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yanide, a sterically-hindered
solvent expediting interfacial kinetics in lithium-ion
batteries†

Mingsheng Qin,ab Ziqi Zeng,*a Qiang Wu,a Xiaowei Liu,c Qijun Liu,ab Shijie Chenga

and Jia Xie *a

The electrochemical performance of lithium-ion batteries (LIBs) is plagued by sluggish interfacial kinetics.

Fortunately, the Li+ solvation structure bridges the bulk electrolyte and interfacial chemistry, providing

a pathway for promoting electrochemical kinetics in LIBs. Herein, we improve the interfacial kinetics by

tuning the Li+ coordination chemistry based on solvent molecular engineering. Specifically, 4-

fluorobenzyl cyanide (FBCN), featuring steric hindrance and a weak Lewis basic center, is designed to

construct a bulky coordination structure with Li+, weakening ion–dipole interaction (Li+–solvents) but

promoting coulombic attraction (Li+–anions) at a normal Li salt concentration. This sterically-controlled

solvation chemistry reduces the interfacial barrier and thus contributes to improved rate performance, as

demonstrated practically in LiFePO4//graphite pouch cells. This study provides fresh insights into solvent

steric control and coordination chemistry engineering, opening a new avenue for enhancing

electrochemical kinetics in LIBs.
1. Introduction

The advancement of electried transportation calls for superior
lithium-ion batteries (LIBs) featuring fast-charging capability,
long-term stability and high safety levels.1–3 However, current
LIBs based on carbonate electrolytes experience sluggish
kinetics, exacerbated by interfacial effects, leading to perfor-
mance decay and safety issues at high rates.4–6 Specically,
common carbonate electrolyte (CCE, 1 M LiPF6 in ethylene
carbonate (EC) and dimethyl carbonate (DMC)) exhibits strong
affinity with Li+ because of its high dielectric constant and
donor number, enabling a conductivity over 10 mS cm−1 at
ambient temperature.7,8 Nevertheless, LIBs containing CCE still
exhibit an unsatisfactory rate performance, which highlights
the importance of interfacial kinetics and reliable passivation
during the electrochemical process.9,10 Furthermore, typical
carbonates are highly ammable, exacerbating the safety risks
at a high rate. Therefore, it is imperative to explore alternative
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solvents with high safety levels while preserving favourable
electrochemical performance.

Highly concentrated electrolytes (HCEs) exhibit facilitated
kinetics at a graphite surface, because of the participation of
anions in the solvation shell, which actually weakens the ion–
dipole interaction (Li+–carbonates) and results in an inorganic-
rich SEI.11–13 However, high cost and viscosity hinder their
applications. Fortunately, weakly coordinating solvents provide
another opportunity to tune the Li+–solvent affinity. For
example, 1,3-dimethoxypropane (DMP) and 1,2-DMP featuring
additional methyl groups exhibit decreased solvating power and
better Li metal compatibility than DME.14,15 Moreover, bis(2-
uoroethyl)ether enables decent fast-charging capability in
lithium–metal batteries with tridentate coordination chem-
istry.16 Triuoropropylene carbonate, as expected, also exhibits
better graphite compatibility than PC aer molecular uorina-
tion.17 These results indicate that solvent molecular engineering
can affect the micro-solvating Li+ affinity and dictate the coor-
dination chemistry, which in turn provides an novel avenue for
pursuing superior electrochemical performance. However, the
deliberate tuning of the micro-solvation chemistry (e.g. binding
energy and coordination number) and interfacial process (e.g.
SEI and desolvation) through solvent molecular control is still
challenging. Moreover, some small solvents (e.g. acetonitrile)
featuring strong Li+–solvent binding require rigid and bulky
substituents to reliably weaken the binding, and this is not
oen reported.

