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A B S T R A C T

Highly fluorinated diluents are widely adopted to fine-tune the solvation structure of carbonate-based elec-
trolytes. However, their intrinsic incapability to participate in the Li+ solvation sheath prevents establishing a
continuous Li+ transport network and impedes Li+ rapid migration. Herein, we propose a weak-field ligand com-
petition model to regulate the interaction between ethylene carbonate (EC) /ethyl methyl carbonate (EMC) and
Li-ions. By introducing the ortho-difluorobenzene (DFB) into the solvation sheath, we achieve the accelerated Li+
desolvation via DFB bidentate coordination participation in inner-sphere, and DFB also bridges adjacent solva-
tion sheath to establish continuous ion-hopping pathways by acting as a solvation outer-sphere mediator. After
applying the DFB in carbonate-based electrolyte (1 M LiPF6 in EC/EMC/DFB, v/v/v = 3/7/10), the reconstruc-
tion of solvation sheath leads to a lower desolvation energy (2.43 eV) and higher Li+ transport rate
(3.8 × 10−7 cm2 s−1) than those with non-coordinating diluent TTE (4.35 eV and 1.4 × 10−7 cm2 s−1).
Li||NCM811 cells with DFB deliver an approximately 15% higher initial discharge capacity than cells with TTE,
achieving 95.7% capacity retention after 500 cycles at −20 °C, and 1.8 Ah-class graphite||NCM811 pouch cells
with DFB also deliver high discharge capacity of 1.41 Ah and maintain the 94.5% capacity retention after 200 cy-
cles at −10 °C and 0.5C.

1. Introduction

Advancing commercial carbonate-based electrolytes for high-
energy-density Li-ion (Li+) batteries with wide operating temperature
ranges is urgently needed, while the poor low-temperature perfor-
mance has limited their widespread application under all-weather con-
ditions. The obstacles are primarily governed by sluggish Li+ desolva-
tion kinetics and organic-rich solid electrolyte interphase (SEI) [1–6].
In 1 M LiPF6 in EC/EMC electrolyte, the strong-field ligands EC (C=O-
Li+ and O-Li+) and EMC (O-Li+) dominate the first solvation shell of
Li+, while the pristine ligand PF6

− (F-Li+) remains mostly free in the
electrolyte. The rigid solvation structure induced by strong-field ligands
exhibits kinetic inertness analogous to low-spin complexes, where Li+
transport principally relies on the slow diffusion of the solvated entity
rather than efficient ligand-exchange mechanism [7–9]. The rigid sol-
vation structure concurrently suppresses the probability of anions en-
tering the first solvation shell of Li+, leading to solvent-dominated re-
duction reactions at the interface, which hinders the formation of a

high-quality SEI rich in inorganic components (e.g., LiF) [10–17].
Therefore, fine-turning Li+ solvation structure is the key to achieve
high low-temperature performance of Li-ion batteries.

