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Abstract 

Constructing an optimal solid–electrolyte interphase (SEI) through electrolyte 

strategies is an effective approach to suppress lithium dendrites and improve 

deposition/stripping reversibility. Specifically, increasing the proportion of anion 

coordination in the inner Li+ solvation sheath promotes the formation of an anion-

derived SEI that features a high content of inorganic components favoring Li+ diffusion. 

However, whether this anion-rich structure can persist during cycling has not been 

dynamically investigated. In this work, we not only construct a favorable solvation 

structure but also study its evolution in both bulk and interface regions across varying 

temperatures. Additionally, we employ the unique “adsorption-attraction” mechanism 

of trifluoromethoxybenzene (PhOCF3) solvent to inhibit the undesirable transition from 

an “anion-rich” to “anion-deficient” structure at the anode interface, which is confirmed 

by 2D NMR and in situ infrared spectroscopy. In summary, this work explores the 

solvation structure in depth and proposes new perspectives on designing electrolytes 

for lithium metal batteries. 
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1. Introduction 

The lithium metal anode (LMA) enjoys a great reputation for having the highest 

theoretical capacity (3860 mAh g–1) and lowest redox potential (–3.04 V vs. the 

standard hydrogen electrode)[1]. However, the high reactivity and tricky 

plating/stripping process of lithium metal lead to excessive electrolyte consumption and 

the issue of Li dendrites[2, 3]. To mitigate these challenges, researchers urgently need 

to design electrolytes for building suitable solid–electrolyte interphases (SEIs). 

To realize practical lithium metal batteries (LMBs), multiple electrolyte strategies 

have been proposed, such as high-concentration electrolytes[4] (HCEs), localized high-

concentration electrolytes[5] (LHCEs), and weakly solvating electrolytes[6] (WSEs). 

The design principle underpinning these strategies is to increase the proportion of 

contact ion pairs (CIPs) and aggregates (AGGs) in the solvation structure, thereby 

creating an anion-rich inner sheath. This solution structure not only facilitates the 

formation of an anion-derived SEI with low interfacial resistance but also promotes the 

desolvation process[7, 8]. However, the actual solvation structure at the interface will 

change during the electrochemical process. In particular, when solvated Li+ enters the 

electric double layer, the anions will be repelled by the electric field. The subsequent 

desolvation process at the interface will also lead to solvent accumulation[9]. Although 

some studies have focused on understanding the interfacial mechanism, they lack a 

description of the dynamic variation that occurs in the interfacial solvation structure[10-

12]. In view of this, it is worth exploring whether, from a dynamic perspective, the 

designed solvation structure can truly exert the expected effect at the interface. 

Based on a representative LHCE system, we thoroughly studied the evolution of the 

solvation structure at the interface. As Li+ enters the electric double layer, solvents are 

more inclined to enter the inner solvation sheath and replace anions, as verified by in 

situ Fourier-transform infrared spectroscopy (FTIR). In other words, a tailored anion-

rich structure in bulk transforms into an anion-deficient structure at the anode interface. 

In addition to revealing this unfavorable transformation, we propose a new approach 

for addressing the problem of anion-deficient interfaces. In a LHCE, the key diluent is 

usually polyfluorinated ether, which does not readily coordinate with Li+. However, 
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trifluoromethoxybenzene (PhOCF3) exhibits peculiar properties as a diluent. As 

previously reported, PhOCF3 demonstrates a weaker binding ability with Li+ and 

functions like a traditional diluent such as HFE[13-15]. Our work also reveals a unique 

mechanism at the electrolyte/electrode interface. 1H-19F heteronuclear Overhauser 

effect spectroscopy (HOESY) confirms that ion-dipole interactions occur between 

PhOCF3 and anions, and that PhOCF3 can, at the same time, preferentially adsorb at the 

LMA. This special “adsorption-attraction” mechanism can introduce more anions 

around the LMA, against repulsion by the electric field (Fig. 1). In situ FTIR results 

also show that the attenuation of the anion signal during Li⁺ plating is less pronounced 

in PhOCF3-LHCE than in conventional LHCE, indicating a more continuous 

outpouring of anions near the anode. Additionally, temperature-dependent molecular 

dynamics (MD) simulations and spectral characterizations reveal that the solvation 

structures are different at low temperatures, with fewer anions present in the inner 

solvation structure[16]. The solvation structure in PhOCF3-LHCE demonstrates good 

temperature adaptivity, maintaining its anion-dominated property even at reduced 

temperatures. 