In this contribution, we design 4-uorobenzyl cyanide
(FBCN) as a new electrolyte solvent for dynamically favourable
© 2024 The Author(s). Published by the Royal Society of Chemistry
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LIBs with sterically-controlled coordination chemistry. The
bulky FBCN coordinates with Li+ through partially deactivated
Lewis basic centers and the uorobenzene substituent incurs
additional steric hindrance in a space-conned solvation shell,
leading to a loose coordination conguration and enhanced
electrochemical kinetics on the graphite surface. As a result, an
improved power capability is realized in the LiFePO4//graphite
pouch cell using this EC-free electrolyte despite its inferior
ionic conductivity, establishing the signicance of interfacial
kinetics and passivation for fast charging. Moreover, this elec-
trolyte enables good graphite compatibility, wide-temperature
adaptability and high safety levels. The solvent molecular
control and sterically conned coordination chemistry open
a feasible pathway toward formulating low-energy-barrier elec-
trolytes in LIBs.
2. Results and discussion
2.1 Molecular design and physicochemical properties of the
electrolyte

An “ideal” solvent for an electrolyte must be capable of disso-
ciating Li salts, which relies on Lewis basic sites in the mole-
cule.18,19 Acetonitrile (ACN) contains Lewis basic nitrogen and
its basicity is increased by an electron-donating alkyl group,
leading to strong Li+–ACN binding and tight coordination, as
validated by the uneven charge distribution in molecular elec-
trostatic potential (ESP) results (Fig. 1a). Unfortunately, the
adoption of ACN as an electrolyte in LIBs is always accompanied
by interfacial degradation and gas ination, even aer
Fig. 1 (a) Design scheme and ESP results for ACN, FBCN and FB. (b) C1 an
1H-NMR spectra for FBCN and ACN. (e) Binding energies for Li+ and var
tivities for various Li salts in FBCN (Li salt : FBCN MRs of 1 : 9).

© 2024 The Author(s). Published by the Royal Society of Chemistry
modications by lm-forming additives (Fig. S1 and S2†).20

Fluorobenzene (FB) is inert towards Li+ but shows preferential
adsorption on the graphite surface via p–p stacking, typically
serving as an inert cosolvent for better electrochemical perfor-
mance (Fig. 1a).21,22 Herein, we gra a uorobenzene substit-
uent on active acetonitrile to construct 4-uorobenzyl cyanide
(FBCN), which shows nely tuned affinity to Li+, because of the
additional steric hindrance (a bulky uorobenzene group) in
the micro-solvating structure compared to pristine ACN
(Fig. 1a). Note that the designed FBCN is different from FB or
ACN and exhibits different properties and superior electro-
chemical performance. Moreover, the high ash point (108 and
−15 °C for FBCN and FB, respectively), high boiling point (238
and 85 °C for FBCN and FB, respectively) and good Li salt
dissociation capability make FBCN worth studying as a prom-
ising solvent (Table S1†). Briey, the rigid benzene ring
increases the intermolecular repulsion in the space-conned
solvation shell (steric hindrance), leading to relatively weak
Li+–FBCN binding (ion–dipole interaction) and thus a loose
solvation shell.22 As a result, this FBCN-dominated electrolyte
might exhibit enhanced interfacial kinetics and enable
improved rate capability.

The weakened solvation of FBCN is validated by ESP calcu-
lations, showing an ESPmin of −41.26 kcal mol−1, which falls
right in the middle of ACN and FB (Fig. 1a). The higher ESPmin

of FBCN indicates a lower thermodynamic stability of the
interaction with Li+ compared to ACN, favoring a loose coordi-
nation structure.23,24 NMR results for various solutions were
recorded to validate this weakened affinity between Li+ and
d H1 designations in molecular structures. (c) 13C-NMR spectra and (d)
ious solvents. (f) Molecular structures, optical images and (g) conduc-

Chem. Sci., 2024, 15, 6106–6114 | 6107
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FBCN (Fig. S3†). The C1 in the cyano group shows a downshi
for FBCN and ACN aer Li salt dissociation, indicating
deshielding effects once coordinated with Li+ (Fig. 1b and c).25

Note that the downshi value for FBCN (DC1 = 0.3) is smaller
than that of ACN (DC1 = 0.5) at the same LiFSI/solvent molar
ratio (MR of 1 : 9), indicating the partially reduced Li+–FBCN
coordination. This reduced deshielding effect as a result of
weak Li+–FBCN binding is also validated by a smaller downshi
for H1 near the cyano group (Fig. 1d). First-principle calcula-
tions were performed to probe the ion–dipole interaction
between various solvents and Li+, as expressed by the binding
energy (Eb) (Fig. S4†). EC exhibits the lowest Eb, because of its
high dielectric constant (89.8) and donor number, indicating
the strongest Li+–EC binding (Fig. 1e).26 This tight coordination
in the EC-based electrolyte results in sluggish desolvation and
hampered electrochemical kinetics. In contrast, FBCN exhibits
an Eb of −0.73 eV, which is higher than those of ACN (−0.89 eV)
and EC (−0.98 eV), indicating the weak Li+–FBCN binding.