Recent advances in electrolyte-based coordination field theory in-
volves two dominant paradigms: (1) Replacing the main solvent with a
moderate donor number solvent to establish mild solvation structure.
For example, both fluoroethylene carbonate (FEC) and methyl propi-
onate (MP) instead of EC and EMC enables graphite||LiFePO4 (LFP)
pouch cell maintains a capacity retention of 67.7% after 100 cycles at
−40 °C [18]. A series of fluorinated ethyl butyrate (EB) was introduced
into carbonate-based electrolyte that allowed the 1 Ah 4.5 V graphite-
based pouch cells to be cycled stably over 200 cycles at −10 °C with
only a 2% capacity loss [2]. These advances have markedly enhanced
the low-temperature performance of Li-ion batteries by introducing
moderate donor number (DN) solvents. The solvation structures in-
duced by median DN solvents remain predominantly solvent-separated
ion pairs, in which Li+ is strongly coordinated by solvent molecules.
The strong binding energy of the C=O-Li+ restricts rapid ligand ex-
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change and desolvation process, thereby leading to severe polarization
and capacity loss at low temperatures. (2) Promoting the entry of
weakly coordinating anions into the solvation sheath by introducing
diluents and more Li salts. Chen et al. reported that equal volume
1,1,2,2-Tetrafluoroethyl-2,2,3,3-tetrafluoropropylether (TTE) was
added to 2 M LiPF6 in DMC with lithium difluorobis(oxalato)phosphate
additive allows graphite|| LiNi0.6Mn0.2Co0.2O2 pouch cell to deliver a
capacity of 106 mAh g−1 at −20 °C [1]. Wang et al. employed 1 M
LiTFSI in methyl difluoroacetate/methyl 2,2-difluoro-2(fluorosulfonyl)
acetate/TTE electrolyte, which enabled graphite||LiNi0.8Mn0.1Co0.1O2
(NCM811) pouch cell to maintain 80% capacity retention after 360 cy-
cle at −30 °C [10]. The soft solvation structure induced by anion (e.g.,
P-F-Li+) coordination exhibits high kinetic activity similar to high-spin
complexes in these electrolytes. The migration mode of Li+ also shifts
from diffusion transport to hopping transport, where Li+ hop between
solvents and anions by sequential shifts among various possible config-
urations of multidentate ligation. However, the highly-fluorinated dilu-
ents (e.g., TTE, fluorothyl, and hydrofluoroether) lack the ability to co-
ordinate with Li+ [1,10,19–25], merely function as inert excipients,
and fail to act as Li+ transport moieties in the electrolyte. This not only
hinders the construction of a continuous Li+ transport network but also
compromises Li+ transport kinetics. To address the issues, considerable
progress has been made in establishing a continuous ion transport net-
work with weakly coordinating diluents [26–29]. For instance, the
anisole (BzO) diluent facilitates Li+ transport by exposing ether oxygen
bonds (C-O-Li+), achieving hard‑carbon||Na cells maintain high capac-
ity and competitive cycling stability even across an extensive tempera-
ture range (−60–55 °C) [26]. Similarly, the weakly coordinating 1,3-
dichloropropane diluent coordinates with Li+ by dichloro atoms (Cl-
Li+-Cl), enabling Li ||LiNi0.83Co0.12Mn0.05O2 cells exhibit good cycling
stability and high discharge capability over a wide temperature range
from −60 to 60 °C [29]. However, these diluents lack sufficient stability
against both high-voltage cathode oxidation and Li-metal reduction,
which severely restricts their applicability in high-voltage or Li-metal
battery systems.

Drawing from the above discussions, we envision a weak-field lig-
and diluent for Li+ to build a soft solvation shell, which not only allows
anions to enter the solvation sheath and serves as a critical bridging
component for constructing a continuous Li+ transport network, but
also features high stability against high-voltage cathode oxidation and
Li metal reduction. Inspired by the coordination between salicylic acid
and metal ions in alkaline solution, adjacent hydroxyl and carboxyl
groups on the benzene ring deprotonate and serve synergistically as
bidentate ligands to form a stable five-membered chelate ring with
metal ions [30–32]. We intend to exploit the ortho-coordination effect
of the benzene ring for the modulation of Li+ coordination environ-
ments. In light of the fact that ligand field intensity follows the order of
F− < OH− < COO− < CN− ≈ CO, both hydroxyl and carboxyl groups
endowed with prominent coordination capability are replaced by infe-
rior F atoms that possess relatively weaker coordination affinity.
Herein, we introduced ortho-difluorobenzene (DFB) as weak-field lig-
and diluent to optimize a carbonate-based electrolyte (1 M LiPF6 in EC/
EMC/DFB, v/v/v = 3/7/10). The theoretical calculations and compar-
ative experiments show that DFB can weakly coordinate with Li+ by or-
tho-difluoro, resulting to form a soft solvation structure with more
cation-anion aggregation. The optimized solvation structure delivers
low Li+ deslovation energy for accelerated Li+ transports and derives
superior SEI with high content of LiF. Concurrently, DFB also acts as an
outer solvation structure mediator to bridge adjacent solvation clusters,
establishing continuous Li+ hopping pathways. The optimized elec-
trolyte achieves higher ionic conductivity (1.58 mS cm−1 vs 1.00 mS
cm−1 at −20 °C), Li+ transference number (0.74 vs 0.47), and lower
deslovation energy (2.43 eV vs 4.35 eV) than that of the electrolyte
with TTE. Thus, the discharge specific capacity of the Li||NCM811 cells
with DFB can be increased by nearly 20 mAh g−1 relative to TTE, the en-

hancement is also not available in m-difluorobenzene, p-
difluorobenzene, and fluorobenzene (FB). The Li||NCM811 coin cells
with DFB can achieve 95.7% capacity retention after 500 cycles at
−20 °C, graphite||NCM811 pouch cells (1.8 Ah) achieve high capacity
of 1.41 Ah and 94.5% capacity retention after 200 cycles at −10 °C and
0.5C.