Benefiting from the maintenance of an anion-rich solvation structure, PhOCF3-

LHCE enables 4.5 V Li||NCM523 cells to achieve impressive cycling performance 

across a wide temperature range. This work provides a dynamic perspective for 

enhancing cycling stability and expanding application scenarios in practical LMBs. 
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Fig. 1. Schematic illustration of the distinct anion distribution within the inner Li⁺ 

solvation structure in bulk and at the LMA interface. 

 

2. Results and discussion 

 

Fig. 2. (a) Binding energies of solvents with Li+. (b) 7Li NMR spectra of electrolytes at 

25 °C. (c) Raman spectra of electrolytes at 25 °C. (d–f) The radial distribution functions 

(g(r), dashed lines) and coordination number (CN, solid lines) of three electrolytes at 

25 °C. (g) 1H-19F HOESY result of PhOCF3-LHCE. (h) Binding energy of PhOCF3 

solvent with TFSI–. (i) 19F NMR results for TFSI– in PhOCF3-LHCE with (LiTFSI in 

MF73 with PhOCF3) or without PhOCF3 (LiTFSI in MF73 with PhOCF3). (j) 1H NMR 

results for PhOCF3 in PhOCF3-LHCE with (LiTFSI in MF73 with PhOCF3) or without 

LiTFSI (MF73 with PhOCF3). 

 

An ideal diluent should have a weak ability to bind with Li+, lower fluorine content, 
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and a broad liquid range to accommodate its application in a wide range of temperatures. 

Among various diluents, PhOCF3 meets all these criteria, with a low fluorine content, 

broad liquid range (–50 to 102 °C), and a weak binding energy, as shown in Fig. 2a and 

Fig. S1. We therefore selected it as the diluent for this work. To confirm the role of 

PhOCF3 diluent, spectral characterizations were carried out to analyze the solvation 

structure of different electrolytes. The 7Li nuclear magnetic resonance (NMR) spectra 

of different electrolytes at room temperature are shown in Fig. 2b. As the salt 

concentration increases, the 7Li peak shifts up-field, indicating stronger binding 

between Li+ and TFSI–. Raman spectroscopy is also an important characterization tool 

for analyzing the solvation structure of electrolytes. As shown in Fig. 2c, the 

wavenumber of the S-N peak in HFE-LHCE and PhOCF3-LHCE is similar to that in 

5m, indicating that the addition of these two diluents hardly affects the inner Li 

solvation sheath. MD simulations were employed to analyze the solvation structure of 

the electrolytes, as shown in Figs. 2d–2f and Figs. S2 and S3. In PhOCF3-LHCE, the 

coordination number (CN) of Li+ with TFSI– is around 2.4, similar to the CN in 5m and 

HFE-LHCE. The solvation structures of electrolytes can be classified as solvent-

separated ion pairs (SSIPs), contact-ion pairs (CIPs), and aggregates (AGGs)[17]. The 

MD simulation results at room temperature indicate that the inner solvation sheath of 

PhOCF3-LHCE, HFE-LHCE, and HCE is anion-rich in the bulk electrolyte (Fig. S4 

and Tables S1–S6), consistent with the spectral findings mentioned above. 

Although the diluent hardly interacts with Li+, this does not mean it cannot interact 

with other components of the electrolyte. Some weak interactions, such as ion-dipole 

and dipole-dipole, can have an important impact on the solvation structure and battery 

performance[18, 19]. We conducted HOESY to investigate the ion-dipole interaction 

between PhOCF3 and TFSI–. As shown in Fig. 2g, the H atom in the PhOCF3 solvent 

molecule interacts with the F atom in TFSI–, whereas in HFE-LHCE, a dipole-dipole 

interaction occurs instead, which is consistent with previous reports[20-22] (Fig. S5). 

The DFT calculations reveal that the binding energy between PhOCF3 and TFSI– (–0.37 

eV) is lower than that of HFE (–0.29 eV), indicating PhOCF3 has a stronger anion 

binding affinity (Fig. 2h and Fig. S6). The NMR results confirm this affinity, as shown 
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in Figs. 2i and 2j. The 1H peak’s shift towards the high field in PhOCF3 after the 

addition of LiTFSI and the low-field shift of the 19F peak in LiTFSI after the addition 

of PhOCF3 further indicate the ion-dipole interaction between PhOCF3 and LiTFSI. 