FBCN shows selectivity in dissolving Li salts because of the
partially neutralized Lewis basic center. Different Li salts are
added into FBCN with xed MR (Li salts/FBCN with a MR of 1 :
9) (Fig. 1f). Conventional lithium salts including LiPF6 and
LiBF4 exhibit inadequate dissociation in FBCN and form colloid
electrolytes, as per the Tyndall effect. Note that LiDFOB exhibits
negligible solubility in FBCN and forms a suspension because
of the high lattice energy of LiDFOB.27 In contrast, LiFSI and
LiTFSI are dissolved completely and provide sufficient ionic
carriers within FBCN, because of the large size of the anions and
delocalization of the negative charge,8 forming a transparent
and light yellow solution (FBCN itself is light yellow). The
conductivities for different Li salt-enabled electrolytes are
compared (Fig. 1g). The LiFSI-enabled electrolyte exhibits
a moderate conductivity of 3.5 mS cm−1 at ambient tempera-
ture. Note that LiTFSI increases the viscosity and contributes to
a relatively low conductivity (2.45 mS cm−1), which leads to an
inferior rate capability at high rates compared to that of the
LiFSI-based electrolyte (Fig. S5†).28 Additionally, the conductiv-
ities of LiFSI in various solvents (LiFSI/solvents MR of 1 : 9) are
compared (Fig. S6†), showing the lowest conductivity in FBCN
solvent compared to cyclic (e.g. EC) and linear carbonates (e.g.
DMC), which is caused by the weak Li+–FBCN interaction and
relatively poor Li salt dissociation.
2.2 Electrochemical characterizations and high-rate
capability

The interfacial compatibility towards graphite is investigated.
LiFSI–9FBCN (LiFSI : FBCN MR of 1 : 9) goes through reductive
decomposition on graphite as demonstrated by the endless
discharge at 0.5 V and limited initial coulombic efficiency (ICE)
below 4% (Fig. 2a). For this reason, we added 2 wt% uoro-
ethylene carbonate (FEC) and 2 wt% LiDFOB to synergistically
passivate the graphite surface, and this modied electrolyte is
dened as the FBCN-based electrolyte. Note that just FEC (FBCN
+ FEC) or LiDFOB (FBCN + LiDFOB) results in limited
improvements of the interfacial compatibility. For example,
graphite (Fig. S7–S10†) and LiFePO4 (Fig. S11–S14†) in FBCN +
6108 | Chem. Sci., 2024, 15, 6106–6114
FEC suffer from limited capacity (ICE of 76.6% and capacity of
318 mA h g−1 at 1C) and unstable cycling, because of the
unreliable interfacial passivation. Moreover, FBCN + LiDFOB
contributes to cell failure in graphite//Li cells (no reversible
capacity) and fast capacity fading in LiFePO4//Li cells (less than
8 cycles) due to thick interfacial passivation. In contrast, the
FBCN-based electrolyte (modied by FEC and LiDFOB) exhibits
good graphite compatibility, which is comparable to that of
common carbonate electrolyte (CCE) and EC-based electrolyte
(CCE with 2 wt% FEC and 2 wt% LiDFOB) (Fig. 2a). Note that
same additives are added in EC-based electrolyte to better
understand the superiority of FBCN itself. Moreover, the lattice
and morphologies of cycled graphite in different electrolytes
were studied by XRD patterns (Fig. S15†), SEM images
(Fig. S16†) and EDSmappings (Fig. S17†), showing substantially
improved interfacial stability in the FBCN-based electrolyte. The
following electrochemical characterizations are based on the
optimized FBCN-based electrolyte. Note that the additional
steric hindrance (uorobenzene substituent) cannot enable
reversible graphite in FBCN, but it does show superiority
compared to ACN (failure even with additives, Fig. S1 and S2†)
with the help of additives.