2. Results and discussion

In 1 M LiPF6 in EC/EMC electrolyte, solvents actively participate in
Li+ coordination, forming solvent dominated solvation structures, Li+
move with their bulky solvation sheath by diffusion transport (Fig. 1a).
on the contrary, after introducing highly fluorinated diluents TTE and
more Li salts, the solvation structure of the electrolyte changes from sol-
vent dominated to anion dominated. The migration mode of Li+ shifts
from diffusion transport to hopping transport, where Li+ hop between
solvents and anions by sequential shifts among various possible config-
urations of multidentate ligation [33,34]. However, inert diluents can-
not serve as Li+ transport sites, hindering the continuous transport of
Li+ (Fig. 1b) [34–36]. In view of the above discussion, we now intro-
duce a weak-field ligand diluent DFB. It not only maintains the anion
dominated solvation structure of the electrolyte, but also serves as a
transport site for Li+, leading to continuous hopping transport of Li+
(Fig. 1c). To further evaluate the ligand field intensity of 11 diluents for
Li+, the electrostatic potential had been used to quantify the solvation
ability of solvent molecule and elucidate the interaction between Li+
and solvents in electrolytes [37–39]. The weak lowest negative electro-
static potential (ESPmin) and strong highest positive electrostatic poten-
tial (ESPmax) are the main characteristics of non-coordinated diluents.
As shown in Fig. 1d and S1, it can be found that the DFB, Furan, FB, and
benzene (Ph) have the higher absolute value of ESPmin than that of their
ESPmax within the 11 diluents, indicating that they have a stronger coor-
dination affinity with Li+ than others. The highest occupied molecular
orbital (HOMO) energy level also demonstrates the lower value of DFB,
FB, Ph than that of Furan, suggesting DFB, FB, and Ph feature higher
high-voltage stability than that of Furan (>4.2 V, Figs. 1e and S2) [40,
41]. However, due to the absence of fluorine substituents on the ben-
zene ring, the Ph exhibits the serious immiscibility with carbonate-
based electrolyte (Fig. S3). Therefore, we preliminarily considered DFB
and FB as candidate for high-voltage weak-field ligand diluents, and
non-coordinated TTE acts as a control sample.

Fig. 2a shows the electrochemical performances of three diluents
used in Li||NCM811 cells. At 25 °C and 3C, the Li||NCM811 cells with
1 M LiPF6 in EC/EMC/DFB (BE-DFB), EC/EMC/FB (BE-FB), and EC/
EMC/TTE (BE-TTE) deliver the initial discharge capacity of 176.7,
154.3, and 154 mAh g−1, respectively. The DFB has the maximum im-
pact on the capacity performance of cell, implying that DFB as weak-
field ligand contributes to the electrolyte solvation structure and ion
transport kinetics. We also suspect that there is a specific reason why
FB fails to enhance the initial discharge capacity. In light of the influ-
ence of adjacent difluoro atoms, both m-difluorobenzene and p-
difluorobenzene were used to the aforementioned same experiments,
their initial discharge capacities were 154.9 mAh g−1 for m-
difluorobenzene and 153.5 mAh g−1 for p-difluorobenzene, which are
similar to the function of FB (Fig. S4). The results indicate that the ad-
jacent difluoro substituents can participate in the coordination with
Li+ and regulate the solvation structure. To further prove this hypoth-
esis, we replaced one of the ortho‑fluorine atoms of DFB with a
methoxy group or trifluoromethoxy group to obtain high coordination
ability with Li+ (Fig. S5). Both 2-fluoroanisole (FBzO) and 2-(trifluo-
romethoxy) fluorobenzene (TFBzO) were introduced to electrolyte,
the Li||LFP cells with 1 M LiPF6 in EC/EMC/FBzO and Li||NCM811
cells with EC/EMC/TFBzO deliver the initial discharge capacity of
127 and 170 mAh g−1, respectively (Fig. S6 and S7). The FBzO and
TFBzO have the same functionalities as the DFB, demonstrating the
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Fig. 1. (a) The schematic illustration of Li+ transport in BE electrolyte. (b) The schematic illustration of Li+ transport in BE-TTE electrolyte. (c) The schematic il-
lustration of Li+ transport in BE-DFB electrolyte. (d) The ESPmin and ESPmax of diluents. (e) The HOMO energy level and ESPmin/ESPmax of diluents.

