 
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mAh g−1, ~85.5% of its room-temperature capacity. However, CE suffers catastrophic 

degradation to 47.2 mAh g−1 after 500 cycles at −20°C. A comparison of specific 

capacity and Coulombic efficiency at 25 and −20°C thus shows that the T-electrolyte 

consistently outperforms the CE, with particularly striking gains in capacity retention 

and efficiency under cryogenic conditions. For further comparison, a commonly used 

carbonate electrolyte, 1 M LiPF6 in EC/DEC, was also evaluated in Li||LiCoO2 battery 

(Fig. S14). At −20°C and 0.2 C, the discharge capacity decreases from 71.4 to 55.2 

mAh g−1 after 100 cycles, demonstrating that the T-electrolyte provides a clear 

advantage over the conventional carbonate based LiPF6 electrolyte under subzero 

condition. Such exceptional low-temperature endurance arises from the synergistic 

interplay of the three distinct lithium salts in the T-electrolyte, each contributing 

complementary functionality. Meanwhile, the precisely balanced PC : DME : iBA (25 : 

65 : 10 by volume) solvent system optimizes the Li+ solvation shell by combining 

strong dielectric screening with weakened, anion-participating coordination, thereby 

lowering desolvation barriers, facilitating fast ion transport, and reducing internal 

resistance at subzero temperatures. 

Although the electrochemical measurements highlight substantial performance 

differences between the two electrolytes, their origins must be clarified from the 

perspective of interfacial chemistry. Therefore, high-resolution XPS analyses of cycled 

Li anodes were conducted to resolve the SEI compositions formed under both ambient 

and cryogenic conditions (Fig. 4). The C 1s spectra can be deconvoluted into typical 

SEI-related components at 284.8 eV (C–C), 286.8 eV (R–C–O), 289.0 eV (O–C=O) 

and 289.8 eV (CO3
2− in inorganic/organic carbonates).[41] For cells using the CE at 

25oC (Fig. 4a, top), the O–C=O and CO3
2− peaks are highly intense, indicating 

extensive formation of organic carbonate species and solvent-decomposition fragments 

that give rise to an organics-rich SEI on Li. When the same electrolyte is cycled at –

20oC (Fig. 4b, top), these carbonate-associated signals remain strong or even increase, 
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evidencing persistent low-temperature solvent reduction and the growth of a thicker, 

more heterogeneous organics-dominated SEI that is prone to continuous electrolyte 

consumption. In contrast, Li anodes cycled in the T-electrolyte (Fig. 4a and b, bottom) 

exhibit markedly attenuated O–C=O and CO3
2− components together with a relatively 

greater contribution from the C–C/R–C–O region, implying suppressed carbonate-

forming decomposition and a more compact SEI. Semi-quantitative peak-area analysis 

(Table S2) shows that at –20oC the O–C=O and CO3
2− contributions are reduced by 

approximately 6.48% and 2.27%, respectively, compared with the CE, indicating a 

modest but systematic suppression of carbonate-forming side reactions. This 

chemoselective stabilization is consistent with the weakly coordinating iBA and the 

anion-participating solvation/interphase chemistry of the T-electrolyte, in which 

reduced PC participation and LiFSI/LiDFOB-derived interphases mitigate uncontrolled 

solvent reduction under cryogenic conditions. 

In the Li 1s region (Fig. 4c and 4d), the anode cycled in CE at 25°C can be 

deconvoluted into components assigned to 52.6 eV (Li), 55.4 eV (Li2CO3), 56.1 eV 

(LiF) and 56.8 eV (LixBOy), indicating the presence of LiBF4 decomposition products 

and limited inorganic fluoride formation.[42] The relatively weak LiF contribution 

compared with Li2CO3 suggests that only a limited fraction of the SEI is converted into 

an inorganic fluoride-rich phase. When cycled at –20°C, the Li2CO3 and LixBOy 

features remain dominant and the LiF component does not increase appreciably, 

suggesting that dense, LiF-rich passivation is difficult to establish under cryogenic 

conditions and that the Li surface remains largely covered by carbonate-rich products. 