The graphite//Li cell in the FBCN-based electrolyte shows
lower electrochemical polarization, as exhibited in Fig. 2b.
Moreover, overlapping CV curves demonstrate its good reli-
ability towards the graphite anode (Fig. S18†), which is consis-
tent with its long-term stability (Fig. S19†).29 The rate
performance of graphite in the FBCN-based electrolyte is
assessed (Fig. 2c), showing capacities of 255 and 188 mA h g−1

at 2C and 3C, respectively, despite its unsatisfactory conduc-
tivity (Fig. S20†) and moderate interfacial wettability (Fig. S21†).
In contrast, the graphite//Li cell in CCE exhibits a limited
capacity of 50 mA h g−1 at 3C, regardless of the decent
conductivity over 10 mS cm−1. Moreover, the cell in the EC-
based electrolyte exhibits failure at a high rate, even with lm-
forming additives (e.g. FEC and LiDFOB). The feasibility and
compatibility of the FBCN-based electrolyte towards LiFePO4

are validated, showing lower polarization (Fig. S22†), superior
cycling stability (Fig. S23†) and better rate capability (Fig. 2d
and S24†) compared to the EC-based electrolyte. Beneting
from the decent oxidative tolerance of nitriles,20 the FBCN-
based electrolyte exhibits better high-voltage stability than the
EC-based electrolyte (Fig. S25†). As a result, the FBCN-based
electrolyte enables the reversible cycling of LiCoO2//Li (2.8–4.2
V) (Fig. S26†) and NCM811//Li cells (2.8–4.3 V) (Fig. S27†). Note
that the FBCN-based electrolyte exhibits poor compatibility
towards Li metal (Fig. S28 and S29†), yet the superior electro-
chemical performance in the half cell conguration in turn
highlights interfacial improvements from graphite, LiFePO4,
LiCoO2 and NCM811 sides. These results indicate that FBCN is
more suitable for LIBs than LMBs.22

The improved rate performance is demonstrated in LiFePO4//
graphite pouch cells (Fig. 2e). A similar initial capacity
(150 mA h g−1) is obtained at 0.2C for cells in the FBCN-based
and EC-based electrolytes. However, the discharge capacity
exhibits a large reduction with an increase in the current density
for the cell in the EC-based electrolyte. In contrast, the cell in the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Initial charge–discharge curves, (b) CV results at 0.1 mV s−1 and (c) rate performance of graphite//Li cells in various electrolytes. (d) Rate
capabilities of LiFePO4//Li cells and (e) LiFePO4//graphite pouch cells in various electrolytes. (f) Charge–discharge curves and (g) long-term
stability of 1.6 A h LiFePO4//graphite pouch cell in FBCN-based electrolyte. (h) DSC results for various electrolytes. (i) Cycling stability of
Li4Ti5O12//Li cells under cold conditions.
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FBCN-based electrolyte sustains a higher capacity retention even
at 3C, indicating the superiority of the FBCN-based electrolyte
despite its low conductivity (3.5 mS cm−1). Note that all electrode
materials are microscale without any modications, and
a superior performance can be obtained once the electrode is
optimized.30 As a model, the FBCN-based electrolyte is validated
in a 1.6 A h LiFePO4//graphite pouch cell (Fig. 2f), enabling
96.5% capacity retention over 600 cycles at 0.33C (Fig. 2g).
Furthermore, the FBCN-based electrolyte shows a wide liquid
range (−40–156 °C) and inferior ammability (Fig. S30†), while
the EC-based electrolyte exhibits solidication below−26 °C and
can be ignited immediately (Fig. 2h). A higher discharge capacity
of 120 mA h g−1 is obtained for the cell in the FBCN-based
electrolyte at −20 °C, indicating the facile interfacial kinetics
and good low-temperature adaptability (Fig. 2i). As a result, the
FBCN-based electrolyte exhibits inferior ionic conductivity in the
bulk electrolyte, but enables promoted interfacial kinetics in
LIBs, which is in contrast to the common understanding of
positive correlations between ionic conductivity and rate capa-
bility.8,31 This mechanism will be discussed later.
© 2024 The Author(s). Published by the Royal Society of Chemistry
2.3 Steric hindrance and solvation structure

The abnormal rate capability hints at an innovative solvation
structure in the FBCN-based electrolyte. As shown in Fig. 3a, the
13C NMR spectrum for FBCN exhibits a downshi upon Li salt
dissociation, indicating coordination between FBCN and Li+,
which is consistent with the downshi in 19F spectra (Fig. 3b).
The C and H signals for different groups on FBCN are also
monitored and show coordination between FBCN and Li+