adjacent difluoro atoms contribute to the formation of Li+ solvation
structures in electrolyte. As shown in Fig. 2c and S8, fro atoms, facili-
tating the formation of a five-membered coordination structure, which
is confirmed by the binding energy between Li+ and the diluents (Fig.
2d), the ortho F atoms of DFB coordinate with Li+ exhibit the lower
binding energy (−1.72 eV) than that of TTE (−1.24 eV) and FB
(−1.01 eV). To illustrate the coordination behavior between diluents
(TTE, FB, and DFB) and Li+, the 19F nuclear magnetic resonance
(NMR) was used to examine the electrolytes (Fig. 2b). After dissolving
the LiPF6 in the EC/EMC/TTE and EC/EMC/FB solvents, the peaks of
F atoms show negligible changes in the chemical shifts. The F atom on
FB was about 0.02 ppm, and the F atoms at different position on TTE
were 0.04, 0.07, 0 and 0 ppm, respectively. In contrast, an obvious
shift of 0.30 ppm was observed for the F atoms in DFB, indicating a
moderate interaction forces between the F atoms and Li+ (Fig. S9)
[42,43]. In addition, the UV spectrum of BE-DFB shows a significant
red shift compare with pure DFB, with the content of DFB increases,
the UV spectrum gradually shifts blue and returns to the initial posi-
tion of pure DFB, indicating that the surplus DFB can serve as an
outer-sphere medium to establish a continuous Li+ hopping pathway
(Fig. S10). The Fourier transform infrared spectrometer reveals that
the peak of C F in DFB shifts from 1266 to 1260 cm−1 after dissolving
LiPF6, these results further suggest a coordinating interaction between
the adjacent F atoms with Li+ (Fig. S11). Fig. 2e shows that the 7Li
NMR spectra of BE-DFB and BE-TTE, the chemical shift of Li+ is
−0.45 ppm for BE-DFB, −0.58 ppm for BE-TTE, which manifests that
DFB participating in Li+ coordination leads to significant changes in

the chemical environment of Li+ in electrolyte [44]. Figs. 2f and S12
compare the ionic conductivities of BE-DFB and TTE over the −20 to
40 °C range. The ionic conductivities of BE-DFB are 7.54, 6.22, 2.46,
and 1.58 mS cm−1 at 40, 25, −10, −20 °C, respectively, which are in-
creased by 24.4–58.0% as compared with that of the BE-TTE. Fig. 2g
shows that the Li+ transport number of BE-DFB is 0.74, which is almost
1.6 times higher than that of BE-TTE (0.47, Fig. S13). The results indi-
cate that DFB with ortho-effects as a weak-field ligand diluent can effec-
tively enhance the transport kinetics of Li+.

To validate the existence of DFB coordinate with Li+, the molecular
dynamics simulation was used to investigate the Li+ coordination in
BE-TTE and BE-DFB. It can be found that each Li+ in BE-DFB is coordi-
nated by 0.70 EMC, 0.84 EC, 2.13 PF6

−, and 0.15 DFB, the correspond-
ing peaks of Li-O(EC), Li-O(EMC), Li-F(PF6

−), Li-F(DFB) at 1.96, 1.95,
1.88 and 2.01 Å, respectively (Fig. S14 and 3b). In contrast, the coordi-
nation numbers of Li+ in BE-TTE. with EMC, EC, PF6

−, and TTE are
0.53, 0.99, 1.82, and 0, respectively, the corresponding peaks at 1.94,
1.93, and 1.86 Å (Fig. S15 and 3e). Based on the definition of the first
solvation sheath (<3 Å), the solvent molecules (EMC, EC, and DFB) ex-
cept for TTE are located in the first solvation sheath area (<3 Å). Un-
like EMC and EC, DFB molecules are aggregated on the outer layer of
the solvated shell. The results indicate that the introduction of DFB ex-
pands the solvation shell of Li+ with EC, EMC, and PF6