In contrast, Li anodes cycled in the T-electrolyte exhibit a substantially enhanced LiF 

component at both 25°C and –20°C, accompanied by reduced Li2CO3 intensity and 

additional high-binding-energy contributions that can be ascribed to LiSOxF species 

(from FSI–) and LixBOy borates (from DFOB–/BF4
–). Semi-quantitative analysis (Table 

S3) shows that the LiF fraction in the T-electrolyte is significantly higher than in the 
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CE, especially at –20°C, supporting the formation of a LiF-enriched inorganic SEI. 

Such a LiF-rich interphase, reinforced by borate-related species, is expected to provide 

a mechanically robust and ionically conductive passivation layer that lowers interfacial 

resistance, mitigates dendritic Li growth (Fig. S15), and thereby enhances low-

temperature Li+ transport, consistent with the EIS and cycling results discussed above. 

 

Fig. 4. High-resolution XPS spectra of Li anodes after cycled in CE and T-electrolyte. 

C 1s spectra at (a) 25°C and (b) –20°C. Li 1s spectra at (c) 25°C and (d) –20°C. F 1s 

spectra at (e) 25°C and (f) –20°C. SEM images of pristine Li anode at (g) 25°C and (h) 

–20°C. SEM image of Li anodes cycled in CE at (i) 25°C and (j) –20°C. SEM image 

of Li anodes cycled in T-electrolyte at (k) 25°C and (l) –20°C. Galvanostatic 

intermittent titration technique (GITT) profiles of Li‖LiCoO2 batteries employing CE 

and T-electrolyte at (m) 25°C and (n) −20°C. 



 25 

The F 1s spectra further supports the compositional advantages of the T-electrolyte 

under cryogenic operating conditions. As depicted in Fig. 4e and 4f, the F 1s spectra 

from batteries with the CE at both 25℃ and –20°C are dominated by a B–F component 

at 686.2 eV arising from BF4
–-derived species, whereas the LiF peak at 685.0 eV is 

comparatively weak, indicating that only a limited fraction of fluorine is converted into 

inorganic LiF.[26] In contrast, Li anodes cycled in the T-electrolyte show a strongly 

suppressed B–F species while establishing an overwhelmingly dominant LiF phase that 

constitutes 67.70% and 65.02% of F-containing species at 25℃ and –20°C(Table S4). 

Moreover, an additional higher-binding-energy feature near 687.1 eV can be assigned 

to LiSOxF species generated from FSI–-derived interphase products. This evolution 

becomes even more pronounced upon low-temperature cycling, where the LiF and 

LiSOxF signatures in the T-electrolyte become more pronounced, consistent with an 

increasingly inorganic-rich SEI on the Li surface. Such an LiF-rich interphase, 

reinforced by sulfate/borate-related species, is expected to form a compact and 

chemically robust passivation layer that suppresses further solvent reduction and 

electron leakage, provides more stable interfacial Li+ transport pathways, lowers 

interfacial resistance and promotes stable Li deposition, thereby protecting the Li anode 

against low-temperature degradation in good agreement with the electrochemical 

results. To further probe the origin of the improved cycling stability at 40°C, XPS 

spectra were collected from the Li anodes after cycling, as shown in Fig. S16. For the 

CE, the C 1s spectrum (Fig. S16a) shows pronounced organic oxygen containing 

components and carbonate species, suggesting persistent solvent decomposition and 

accumulation of organic and carbonate-derived species at elevated temperature. The 

corresponding Li 1s (Fig. S16b) and F 1s (Fig. S16c) spectra reveal the coexistence of 

LiF, Li2CO3, LixBOy and B–F-related species, indicating that the SEI formed in CE 

contains appreciable carbonate and organic decomposition products together with 

inorganic salt decomposition species. In contrast, the T-electrolyte exhibits 
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comparatively weaker carbonate-related components in C 1s spectra, while the Li 1s 

and F 1s spectra exhibit stronger LiF signals together with discernible LiSOxF and 

borate-related species. These results indicate that the T-electrolyte still maintains a 

more inorganic-rich and chemically robust SEI at 40oC. 