(Fig. S31 and S32†).32,33 The local coordination conguration is
identied by AIMD simulations (Fig. 3c and S33†). All solvating
species are listed and most Li+ are surrounded by three FBCN in
the FBCN-based electrolyte (Fig. S34†). In contrast, the main
solvate contains two EC and one DMC in the EC-based elec-
trolyte (Fig. S35†). The average coordination number for FBCN
is 2.61 in the FBCN-based electrolyte (Fig. 3d), while the average
coordination numbers for EC and DMC are 1.92 and 1.19,
respectively, in the EC-based electrolyte (Fig. S33†). The large
FBCN dominates this space-conned Li+ solvation and
contributes to less coordinated solvents for the FBCN-based
Chem. Sci., 2024, 15, 6106–6114 | 6109
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Fig. 3 (a) 13C-NMR and (b) 19F-NMR spectra for various solutions. (c) Snapshot of the AIMD simulation and main species in the electrolyte. (d)
Coordination numbers and (e) radial distributions calculated from the AIMD simulation. Illustrations of solvation structures and interfacial
behaviors in (f and h) EC-based and (g and i) FBCN-based electrolytes. Adsorption energies of (j) FBCN, (k) EC, (l) DMC and (m) FEC on the
graphite (010) surface.
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electrolyte. Moreover, the average distance for coordinated
FBCN (2.17 Å) is larger than for the anions (2.03 Å) (Fig. 3e),
which is because of the intermolecular repulsion on bulky
FBCN and thus an increased Li+–FBCN binding distance. In
addition, the distances for coordinated EC (2.07 Å) and DMC
(2.07 Å) are smaller than that for FBCN (2.17 Å) (Fig. S33†),
indicating a loose solvation shell for the latter since the bulky
FBCN cannot bind with Li+ as closely as small solvents (e.g. EC
and DMC).34

As illustrated in Fig. 3f, there is an absence of steric
hindrance in the EC-based electrolyte because of the combina-
tion of linear and cyclic carbonates, and a tight solvation shell is
formed because of the strong ion–dipole attraction between Li+

and carbonate (e.g. EC and DMC).7,21 This solvation congura-
tion exhibits sluggish interfacial kinetics and leads to lithium
dendritic growth at a high rate (Fig. 3h). The bulky substituent
on FBCN, nevertheless, contributes to intermolecular repulsion
in this space-conned solvation structure.14,35 The steric
hindrance leads to loose coordination by weakening the Li+–
FBCN strength and increasing the Li+–FBCN distance (Fig. 3g),
which accounts for easier desolvation and improved rate capa-
bility (Fig. 3i). Different from HCEs or localized HCEs, this
strategy relies on the molecular steric effect and dispenses with
a high Li salt concentration, resulting in adequate solvation in
6110 | Chem. Sci., 2024, 15, 6106–6114
the bulk electrolyte and efficient desolvation at the graphite
interphase.

DFT calculations are performed to study the interfacial
behaviors of different solvents under ideal conditions.36 The
optimized geometrical congurations on the graphite (010)
plane for FBCN, EC, DMC and FEC are illustrated (Fig. 3j–m).
The preferential engagement of FBCN on the edge plane of the
graphite is revealed by its shortest distance (d = 2.43 Å).
Moreover, calculated adsorption energies for FBCN, EC, DMC
and FEC are −0.40, −0.26, −0.36, and −0.28 eV, respectively,
indicating the energetic favorability of FBCN on the graphite
surface. Given the polycrystalline nature of the graphite and
possible exposure of every lattice plane at the interphase, the
adsorption behavior on the graphite (001) plane is calculated,
showing similar results (Fig. S36 and Table S2†). First, the
adsorption of FBCN alters the local environment (e.g. prefer-
ential species, concentration gradient and interfacial shielding)
and contributes to a FBCN-rich environment at the graphite
surface, affecting the interfacial chemistry.22,37 Second, the
interaction (e.g. van der Waals force) between FBCN and
graphite might weaken the Li+–FBCN binding at the interface
because of the competitive force on Li+–FBCN–graphite
complexes, helping with the breakup of Li+–FBCN solvates
(desolvation process).38,39 All of these effects might inuence the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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interfacial behavior and lead to improved electrochemical
performance.
2.4 Interfacial chemistry and electrode characterization