−, thus facilitat-
ing the participation of more anions in coordination. Fig. 3c further
summarizes the effect of DFB on Li+-anion aggregates. In the BE-DFB,
the contents of Li+-2PF6

−-solvents and Li+-2PF6
−-solvents are 40.33%

and 12.5%, respectively, which are higher than that of TTE (34.84%
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Fig. 2. (a) The electrochemical performance of Li||NCM811 and Li||LFP cells using different diluents. (b) The 19F NMR spectra of EC/EMC/TTE, EC/EMC/DFB, EC/
EMC/FB mixed solvents, and BE-TTE, BE-DFB, BE-FB electrolytes. (c) The solvation structure of BE-DFB. (d) The binding energies of Li+ with DFB, TTE, and FB. (e)
The 7Li NMR spectra of BE-TTE and BE-DFB. (f) The ionic conductivities of BE-TTE and BE-DFB at different temperature. (g) The Li+ transport number of BE-DFB.

and 7.2%). The results highlight that the coordination of lithiophilic
groups (adjacent difluoro atoms) in DFB can induce spatial confinement
effects, thereby promoting the formation of anion-Li+ aggregates. Fur-
ther evidence can be found from the Raman spectra. The peak of P F
stretching vibration exhibits a blue shift in BE-DFB compare to BE-TTE
(Fig. 3f) [45]. As shown in Fig. 3a and d, depictions of typical solvation
structures for BE-DFB and BE-TTE were obtained from molecular dy-
namics simulations, density functional theory calculations reveal that
the desolvation energy of BE-DFB is 2.43 eV, which is much smaller
than that of BE-TTE (4.35 eV). Similarly, Li+ diffusivity was also ob-
tained from the mean squared displacement of molecular dynamics
simulations (Fig. 3g). The Li+ diffusivity of BE-DFB was calculated to
be 3.8 × 10−7 cm2 s−1, which is 2.7 times that of BE-TTE
(1.4 × 10−7 cm2 s−1). Benefiting from the high Li+ diffusivity in BE-
DFB, the transport distance of Li+ in BE-DFB is 0.14 nm, whereas that
in BE-TTE is only 0.08 nm (Fig. S16). Considering that the introduction
of DFB into carbonate-based electrolytes enables low desolvation en-
ergy and high Li+ diffusion, we concluded that DFB can promote the
Li+ transport kinetics in electrolyte. To further investigate the desolva-
tion barrier of Li+ at the SEI film, Tafel plot analysis was conducted.
The exchange current density for Li||BE-DFB||Li cells is
0.066 mA cm−2, much higher than that of Li||BE-TTE||Li cells
(0.050 mA cm−2, Fig. 3h). Electrochemical impedance spectroscopy

was also used to evaluate the desolvation barrier of Li+ at the SEI. The
Li||Li cells with BE-DFB and BE-TTE were cycled 10 times to ensure the
complete formation of the SEI film before testing. The cycled Li||BE-
DFB||Li cells exhibited lower interfacial resistance than that of Li||BE-
TTE||Li cells at different test temperature (Fig. S17). It is worth men-
tioning that the interface activation energy of BE-DFB was calculated to
be 57.5 kJ mol−1 via Arrhenius equation, which is smaller than that of
BE-TTE (64.2 kJ mol−1, Fig. 3i). These results indicate that the intro-
duction of weak-field ligand DFB into carbonate-based electrolytes en-
ables the construction of a SEI film with low Li+ transport energy barri-
ers, effectively facilitating the desolvation kinetics at the interface.