To correlate interfacial chemistry with the morphological stability of Li deposition, 

SEM was performed on Li metal anodes after cycling. The pristine Li surface shows a 

relatively smooth and featureless morphology at both 25°C and –20°C (Fig. 4g and Fig. 

4h), serving as the baseline state prior to electrochemical cycling. After cycling in the 

CE, the Li surface becomes severely roughened at 25°C and is covered with non-

uniform, porous/mossy deposits with abundant protrusions (Fig. 4i). This 

morphological heterogeneity is further exacerbated at –20°C (Fig. 4j), where larger 

agglomerated deposits and more severe topographical inhomogeneity are observed, 

indicative of uneven Li nucleation and growth under cryogenic conditions. These 

features are consistent with the XPS results, which show a carbonate-rich and 

mechanically less robust SEI in the CE that is less effective in maintaining stable 

interfacial Li+ transport. In contrast, Li anodes cycled in the T-electrolyte display 

substantially improved surface integrity (Fig. 4k and Fig. 4l). At 25°C, the deposited 

Li appears comparatively more compact and continuous with suppressed porous/mossy 

features. Importantly, even at –20°C the Li surface remains denser and more uniform, 

with significantly fewer large protrusions than that in the CE counterpart. Collectively, 

these observations support that the LiF-rich, inorganic-dominated SEI formed in the T-

electrolyte enables more stable interfacial Li+ transport and suppresses localized 

interfacial reactions, thereby suppressing dendrite-like growth and corroborating the 

superior low-temperature cycling stability of the T-electrolyte. 

Based on the galvanostatic intermittent titration technique (GITT) measurements, 

the Li+ diffusion kinetics of batteries employing CE and T-electrolytes was compared 

at both 25°C and –20°C. At 25°C (Fig. 4m), both electrolytes exhibit relatively high 
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lithium-ion diffusion coefficients with DLi⁺ on the order of 10–11 cm2 s–1, yet the CE 

exhibits a markedly broader spread and stronger time and state dependence than the T-

electrolyte over the full charge and discharge trajectory, implying more heterogeneous 

transport kinetics and stronger sensitivity to the evolving interphase during cycling 

even at 25oC. Upon cooling to –20oC (Fig. 4n), the apparent DLi⁺ values of both systems 

decrease substantially, with the CE spanning roughly the 10–12 to 10–15 cm2 s–1 regime 

and showing pronounced downward excursions, whereas the T-electrolyte remains 

mainly in the 10–12 to 10–13 cm2 s–1 regime with a narrower dispersion, making the 

contrast between the two electrolytes more evident. Compared with the CE, the T-

electrolyte sustains systematically higher DLi⁺ across the measured potential window 

with weaker SOC-dependent fluctuation, while the CE exhibits more pronounced DLi⁺ 

deterioration near the high-voltage region and toward deep discharge, consistent with 

stronger state-dependent transport bottlenecks under subzero operation. Collectively, 

the broader DLi⁺ span and stronger fluctuations observed for the CE, together with the 

higher and more stable DLi⁺ profiles maintained by the T-electrolyte, support that anion-

participating solvation and a more regulated interphase reduce transport intermittency 

and alleviate low-temperature kinetic penalties, thereby favoring Li+ transport under 

both ambient and subzero conditions. 