The 1H spectra of MP and FEC exhibit a downshift after the addition of LiTFSI, 

suggesting these solvents interact with Li+ (Fig. S7).  

 

 

Fig. 3. (a) The differential capacitance–potential curves of Li metal from –0.3 to 0.3 V. 

(b) The adsorption energy of different diluents on lithium metal surface. (c) The Raman 

spectra on the surface of LMA in PhOCF3-LHCE at various potentials. (d, f) The FTIR 

differential spectra of two electrolytes during the plating process. (e, g) Schematic 

illustrations of the desolvation process at electrolyte–electrode interface in HFE-LHCE 

and PhOCF3-LHCE. 
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The adsorption behavior of PhOCF3 solvent on the LMA was confirmed by 

differential capacitance curves, as illustrated in Fig. 3a. The value of PhOCF3-LHCE 

at around 0 V is lower than that of HFE-LHCE, indicating PhOCF3 adsorbs on the LMA 

surface and contributes to the formation of a thicker double layer[23]. In addition, there 

is a notable difference from the adsorption energy on the lithium metal surface, where 

PhOCF3 exhibits a much lower adsorption energy (–0.18 eV) compared to HFE (–0.08 

eV), suggesting its preferential adsorption property (Fig. 3b, Fig. S8). The “attraction-

adsorption” mechanism allows PhOCF3 to maintain more anions at the interface, 

thereby facilitating the formation of an anion-derived SEI. To confirm this, we 

employed in situ Raman characterization. In HFE-LHCE, the S–N vibration peak at 

747 cm–1 gradually weakened as the applied polarization potential changed from 0 to –

90 mV, indicating an anion-deficient interface (Fig. S9). In contrast, the signal of this 

peak was still detected at an applied potential of –120 mV in PhOCF3-LHCE (Fig. 3c). 

This observation suggests that the interactions between PhOCF3 and anions allow more 

anions to aggregate on the LMA, a mechanism absent in HFE-LHCE. 

To further investigate the impact of different diluents at the interface, in situ FTIR 

spectroscopy was utilized, according to procedures described in a previous study[24]. 

As shown in Fig. S10, the peak around 996 cm–1 represents the C–C stretching of FEC, 

while the peaks at approximately 1710 and 1810 cm–1 correspond to the characteristic 

C=O vibrations of MP and FEC, respectively[25, 26]. The bands around 1060 and 1330 

cm–1 represent the S–N–S and O=S=O vibrations of the TFSI– anion[27]. Regarding the 

introduced diluents, the characteristic peaks of HFE lie primarily around 1150 cm–1, 

corresponding to C–F vibrations. For the PhOCF3 solvent, the main characteristic bands 

are found around 1100–1250 cm–1, corresponding to C–F and C–O–C stretching 

vibrations. Weaker benzene ring C=C stretching vibrations also occur in the 1500–1650 

cm–1 region. From the foregoing analysis, it is clear that these characteristic peaks of 

the solvents and anions mentioned above do not overlap with those of the introduced 

HFE and PhOCF3 diluents. Therefore, these peaks can be used to determine the impact 

of the latter two diluents during the plating process. 
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The FTIR spectra at the interface during the plating process in the two electrolytes 

are shown in Fig. S11. To more intuitively observe the changes in characteristic peaks 

at different times, the differential spectra are displayed in Figs. 3d and 3f. During the 

plating process, the C–C stretching (996 cm–1) and C=O vibration (1810 cm–1) peaks 

assigned to FEC in the HFE-electrolyte both exhibit a downward trend. This may be 

due to the ring-opening decomposition of the FEC, resulting in a weakening of these 

characteristic peaks’ intensity[28]. On the other hand, the intensity of the C=O peak 

(Li+-MP) at 1710 cm–1 gradually decreases, while the intensity of the C=O peak around 

1735 cm–1 (free MP) increases. This trend resembles previous observations and can be 

attributed to the desolvation process of Li+, which causes coordinated solvent molecules 

to be expelled and form free solvent molecules. The peaks of the TFSI– corresponding 

to the S–N–S and O=S=O bonds both weaken during the plating process. Consequently, 

only a small number of anions can decompose and contribute to SEI formation, leading 

to a weakening of the characteristic peaks of TFSI– at the interface[29]. In contrast, the 

trend of PhOCF3-LHCE is consistent with that of HFE-LHCE. However, due to the 

“adsorption-attraction” effect of PhOCF3, this negative impact is suppressed. The 

variations of the O=S=O and S–N–S bonds are significantly reduced (Fig. S12 and 

Tables S7, S8), and the adsorption changes for the characteristic peaks of MP solvent 

molecules are also diminished. 