To investigate the interface compatibility between the electrolyte
and Li metal anode, Li||Li symmetric cells were used to explore the Li
plating/stripping reversibility. As shown in Fig. 4a, at a current density
from 0.1 to 3 mA cm−2, Li||Li cells with BE-DFB have smaller over-
potentials than those cells with BE-TTE. Moreover, Li||BE-DFB||Li sym-
metric cells perform normally at 3 mA cm−2, while the Li||BE-DFB||Li
cells appear short circuited spot (Fig. S18). After long cycling at
1 mA cm−2 (Fig. 4b), Li||Li cells with BE-DFB have a stable cycling per-
formance for 320 h, while the obvious short circuit was observed for
Li||BE-TTE||Li cells after only 180 h. To further prove the high compat-
ibility of BE-DFB with Li anode, the Coulombic efficiency was evaluated
by stringent Li Cu Aurbach testing. The calculated average Coulom-
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Fig. 3. (a) The molecular dynamic simulation snapshot and typical solvation structure of BE-DFB. (b) The radial distribution function of DFB in BE-DFB. (c) Composi-
tion distributions in the Li+ primary solvation sheath in BE-TTE and BE-DFB. (d) The molecular dynamic simulation snapshot and typical solvation structure of BE-
TTE. (e) The radial distribution function of TTE in BE-TTE. (f) The Raman spectra of BE-DFB and BE-TTE. (g) Mean square displacement and Li+ diffusion coefficient
in BE-TTE and BE-DFB. (h) Tafel plots of Li||Li cells using different electrolytes. (i) Arrhenius plots and activation energies for Li+ desolvation at different tempera-
ture.

bic efficiencies of Li||BE-DFB||Cu and Li||BE-TTE||Cu are 98.3% and
91.3%, respectively (Fig. 4c). After long cycling for 200 cycles, the
Li||Cu cells with BE-DFB also exhibit high stability with 95.41% aver-
age Coulombic efficiency, which is much higher than that of Li||BE-
TTE||Cu cells after 52 cycles (64.23%, Fig. 4d). The superior deposi-
tion/stripping behavior of Li metal is attributed to the low nucleation
overpotential of Li||Cu cells with BE-DFB (237 mV). In contrast, the
high nucleation overpotential of Li||Cu cells with BE-TTE (401 mV) re-
sults in the loss of active Li (Fig. 4e) [46]. Scanning electron microscopy
(SEM) was used to visualize the morphology of Li deposition on the Cu
foil. After depositing an equal capacity (5 mAh), the Li metal deposited
on Cu foil with BE-TTE electrolyte exhibits loose and uneven block like
morphology (Fig. 4f), while the Li metal deposited using BE-DFB elec-
trolyte exhibits a uniform and compact surface (Fig. 4g). The cross-
section SEM images reveal that the thickness of Li-metal deposited us-
ing BE-DFB is 10.4 μm (Fig. 4h), which is much thinner than that of
those using BE-TTE (17.5 μm, Fig. 4i). At low-temperature of −20 °C,
the CEavg of Li|| BE-DFB ||Cu is 92.8% during the 100 cycles at
0.5 mA cm−2 (Fig. S19), and the Li-symmetric cells can achieve 200 h
of long-term cyclic stability at 0.5 mA cm−2. (Fig. S20). In addition, the
interface resistance of the cycled Li||Li cell with BE-DFB is 856 Ω,
which is much smaller than that of BE-TTE (1589 Ω, Fig. S21). These re-
sults demonstrate that the SEI derived from BE-DFB electrolyte can ef-

fectively improve Li metal deposition and stripping, suggesting its po-
tential for enabling high-performance Li metal batteries.

To evaluate the electrochemical performance, the Li||NCM811 coin
cells were assembled with BE-TTE and BE-DFB electrolytes tested at
25 °C and 0.2C. The Li||NCM811 cells with BE-DFB delivered a higher
initial discharge specific capacity (205.3 mAh g−1) than that of those
using BE-TTE (185.2 mAh g−1, Fig. 5a). At different C-rates, the Li||BE-
DFB||NCM811 cells deliver the discharge specific capacities of 186.5,
175.1, 166.4, 157.4, and 148.5 mAh g−1 at 1, 2, 3, 4, and 5C, respec-
tively, which are much higher than that of Li||NCM811 cells using BE-
TTE (Fig. 5b and S22). Regarding the long-term cycling performance,
the Li||BE-DFB||NCM811 cells demonstrate superior long-term cycling
stability with a capacity retention of 96.6% versus 88.9% for Li||BE-
TTE||NCM811after 200 cycles. At 60 °C and 3C, the Li||NCN811 cells
using BE-DFB deliver the initial discharge capacity of 194.1 mAh g−1