Because the CEI is also critical for wide-temperature operation, high-resolution 

XPS was performed on LiCoO2 cathodes after cycling in the CE and T-electrolyte at 

both 25 and –20oC (Fig. 5). The C 1s spectra reveal pronounced differences in CEI 

composition between the two electrolytes. The deconvoluted C 1s spectra can be mainly 

described by four contributions. The peak at 284.8 eV is assigned to C–C, which reflects 

carbonaceous backbones and residual organic species. The component centered at 286.4 

eV corresponds to R–O–C, typically arising from ether-/ester-type fragments generated 

upon solvent decomposition. The O–C=O/ROCO2Li signals at 288.8 eV and 290.8 eV 

are attributable to carbonate/semicarbonate species, which represent key constituents 

of the CEI. Importantly, ROCO2Li-type semicarbonates are not merely parasitic by-

products on the cathode. When formed in a controlled manner, ROCO2Li can act as a 
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compliant organic scaffold that improves film conformality and mechanical tolerance, 

alleviates interfacial cracking upon cycling, and provides polar carbonate motifs that 

facilitate Li+ transport while blocking direct contact between the electrolyte and the 

highly oxidative cathode surface.[43] At 25oC (Fig. 5a, top), the CE exhibits 

pronounced R–O–C and O–C=O signals, indicating substantial accumulation of 

solvent-derived organic by-products accompanied by the formation of carbonate 

species at the cathode surface. In contrast, the cathode cycled in the T-electrolyte at 

25oC (bottom panel) shows markedly attenuated intensity R–O–C together with 

suppressed O–C=O contributions, yet a relatively strengthened ROCO2Li component 

is evident, suggesting that the T-electrolyte redirects interfacial reactions toward more 

selective semicarbonate formation rather than uncontrolled oligomeric/ether-rich 

decomposition. Such a ROCO2Li-enriched but less R–O–C-dominated CEI is expected 

to be more conformal and mechanically resilient, thereby stabilizing the cathode surface 

while limiting continuous electrolyte consumption[44]. Upon cooling to –20oC (Fig. 

5b, top), the CE displays a further increase in the R–O–C component (31.64% of the 

total C elements, Table S5), suggesting aggravated interfacial side reactions under 

cryogenic conditions and the buildup of an organic-/carbonate-enriched CEI. By 

contrast, the T-electrolyte (Fig. 5b, bottom) maintains substantially weaker O–C=O and 

R–O–C signals, while the C–C component becomes comparatively more prominent. 

Meanwhile, the ROCO2Li contribution remains appreciable and is higher than that in 

CE, supporting that the tri-salt/ternary-solvent chemistry enables a self-limited CEI 

where ROCO2Li semicarbonates provide the organic scaffold and other unstable 

organics are suppressed. In the Li 1s region (Fig. 5c and 5d), LiCoO2 cathodes cycled 

within the CE show a dominant Li2CO3 contribution (55.4 eV) accompanied by a 

weaker LiF (56.1 eV) component, indicating a carbonate-rich CEI with only modest 

inorganic fluoride content. At –20℃, semi-quantitative fitting yields a LiF fraction of 

~29.09% of the total Li signal (Table S6), suggesting that conversion of Li-containing 

interphase species into LiF remains limited under low-temperature. By contrast, the T-

electrolyte markedly reshapes the CEI chemistry at 25℃, generating a LiF matrix 

constituting 42.37% of Li species, accompanied by reduced Li2CO3 intensity and an 

additional higher-binding-energy contribution which is attributed to LixBOy borates  



 29 

 

Fig. 5. High-resolution XPS spectra of LiCoO2 cathodes after cycled in CE and T-

electrolyte. C 1s spectra at (a) 25°C and (b) –20°C. Li 1s spectra at (c) 25°C and (d) –

20°C. F 1s spectra at (e) 25°C and (f) –20°C. SEM images of pristine LiCoO2 at (g) 

25°C and (h) –20°C. SEM images of LiCoO2 cathodes cycled in CE at (i) 25°C and (j) 

–20°C. SEM images of LiCoO2 cathodes cycled in T-electrolyte at (k) 25°C and (l) –

20°C. Ex situ EIS Nyquist plots of batteries with CE at (m) 25°C and (p) –20°C. Ex situ 

EIS Nyquist plots of batteries with T-electrolyte at (n) 25°C and (q) –20°C. 