Figs. 3e and 3g illustrate the solvation structure at the interface in HFE-LHCE and 

PhOCF3-LHCE. Although both electrolytes possess an anion-rich solvation structure in 

the bulk electrolyte, the HFE-LHCE results in deficient TFSI– at the interface. In 

contrast, in the optimized PhOCF3-LHCE, the “adsorption-attraction” effect of PhOCF3 

enables a greater and continuous outpouring of anions to aggregate at the electrolyte–

electrode interface, triggering the formation of an anion-derived SEI rich in inorganic 

components. 
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Fig. 4. (a) The F 1s spectra of SEI on cycled LMA in PhOCF3-LHCE. (b) The atomic 

ratio of the SEI at various sputtering depths for PhOCF3-LHCE. (c) The Coulombic 

efficiency of Li||Cu cells with three electrolytes at 25 °C. (d) The morphology of plated 

Li on copper foil. (e) In situ optical microscope images of the Li dendrite growth 

process in three electrolytes. (f) Tafel curves of Li||Li symmetric cells at 25 °C. (g) The 

CV results of Li||stainless steel (SS) cells in three electrolytes at 25 °C. (h) Long-term 

cycling of Li||Li cells at a current of 0.5 mA cm–2 with a capacity of 1 mAh cm–2. 

 

To investigate the composition and structure of the SEI, we employed an in-depth 

XPS with Ar+ sputtering technique. The F species in Fig. 4a show that the content of 

LiF in PhOCF3-LHCE is higher than in the other two reference electrolytes (Fig. S13), 
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indicating that PhOCF3 allows more anions to approach and decompose at the anode’s 

surface. To verify this, the various atomic ratios in the SEI at different sputtering depths 

are shown in Fig. 4b and Fig. S14. Before Ar+ sputtering, the C element content of the 

SEI in HFE-LHCE and PhOCF3-LHCE (10.6% and 15.2%) is lower than in 1m 

electrolyte (23.5%), while the F element content is higher (32.7.4% for PhOCF3, 30.4% 

for HFE-LHCE, and 28.4% for 1m electrolyte). It is worth mentioning that although 

the contents of N and S elements derived from the decomposition of the anion in 

PhOCF3-LHCE are similar to those in HFE-LHCE, analysis of the N spectra and S 

spectra (Figs. S15–17) shows that in PhOCF3-LHCE, the contents of the inorganic 

components Li3N and Li2S formed by the complete decomposition of TFSI– are higher 

than in HFE-LHCE, which confirms that PhOCF3 can promote the decomposition of 

anions at the interface through the “adsorption-attraction” mechanism and form an SEI 

rich in inorganic components. For HFE-LHCE, although the bulk has an anion-rich 

solvation structure, the repulsion of the interfacial electric field leads to incomplete 

anion decomposition, and the content of inorganic components is lower than in PhOCF3, 

while the SEI formed in 1m electrolyte is solvent-derived and rich in organic 

components. In all of the electrolytes, after 120 and 240 s of sputtering, the C and O 

contents decrease while the Li and F contents increase. These results imply that the 

outer SEI is dominated by organic components (like ROCO2Li, etc.), while the inner 

layer is primarily the inorganic component[30]. As shown in the C 1s spectra (Fig. S18), 

the C species of the SEI cycled in PhOCF3-LHCE decreased with increasing depth, and 

its signal is lower than in 1m and HFE-LHCE. With respect to the O species in Fig. 

S19, the component at the surface of the SEI in PhOCF3-LHCE is mainly composed of 

CO3 and C=O. As the sputtering time increased, the signal of the inorganic component 

Li2O appeared. Recent literature indicates that Li2O is beneficial for improving 

compatibility with the LMA[31, 32]. The XPS results show that the SEI formed by 

PhOCF3-LHCE contained more inorganic components. 

To investigate the impact of an inorganic-rich SEI on the reversibility of the Li+ 

plating/stripping process, we tested the Coulombic efficiency (CE) using Li||Cu cells. 