and 86.6% capacity retention after 200 cycles (Fig. S23). Even at low
temperature of −20 °C, the Li||NCM811 cells with BE-TTE and BE-DFB
electrolytes exhibit initial discharge specific capacity of 166.6 and
144.2 mAh g−1 at 0.1C, respectively (Fig. 5d). After increasing the
charging and discharging rate to 0.2C, the Li||NCM811 cells with BE-
DFB achieve the first discharge specific capacity of 145 mAh g−1 and
95.7% capacity retention after 500 cycles, while the Li||NCM811 cells
with BE-TTE only achieve the first discharge specific capacity of 126
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Fig. 4. (a) Rate performance of Li||Li cells using BE-TTE and BE-DFB. (b) Cycling performance of Li||Li cells using BE-TTE and BE-DFB. (c) Aurbach test of Li||Cu
cells using BE-TTE and BE-DFB. (d) Cycling performance of Li||Cu cells using BE-TTE and BE-DFB. (e) The nucleation potential of Li||Cu cells with BE-TTE and BE-
DFB. (f) SEM image of the electrodeposited Li metal on the Cu foils in BE-TTE. (g) SEM image of the electrodeposited Li metal on the Cu foils in BE-DFB. (h) The cross-
section SEM image of the electrodeposited Li metal on the Cu foils in BE-DFB. (i) The cross-section SEM image of the electrodeposited Li metal on the Cu foils in BE-
TTE.

mAh g−1 and 88.7% capacity retention (Fig. 5e). More significantly, the
Fig. 5g shows the 1.8 Ah graphite||NCM811 pouch cells with BE-DFB
can achieve a high discharge capacity of 1.41 Ah and 94.5% capacity
retention after 200 cycles at −10 °C and 0.5C. On the basis of the re-
sults, the properties of diluents were compared in terms of five primary
dimensions (Fig. 5f), the DFB presents attractive functionalities outper-
forming TTE including discharge capacity, cycling performance, price,
Li+ transport and weak solvation ability.

To elucidate the origin of excellent cycling stability of the
Li||NCM811 cells using BE-DFB electrolyte, the cycled Li anodes were
examined by SEM and X-ray photoelectron spectroscopy (XPS) technol-
ogy. As revealed in Fig. 6a, the cycled Li anode peeled off from the
Li||BE-DFB||NCM811 cells maintains a continuous and intact morphol-
ogy after cycling at 25 °C, while the surface of Li anodes came from the
Li||BE-TTE||NCM811 cells show obvious microcracks and uneven block
shaped Li metal (Fig. 6b). Fig. 6c and d shows that the morphology of Li
anode after cycling at −20 °C, a loose and dendritic Li structure was ob-
served for Li||BE-TTE||NCM811 cells, in contrast, the Li||BE-
DFB||NCM811 cells feature the uniform and nodular Li metal deposi-
tion. XPS was used for analyzing the interface components of cycled Li
anode. The C 1s spectra mainly conclude R-CO3, C O, and C F for
both Li||BE-TTE||NCM811 and Li||BE-DFB||NCM811 cells, which
mainly originate from the decomposition of the EC, DEC, and FEC sol-
vents. Similarly, in the F 1s spectra, three peaks are observed at 687.5,
686.6, and 684.8 eV, corresponding to LixPFy, C F, and LiF, respec-
tively, which are detected by the reduction of PF6

− anion and FEC sol-
vent (Fig. 6e-h). It is worth noting that there are no distinct peaks at-
tributed to DFB in the F 1s and C 1s spectra, because DFB hardly under-
goes oxidation or reduction reactions during the cycling process to par-