Corresponding interfacial resistance evolution at different charge/discharge states at (o) 

25°C and (r) –20°C. 

near 57.2 eV originating from boron-containing anions[45]. Importantly, at –20oC the 

LiF fraction in the T-electrolyte further increases to 53.75% of the Li 1s spectral weight, 

supporting that the tri-salt formulation promotes LiF formation and sustains a more 
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inorganic, LiF-enriched passivation layer on LiCoO2 even under harsh low-temperature 

conditions. As for the F 1s spectra, for batteries cycled with CE, three components can 

be resolved at both 25oC and –20oC (Fig. 5e and Fig. 5f) that the LiF at 685.0 eV, B–F 

component at 686.2 eV, and C–O–F-type oxyfluoride contribution at 687.1 eV. At 25oC 

(Fig. 5e, top), the spectrum is dominated by B–F, while LiF is relatively weak and C–

O–F is detectable, indicating that a substantial fraction of fluorine remains in BF4
–-

related environments and that fluorinated oxyfluoride/fluorinated organic products are 

already present in the CEI.[46] Upon cooling to –20oC, the LiF and C–O–F 

contributions become more pronounced whereas the relative B-F intensity decreases, 

consistent with aggravated parasitic interfacial reactions and the accumulation of less 

stable fluorinated species in the CEI. In contrast, LiCoO2 cathodes cycled in the T-

electrolyte exhibit an F 1s profile dominated by LiF, together with a moderate LiSOxF 

component near 687.0 eV arising from FSI–-derived interphase products, while B–F 

and C–O–F signals are strongly suppressed at both temperatures (Fig. 5e and 5f, 

bottom). Peak-area analysis (Table S7) confirms that LiF constitutes the majority of F-

containing species in the T-electrolyte at both 25 and –20oC, evidencing the formation 

of a LiF-rich, LiSOxF-reinforced inorganic CEI. Such an F-rich interphase is expected 

to suppress further electrolyte oxidation and fluorinated organic by-product formation, 

maintain interfacial integrity, and provide more homogeneous Li+ transport pathways, 

thereby lowering interfacial resistance and mitigating low-temperature charge-transfer 

limitations, consistent with the improved cycling stability of the T-electrolyte. In this 

tri-salt design, variations in the LiBF4/LiFSI ratio further influence this balance by 

changing the relative contributions of BF4
− and FSI− to ion transport and interphase 

formation. LiFSI contributes to salt dissociation, ionic conductivity and LiF/LiSOxF-

rich interphase formation; therefore, insufficient LiFSI weakens both ion transport and 

FSI−-derived interfacial stabilization. Meanwhile, LiBF4 serves as the dominant salt 

component and contributes BF4
− derived boron and fluorine interfacial species, whereas 

an inappropriate LiBF4/LiFSI ratio can disturb the balance among effective Li+ 

availability, salt dissociation and interphase chemistry. Therefore, the optimized 0.75 

M LiBF4 + 0.2 M LiFSI + 0.05 M LiDFOB composition provides the most favorable 

compromise among ion transport, viscosity control, anion derived interphase chemistry 
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and stable interface formation. These XPS results also explain why the LiBF4/LiFSI 

ratio is critical in the tri-salt formulation. Changing this ratio would alter the relative 

contribution of BF4
−-derived boron/fluorine species and FSI⁻-derived LiF/LiSOxF 

components, thereby affecting the balance between inorganic interphase formation, 

interfacial resistance and long-term cycling stability. 

Beyond the chemical signatures resolved by XPS, morphological evidence from 

SEM further corroborates the distinct CEI formation behaviors induced by the two 

electrolyte. Pristine LiCoO2 electrodes show well-defined densely packed secondary 

particles with relatively smooth surfaces at both 25 and –20oC (Fig. 5g and Fig. 5h). 