The electrolytes 1m and HFE-LHCE yielded a CE of 97.2% and 98.2%, respectively 

Jo
urn

al 
Pre-

pro
of



(Fig. 4c). In contrast, the cells in PhOCF3-LHCE achieved a higher CE of 98.7%. The 

morphology of the Li plated on copper foil was observed using scanning electron 

microscopy (SEM) (Fig. 4d). In 1m electrolyte, the surface is porous and broken, due 

to violent parasitic reactions and continuous Li dendrite growth. In HFE-LHCE, 

although the morphology is better, some porous areas are still observable. In contrast, 

the plated Li in PhOCF3-LHCE exhibits a dense, uniform morphology. Additionally, as 

depicted in Fig. S20, the cells with PhOCF3-LHCE exhibit a high CE of 93.8% at –

20 °C, surpassing that in HFE-LHCE (91.8%) and 1m (90.4%). We also employed in 

situ optical microscopy to dynamically observe and describe the Li plating process, 

(Fig. 4e). The results showed that in the 1m electrolyte, needle-like structures appeared 

on the LMA’s surface. In contrast, its surface in PhOCF3-LHCE exhibited a relatively 

smooth, uniform morphology. 

In terms of interfacial Li+ charge transfer kinetics, the exchange current density 

calculated from the Tafel plot in PhOCF3-LHCE (0.41 mA cm–2) is higher than in other 

electrolytes (Fig. 4f). When the temperature decreases, the value is still highest in 

PhOCF3-LHCE (Fig. S21). The Li||SS cell in PhOCF3-LHCE also exhibits a much 

higher peak reduction current and larger peak area, indicating the enhanced 

electrochemical kinetics in PhOCF3-LHCE (Fig. 4g and Fig. S22). The long-term 

cycling performance of the Li||Li symmetric cells using the three electrolytes is 

displayed in Fig. 4h. The cells using 1m electrolyte exhibit significant polarization, 

while the cells in PhOCF3-LHCE demonstrate excellent stability over 1200 hours with 

little polarization (Fig. S23). In addition, the cells in PhOCF3-LHCE show minimal 

polarization at various temperatures (Fig. S24) and rates (Fig. S25).  
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Fig. 5. (a) The cycling performance of 4.5 V Li||NCM523 cells at a 1 C rate. (b) Rate 

performance of 4.5 V Li||NCM523 cells. (c) Leakage currents of Li||Al cells held at 5.0 

V. (d, e) TEM (top) and SEM (bottom) images of NCM523 cathodes cycled in three 

electrolytes. (f) The F 1s spectra of NCM523 cathode cycled in 1m and PhOCF3-LHCE. 

(g) ICP-OES analysis of LMA cycled in different electrolytes. (h–j) In situ XRD 

evolution of NCM523 cathode at the (003) and (101) diffraction peaks during the first 

cycle in (h) 1m, (i) HFE-LHCE, and (j) PhOCF3-LHCE. 

 

The electrochemical performance of three electrolytes was evaluated using 4.3 V 

Li||NCM523 cells (Fig. S26). The high-loading Li||NCM523 cells using 1m electrolyte 

exhibited only 59.1% capacity retention after 200 cycles, probably due to a poor SEI as 

well as electrolyte oxidation. When the working potential was increased to 4.5 V, the 

Li||NCM523 cells with 1m electrolyte maintained a low capacity of 102.4 mAh g–1, 

while the cells using HFE-LHCE or PhOCF3-LHCE respectively delivered 144.9 mAh 

g–1 (84.6%) and 152.9 mAh g–1 (89.0%) capacity after 200 cycles (Fig. 5a). Under strict 

full-cell conditions of 10 mg cm–2 NCM523 and 50 μm Li foil, PhOCF3-LHCE yielded 
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a capacity retention of 86.7% after 120 cycles. This performance surpassed that 

observed with HFE-LHCE (73.4%), as illustrated in Fig. S27. The enhanced 

electrochemical behavior of cells with PhOCF3-LHCE was also corroborated by EIS 

results (Fig. S28). 