The interfacial chemistry was studied. FBCN exhibits the lowest
unoccupied molecular orbital (LUMO) energy of−0.51 eV and is
inclined to obtain electrons on the graphite surface (Fig. 4a).
The reductive instability of FBCN is revealed by LSV results
(Fig. 4b), showing a dominant cathodic current at 0.9 V
(decomposition of FSI−) and 0.4 V (decomposition of FBCN) in
LiFSI–9FBCN. LiDFOB and FEC are helpful for kinetically
stabilizing FBCN through the construction of LiF-rich and B-
containing SEI, which is revealed by additional cathodic peaks
for LiDFOB (1.7 V) and FEC (1.3 V) in LSV curves in the FBCN-
based electrolyte.40,41

The SEI formed in the FBCN-based electrolyte exhibits
higher contents of F (7.37%) and B (5.16%) than those of the EC-
based electrolyte (Fig. 4c), indicating its reliance on the
decomposition of FEC and LiDFOB for kinetically stabilizing
the graphite (Fig. S37†). Similar interfacial components are
detected for graphite in various electrolytes, containing Li2CO3,
C]O and C–O species (Fig. 4d and S38†).42,43 Note that
a dominant LiF peak is observed in the FBCN-based electrolyte
with subtle signals from the decomposition of LiDFOB (B–F)
Fig. 4 (a) LUMO and HOMO energy levels for different components. (b
various electrolytes. (d) C and (e) F spectra recorded at the graphite surf
based electrolyte and (h) FBCN-based electrolyte.

© 2024 The Author(s). Published by the Royal Society of Chemistry
and LiFSI (S–F) (Fig. 4e).40 Similarly, the EC-based electrolyte
also exhibits a predominant peak of LiF, indicating inorganic-
rich SEI derived from lm-forming additives (e.g. LiDFOB and
FEC). Nevertheless, CCE exhibits a relatively weak intensity
from LiF but a dominant peak from the incomplete decompo-
sition of LiPF6 (P–F), which indicates poor interfacial passiv-
ation (Fig. S39†).44 The SEI is monitored by TEM images
(Fig. S40†), and a thick and uneven coverage (>40 nm) is
observed in CCE. In contrast, a thin but uneven coverage (>20
nm) is exhibited in the EC-based electrolyte. Interestingly, a thin
and even SEI is formed in the FBCN-based electrolyte, indi-
cating superior passivation aer additive modication.
Beneting from the good interfacial protection in the FBCN-
based and EC-based electrolytes, the graphite surface is
uniformly covered and well maintained aer cycling as revealed
by SEM images (Fig. 4f–h and S41†).
2.5 Interfacial kinetics and mechanism

Theoretical calculations were performed to understand the
kinetic barrier for FBCN-involved and EC-involved solvates. A
four-coordination number of Li+–3[FBCN]–[FSI−] is considered
in the FBCN-based electrolyte because of its high content.45,46

For comparison, the coordination chemistry of Li+–3[EC]–[FSI−]
is considered to exclude the disturbance from anions, and
) LSV results at 1 mV s−1. (c) Elemental contents for graphite cycled in
ace. SEM images of (f) pristine graphite and graphite cycled in (g) EC-
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a simple theoretical model is used (Fig. S42,† more details are
discussed in ESI Experimental parts†).47,48 Note that this model
and calculation are used for an ideal situation to help with only
the theoretical understanding of the interfacial kinetics. The
energies required for isolating bare Li+ from the various solvates
are compared to study the stabilities of the Li+ solvates (Fig. 5a
and b). The Li+–3[EC]–[FSI−] shows a higher energy barrier for
segregating Li+ (6.86 eV) than Li+–3[FBCN]–[FSI−] (6.37 eV),
indicating an energy-consuming step for isolating Li+ in tight
EC-involved solvates, which hints at strong Li+–EC binding and
a sluggish interfacial process. In addition, the energy required
for removing individual species from Li+ solvates is studied. As
shown in Fig. S43,† EC is involved in a more energy-consuming
step than FBCN, indicating the strong Li+–EC binding. More-
over, the anions exhibit a higher energy barrier (DE = 3.35 eV)
than the solvents (e.g. EC and FBCN), indicating a stronger
coulombic attraction than ion–dipole interaction (Tables S3
and S4†).39 Note that these calculations cannot reect the true
interfacial process, and obtained values do not equal the des-
olvation energy, but the always lower energy for FBCN-involved
solvates theoretically reects the relatively facile kinetics
compared to EC-involved solvates. These results further
demonstrate a weaker Li+–FBCN binding than that of EC.