After cycling in the CE (Fig. 5i and Fig. 5j), pronounced surface deterioration is 

observed. At 25oC, the secondary particles become visibly roughened and are partially 

covered by irregular deposits, suggesting continuous accumulation of electrolyte-

derived decomposition products. At –20oC, the degradation is exacerbated, with 

increasingly blurred particle boundaries and extensive flake-/granule-like by-products 

surrounding the particles, indicative of intensified interfacial side reactions and the 

development of a porous, non-uniform CEI. In sharp contrast, LiCoO2 cathodes cycled 

in the T-electrolyte maintain markedly improved morphological integrity at both 25oC 

(Fig. 5k) and –20oC (Fig. 5l). The particles preserve clear outlines with a comparatively 

compact and conformal surface layer, and no obvious pulverization or severe cracking 

is observed at the micrometer scale. Even under cryogenic condition, only mild surface 

texturing is present, consistent with a more stable CEI that mitigates continuous 

parasitic reactions. These morphological observations align with the XPS analyses, 

supporting that the T-electrolyte constructs a chemically more stable, inorganic-

enriched interphase that better preserves cathode surface integrity.  

To further elucidate the interfacial kinetics regulated by different electrolytes, ex 

situ EIS measurements were performed at both 25°C and –20°C. At 25°C, the CE 

exhibits pronounced and strongly state-of-charge-dependent high-frequency 

semicircles in the Nyquist plots (Fig. 5m). Specifically, the semicircle shrinks 

progressively during charging from 2.8 to 4.2 V, reaching a minimum resistance at high 

voltage, and then re-expands during discharge, indicating a clear impedance hysteresis 

over the charge-discharge trajectory. The statistical summary (Fig. 5o) quantifies this 
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non-monotonic evolution, with the interfacial resistance varying broadly from 180  

(C4.2) to ~106  (C2.8), and remaining relatively high at the discharge end (175  at 

D2.8). The resulting U-shaped SOC dependence indicates that the CE impedance is not 

solely dictated by instantaneous SOC, but is strongly path-dependent: cathode charge-

transfer and transport are intrinsically facilitated at high delithiation, whereas 

interphase evolution and residual side reactions progressively penalize the interface 

during the discharge trajectory and at lower potentials. In contrast, batteries employing 

the T-electrolyte display markedly contracted semicircles at 25°C with much weaker 

SOC dependence (Fig. 5n). The interfacial resistance is consistently reduced to ~63–92 

 across all states, and the hysteresis between charge and discharge is substantially 

suppressed. This behavior indicates that the interface layers between electrodes and 

electrolyte formed in the T-electrolyte is more ionically permeable and chemically self-

limiting, thereby stabilizing charge-transfer processes and preventing large SOC-driven 

impedance excursions. This weaker SOC dependence can be attributed to the 

cooperative regulation of solvation structure and interphase chemistry. The weakly 

coordinated Li⁺ solvation sheath with moderate anion participation is expected to 

reduce the desolvation difficulty and make interfacial charge transfer less sensitive to 

changes in electrode lithiation state. Meanwhile, the compact interphase enriched with 

LiF, LiSOxF and borate species limits continuous resistance accumulation and 

impedance hysteresis during cycling by maintaining stable ion transport pathways 

across the electrode electrolyte interface. Upon lowering the temperature to –20°C, the 

impedance response of CE deteriorates markedly (Fig. 5p). The Nyquist plots show 

significantly enlarged semicircles together with pronounced low-frequency diffusion 

features, suggesting strongly hindered charge transfer and Li+ transport under cryogenic 

conditions. Quantitative comparison (Fig. 5r) shows that the interfacial resistance of 

the CE increases dramatically to ~229–251  across the investigated states, consistent 

with the formation of a thick, organic-carbonate-rich electrolyte interphase that impedes 

ion transport at low temperature. By contrast, the T-electrolyte maintains relatively 