As shown in Fig. 5b, the 4.3 V Li||NCM523 cells using 1m electrolyte delivered a 

capacity of 127.8 mAh g–1 at a 10 C rate, slightly higher than that of HFE-LHCE (122.3 

mAh g–1) and PhOCF3 (125.6 mAh g–1). Unfortunately, at 4.5 V, the cells in 1m 

electrolyte delivered merely 82.1 mAh g–1 capacity at 10 C. This was primarily due to 

the electrolyte’s poor electrochemical stability at high voltage, as demonstrated by LSV 

(Fig. S29) and aggressive floating (Fig. 5c and Fig. S30) tests. Although the cells in 

HFE-LHCE retained a capacity of 141.9 mAh g–1 at 10 C, that was still lower than in 

PhOCF3-LHCE (144.9 mAh g–1), primarily due to the former’s relatively sluggish 

desolvation process (Fig. S31) and wettability with the separator (Fig. S32). 

TEM images of the cycled cathodes are displayed in Fig. 5d. When 1m electrolyte 

was used, the CEI appears thick and uneven, failing to protect the cathode from side 

reactions at high voltage. In the case of HFE-LHCE, although the CEI is thinner, its 

surface remains a little uneven. In stark contrast, a thin, uniform CEI is observed on the 

cathode surface in PhOCF3-LHCE, effectively mitigating parasitic reactions and 

contributing to better electrochemical performance. In addition, as shown in Fig. 5e, 

the SEM images of NCM523 particles cycled in 1m electrolyte appear broken and full 

of cracks. In contrast, particles cycled in HFE-LHCE and PhOCF3-LHCE remain as 

intact as pristine ones (Fig. S33). To identify the primary factor contributing to the 

enhancement, we carried out XPS to analyze the CEI’s chemical components (Fig. 5f 

and Fig. S34). Similar to the SEI, the CEI formed in HFE-LHCE is rich in inorganic 

components such as LiF and Li2CO3, which are derived from anion decomposition. The 

CEI in PhOCF3-LHCE also exhibits a higher proportion of inorganic materials, 

indicating that using PhOCF3 diluent can also achieve this positive effect. By 

comparison, the CEI formed in 1m electrolyte is predominantly composed of organic 

species originating from the decomposition of solvents. 

The dissolution of transition metal ions (TMi) is a significant factor contributing to 
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a cell’s performance degradation, not only disrupting the cathode’s structure but also 

negatively affecting the SEI[33]. The TMi content was quantified using inductively 

coupled plasma optical emission spectroscopy (ICP-OES) (Fig. 5g and Table S9), 

which showed that the TMi content in PhOCF3-LHCE was notably lower than in the 

other two reference electrolytes; this is attributed to the robust CEI formed in PhOCF3-

LHCE. In situ XRD was employed to assess the cathode’s structural evolution during 

cycling. In the charging process, the (003) peak first shifts left and then right, while the 

(101) peak moves to the right. These variations in the (003) and (101) peaks are closely 

related to the lattice expansion/contraction process[34, 35]. The NCM523 cathode 

cycled in PhOCF3-LHCE (Fig. 5h) exhibits more reversible changes compared to those 

in 1m (Fig. 5i) and HFE-LHCE (Fig. 5j). Detail information on the variations in lattice 

parameters is provided in Table S10. The volume variation of NCM523 in PhOCF3-

LHCE was 0.09%, better than in 1m (0.27%) and HFE-LHCE (0.17%), which led to 

lower resistance and facilitated faster Li+ transport[36] (Fig. S35). These results suggest 

NCM523 had better structural stability in PhOCF3-LHCE during cycling, explaining its 

excellent long-term cycling performance. 
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Fig. 6. (a) MSD plots in three electrolytes at room and low temperatures. (b) The 

viscosity of electrolytes at various temperatures. (c) Temperature-dependent Raman 

spectra. (d) The CN of TFSI– anions in all electrolytes at different temperatures. (e) A 

schematic illustration of temperature adaptivity in three electrolytes. (f) The 

charge/discharge cycling performance of Li||NCM523 in three electrolytes at –40 °C 

and 0.2 C. (g) The rate performance of 4.5 V Li||NCM523 cells at –40 °C. 

 

The performance of LMBs deteriorates much faster at low temperatures due to slow 

bulk Li+ diffusion and impeded charge transfer kinetics. To evaluate the transport 

capability of the electrolytes, we calculated their diffusion coefficients based on the 

mean square displacement (MSD) results (Fig. 6a and Table S11). At 25 °C, the 

diffusion coefficient of 1m is highest among the electrolytes, but at –20 °C, the diffusion 

coefficient of PhOCF3-LHCE surpasses that of 1m, indicating the former’s faster Li+ 

transportation in bulk electrolyte at a low temperature. These results are corroborated 
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by viscosity measurements (Fig. 6b). Notably, the viscosity of 5m electrolyte increases 

significantly as the temperature decreases, reaching approximately 1000 mPa·s at –

40 °C. However, with the introduction of the diluents, the viscosity decreases notably. 