Based on the Nyquist plots of symmetric cells, the interfacial
resistance for the EC-based electrolyte (346 U) is smaller than
that of CCE (550 U) (Fig. 5c), which is a result of the additive
modication (e.g. FEC and LiDFOB). Encouragingly, the resis-
tance experiences a further decrease in the FBCN-based elec-
trolyte (331 U), indicating facilitated interfacial kinetics in this
Fig. 5 Energies for removing Li+ from (a) FBCN-dominated solvates
graphite//graphite cells in various electrolytes. Calculated activation ene
electrolytes. Illustrations of regulated solvation structures and desolvatio

6112 | Chem. Sci., 2024, 15, 6106–6114
loose Li+ solvation (Fig. S44†).49 The activation energies for Li+

desolvation (Ea,ct) and its transport across the SEI (Ea,sei) are
calculated based on temperature-dependent EIS from 263 to
303 K (Fig. S45†).5,50 The Rct (charge-transfer resistance) and Rsei

(Li+ transport across the SEI) are deconvoluted from the
equivalent circuit in Fig. 5c. As a result, Ea,ct values for the EC-
based electrolyte and CCE are 52.7 and 53.1 kJ mol−1, respec-
tively, as a result of the tight binding between Li+ and EC/
DMC.51 On switching to the FBCN-based electrolyte, Ea,ct
plummets to 45.9 kJ mol−1, indicating a facile desolvation
process. Simultaneously, Ea,sei decreases to 49.7 and
49.3 kJ mol−1 for EC-based and FBCN-based electrolytes
(Fig. 5e), which is caused by the additive-modied SEI. In
contrast, CCE goes through a higher Ea,sei (56 kJ mol−1), because
of sluggish Li+ diffusion in the organic-rich SEI.9 The DRT
results show a weak Rct evolution for the FBCN-based electrolyte
over a wide-temperature range, indicating the kinetically
favorable process for the Li+–FBCN solvates (Fig. S46†). As
a result, CCE suffers from sluggish interfacial kinetics, which is
a result of the organic-rich SEI and sluggish desolvation (strong
Li+–EC binding).5,51 Moreover, the EC-based electrolyte benets
from the additive-modied SEI (lower Ea,sei) but still exhibits
strong Li+–EC binding (higher Ea,ct). In contrast, the FBCN-
based electrolyte shows fast interfacial kinetics, as demon-
strated by the lower Ea,sei (additive modication) and Ea,ct
(weakened Li+–FBCN binding).

Based on above results, two scenarios are illustrated to
comprehend the origin of the high rate capability in the FBCN-
based electrolyte. As shown in Fig. 5f, the bulky substituent on
and (b) EC-dominated solvates. (c) EIS results and fitting curves for
rgies for (d) desolvation and (e) Li+ transport across the SEI in various
n in (f) FBCN-based and (g) EC-based electrolytes.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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FBCN leads to intermolecular repulsion within the space-
conned solvation structure, forming a loose coordination
structure with a weakened ion–dipole interaction (Li+–FBCN).
This solvate exhibits a lower interfacial barrier (e.g. efficient
desolvation and stable interphase) at the inorganic-rich
graphite surface, exhibiting superior rate performance despite
its inferior ionic transfer within the bulk electrolyte. In contrast,
tight coordination and strong Li+–EC binding are obtained in
the EC-based electrolyte, which suffers from a higher interfacial
barrier and unsatisfactory interfacial passivation (Fig. 5g),
leading to a relatively poor rate capability, even with high ionic
conductivity. Despite the superior effect of steric hindrance on
the solvent, quantifying this effect is challenging, because of
complicated relationships between the steric hindrance,
molecular structure, coordination chemistry and interfacial
behavior. This work provides a good model for understanding
the steric hindrance and an alternative solvent for advanced
electrolytes.

3. Conclusions

In summary, we herein demonstrate a new FBCN solvent for use
in the design of a low-barrier electrolyte. The bulky uo-
robenzene group on the FBCN leads to intermolecular repulsion
within the space-conned Li+ solvation shell, forming a loose
solvation environment featuring weakened Li+–FBCN binding
and increased binding distance. This sterically modied solvate
results in a lower interfacial barrier on the graphite surface,
accounting for a substantially improved rate capability despite
the inferior ionic conductivity within the bulk electrolyte. This
work provides a new route for solvation engineering by molec-
ular structure design of solvents.
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