compact Nyquist semicircles even at −20°C (Fig. 5q), with interfacial resistance 

predominantly distributed in the range of ~81–121  (Fig. 5r) and exhibiting much 

weaker SOC dependence. Overall, the ex situ EIS results clearly demonstrate that the 
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T-electrolyte substantially mitigates interfacial resistance growth and stabilizes 

interfacial kinetics over a wide temperature window, the results demonstrate that the T-

electrolyte mitigates interfacial resistance buildup and stabilizes interfacial kinetics 

over a wide temperature window. These electrochemical trends are in excellent 

agreement with the XPS evidence of an inorganic-enriched, LiF-dominated electrolyte 

interphase and the SEM observations of a compact and conformal interphase, 

collectively supporting the superior interfacial stability enabled by the T-electrolyte 

under both ambient and cryogenic conditions. 

XRD analysis further provides complementary evidence for the structural stability 

of LiCoO2 cathodes under the two electrolyte systems. The pristine electrode exhibits 

sharp, well-resolved reflections characteristic of layered LiCoO2 (Fig. S17), confirming 

the intact crystalline framework before cycling. After cycling in the CE, these LiCoO2 

reflections become significantly attenuated, suggesting substantial structural/phase 

degradation and/or reduced diffracting volume due to cathode surface reconstruction 

and accumulated interphase by-products. Meanwhile, LiF reflections remain weak, 

implying limited formation of crystalline LiF-containing inorganic components on the 

cathode (Fig. S18).[47] By contrast, cathodes cycled in the T-electrolyte retain much 

stronger LiCoO2 diffraction intensities together with clearly enhanced LiF-related 

reflections (Fig. S19), consistent with improved cathode structural preservation and 

enhanced inorganic (LiF-rich) interphase formation during low temperature cycling. 

Low-temperature electrolyte design requires not only high ionic conductivity and low 

viscosity, but also optimized ion speciation, weakened Li+ solvation and stable anion-

derived SEI/CEI formation. The present T-electrolyte follows this principle by coupling 

viscosity regulation, anion participating solvation and inorganic rich interphase 

construction, while using iBA to weaken PC dominated Li+ coordination and preserve 

low temperature fluidity. 
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Conclusion 

In summary, a wide-temperature tri-salt electrolyte system integrates LiBF4, LiFSI, 

and LiDFOB in a PC/DME/iBA solvent matrix has been successfully developed for 

batteries. By jointly tuning salt dissociation, anion-participating solvation, and solvent 

coordination strength, the optimized electrolyte enables fast Li+ transport from –20 to 

40 oC and stabilizes both anode SEI and cathode CEI chemistries across the temperature 

window. Raman spectroscopy and MD simulations collectively confirm that the T-

electrolyte reconstructs the Li+ solvation sheath by attenuating PC carbonyl 

coordination and introducing persistent iBA participation together with competitive 

FSI–/DFOB– contacts, yielding a weaker and more temperature-resilient solvation 

environment. Coordination-number and cluster-energy analyses further show a marked 

reduction of PC coordination (from ~24.7% in CE to ~11.8% in T) and lower 

representative binding energies (5.41–5.83 vs 6.09–9.23 eV), providing a molecular 

basis for reduced desolvation barriers, faster Li+ transport, and anion-derived inorganic-

enriched interphases under subzero operation. As a result, Li||LiCoO2 batteries exhibit 

high reversibility, strong rate capability, and durable cycling at subzero temperature, 

retaining ~85.5% of the room-temperature capacity after 500 cycles at −20°C (0.2 C), 

Whereas the reference electrolyte-based batteries retain merely 52.1% of the room-

temperature capacity after 500 cycles at −20°C (0.2 C), suffering rapid performance 

degradation under the same conditions. These findings underscore that synergistic 

regulation of solvation chemistry and interphase formation is a practical design 

principle for achieving long-lived, low-temperature Li-storage capability, and that 

further performance improvement may be achieved by balancing salt dissociation, 

viscosity, effective Li+ mobility and anion-derived interphase robustness. 
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