The viscosity of PhOCF3-LHCE is lower than that of 1m, measuring only 9.2 mPa·s at 

–40 °C. As illustrated in Fig. S36, the conductivities of 5m, HFE-LHCE, and PhOCF3-

LHCE are relatively similar at 20 °C. However, at low temperatures, PhOCF3-LHCE 

begins to outperform the other two electrolytes in terms of conductivity. This may be 

ascribed to the low viscosity of PhOCF3-LHCE, which facilitates Li+ transport in the 

bulk electrolyte[37]. The Li+ transference number of PhOCF3-LHCE is also higher than 

those of other electrolytes (Fig. S37).  

The desolvation process at the interface plays a crucial role in cells’ performance at 

low temperatures[38, 39]. Although the solvation structure of LHCE exhibits many 

advantages, it changes at low temperatures, so we conducted temperature-dependent 

spectral characterizations. As shown in Fig. 6c and Fig. S38, the S-N vibration peak of 

PhOCF3-LHCE is less pronounced than for other electrolytes, a trend confirmed by 

temperature-dependent NMR (Fig. S39) and MD simulations (Figs. S40–42). As the 

simulation temperature decreases from 25 to –20 °C, there is no significant change in 

the CN of Li+ with TFSI– in PhOCF3-LHCE (Fig. 6d). However, in 1m electrolyte, the 

CN decreases from 0.8 to 0.6. The detailed data are available in Tables S12–17. 

Analysis of these findings showed that the PhOCF3-LHCE not only exhibits traditional 

LHCE’s anion-dominated solvation structure but also demonstrates better temperature-

adaptivity with respect to maintaining the solvation structure (Fig. 6e).   

High-loading Li||NCM523 cells with PhOCF3-LHCE retained a capacity of 142.0 

mAh g–1 after 200 cycles at 0.2 C, surpassing the other two electrolytes’ performance 

(Fig. 6f). This difference was confirmed by low-temperature in situ EIS results (Fig. 

S43). Furthermore, the rate performance results in Fig. 6g show that cells in PhOCF3-

LHCE can operate at 2 C even at –40 °C. The PhOCF3-LHCE also yielded excellent 

discharge performance even at –70 °C (Fig. S44). The above results demonstrate that 

the addition of PhOCF3 diluent can preserve the benefits of the anion-dominated 

solvation structure even at reduced temperatures, promoting the transport of Li+ in both 
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the bulk and the interface. This contributes to the cells’ enhanced low-temperature 

performance. 

 

3. Conclusion 

In summary, this work has used several characterization techniques and methods to 

identify variations in the solvation structure in terms of the interface. When approaching 

the interface, the solvation structure of Li+ tends to become anion-deficient, which is 

unfavorable for the desolvation process and the formation of an anion-derived SEI, 

thereby resulting in electrochemical performance degradation. The PhOCF3-LHCE 

electrolyte designed in this work can suppress these unfavorable changes. The 

preferential adsorption of PhOCF3 on the LMA and its ion-dipole interaction with 

anions can maintain more anions around the LMA by means of the adsorption-attraction 

mechanism. This mechanism takes advantage of the positive effects of the solvation 

structure at the interface, similar to the solvation structure in the bulk electrolyte. The 

results from temperature-dependent MD and spectral characterizations reveal that the 

solvation structure of PhOCF3-LHCE demonstrates good temperature adaptivity under 

low-temperature conditions. These properties enable 4.5 V Li||NCM523 full cells to 

deliver a capacity of 142.0 mAh g–1 after 200 cycles at –40 °C. This work offers in-

depth insights into the evolution of the solvation structure of electrolytes during cycling 

and presents an effective strategy for designing electrolytes that can be used in practical 

LMBs. 
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Highlights 

1. 2D NMR HOESY reveals implicit ion-dipole interactions between PhOCF3 and 

anions. 

2. An “adsorption-attraction” mechanism for PhOCF3-LHCE at the interface is 

proposed. 

3. Temperature-dependent solvation structures are studied using molecular dynamics 

and spectral methods. 

4. Stable cycling of 4.5 V Li||NCM523 cells containing PhOCF3-LHCE is achieved 

over a wide temperature range. 
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