ticipate in the formation of the interfacial layer (Fig. S24 and S25).
Upon Ar+ sputtering of the cycled Li anode of Li||BE-DFB||NCM811
cells, the F 1s signal intensity rapidly increases from 21% to 36%, and
the signal of C 1s content rapidly decreases from 39% to 17%. However,
only increase of 9% for F 1s content and decrease of 17% for C 1s con-
tent were calculated for Li||BE-TTE||NCM811 cells. The SEI films be-
tween electrode and electrolyte have obvious organic-inorganic hybrid
characteristics. The outer layer is rich in organic components and the
inner layer is rich in inorganic components [47]. These results demon-
strate that the introduction of weak-field ligand DFB induces the forma-
tion of tough SEI with high content of LiF, which help to suppress the
formation of Li dendrites during the cycling process. To further demon-
strate the superior of SEI formed in BE-DFB electrolyte, the pouch cells
with BE and BE-DFB electrolytes were disassembled after charging to
4.3 V at −10 °C. The surface of graphite anode peeled from the
graphite||BE-DFB||NCM811 pouch cell is smooth without Li metal plat-
ing and presents a golden yellow color, which is attributed to high con-
tent of Li on the surface of graphite anode (Fig. S26). While the surface
of graphite anode peeled from the graphite||BE ||NCM811 pouch cell
has obvious deposition of silver-white Li metal (Fig. 6k,l and S27). The
evidences can be supported by SEM image of graphite anodes. The fila-
mentous Li metal deposited on the surface of the graphite anode using
BE electrolyte, while the surface of graphite anode using DFB is free of
Li dendrites (Fig. 6m,n and S28). In addition, we also evaluated the
high-temperature storage performance of graphite||NCM811 pouch cell
using different electrolytes, the graphite||NCM811 pouch cell with BE-
DFB produced a small amount of gas (Fig. S29b,e), while the
graphite||NCM811 pouch cell with BE produced a large amount of gas,
causing significant expansion of the cell (Fig. S29c,f). Fig. S30 show
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Fig. 5. (a) The charge and discharge curves of Li||NCM811 cells using BE-TTE and BE-DFB at 25 °C and 0.2C. (b) Rate performance of Li||NCM811 cells using BE-
TTE and BE-DFB. (c) Cycling performance of Li||NCM811 cells using BE-TTE and BE-DFB at 25 °C and 3C. (d) The charge and discharge curves of Li||NCM811 cells
using BE-TTE and BE-DFB at −20 °C and 0.1C. (e) Cycling performance of Li||NCM811 cells using BE-TTE and BE-DFB at −20 °C and 0.2C. (f) Performance compar-
isons of the TTE and DFB examined in this work based on five operation parameters (discharge capacity, cycling performance, price, Li+ transport and weak solva-
tion ability). (g) Cycling performance of graphite||NCM811 pouch cell using BE-DFB at −10 °C and 0.5C, the inset is the digital photograph of graphite||NCM811
pouch cell.

that the XRD patterns of cycled NCM811 cathode using BE-DFB and BE-
TTE electrolytes. The cycled NCM811 electrode using BE-DFB elec-
trolyte exhibits a slight offset of approximately 0.1°. In the BE-TTE elec-
trolyte, the obvious (003) peak change is a significant positive shift
from 18.71° to 18.49° (Fig. S30a). In addition, the intensity ratio of
(003)/(104) in cycled NCM622 with BE-TTE and with BE-DFB is 1.30
and 1.59 (Fig. S30b). The results indicate that the introduction of DFB
can effectively protect the crystal structure of NCM811 during the long-
term cycling.

3. Conclusion

In summary, we have found a weak-field ligand ortho-
difluorobenzene diluent to modify the solvation structure of carbonate-
based electrolyte based on coordination field theory. Compared with
the highly fluorinated diluent TTE, DFB can participate in the coordina-
tion of Li+ to reconstruct soft solvation structure with more cation-
anion aggregation, leading to reduce deslovation energy for Li+ trans-
port and derive LiF-rich SEI. Simultaneously, DFB also acts as an outer
solvation sheath mediator to bridge adjacent solvation sheath and es-
tablish continuous ion-hopping pathways. Therefore, the 1 M LiPF6 in
EC/EMC/DFB (v/v/v = 3/7/10) electrolyte achieves higher ionic con-
ductivity (1.58 mS cm−1 vs 1.00 mS cm−1 at −20 °C), Li+ transference
number (0.74 vs 0.47), and lower deslovation energy (2.43 eV vs

4.35 eV) than that of the electrolyte with TTE. Li||NCM811 coin cells
employing the optimized electrolyte deliver superior electrochemical
performance across a wide temperature range. The initial discharge ca-
pacity is increased by approximately 20 mAh g−1 relative to the TTE,
and a high capacity retention of 95.7% is maintained after 500 cycles at
−20 °C and 0.2C. Moreover, graphite||NCM811 pouch cells fabricated
with the BE-DFB electrolyte retain a high capacity of 1.41 Ah along
with 94.5% capacity retention after 200 cycles at −10 °C and 0.5C.
These findings establish design principles for weakly coordinating dilu-
ents and provide a viable strategy for developing high-performance Li-
ion batteries with a wide operating temperature range.

4. Experimental section

See experimental details in the Supporting Information.
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