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Due to their high dielectric con-
stant, low melting point, and high
boiling point, nitrile-based sol-
vents exhibit significant potential
in wide-temperature-range elec-

trolytes. In this study, a wide-tem-

perature electrolyte system com-

posed of lithium  bis(trifluo-

Temperature:

romethanesulfonyl)imide (LiTFSI), dimethyl carbonate (DMC), and butyronitrile (BN) in a
molar ratio of 1:3:9 was designed. Using variable-temperature infrared (IR) spectroscopy with
carbonyl (C=0) and cyano (C=N) groups as IR probes, combined with molecular dynamics
simulations and density functional theory calculations, the temperature-dependent evolution
of the Li™ solvation structure and molecular dynamics were systematically investigated over
the range of —45 °C to 45 °C. The results show that the introduction of BN not only signifi-
cantly enhances the low-temperature ionic conductivity and high-temperature stability of the
electrolyte, but also optimizes the solvation structure and interfacial characteristics of lithi-
um ions through strong coordination interactions. This work provides both theoretical in-
sights and experimental support for the design of wide-temperature electrolytes.

Key words: IR spectroscopy, Electrolytes, Lithium-ion batteries, Vibrational probe, Tem-

perature dependence

I. INTRODUCTION

Lithium-ion batteries (LIBs) have been widely used
in various fields, including portable electronics, electric
vehicles, and energy storage systems [1-4]. With the
growing diversification of usage scenarios, it is becom-
ing more and more critical to ensure the stability and

reliability of LIBs under extreme temperature condi-
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tions [5, 6]. At lower temperatures, the viscosity of elec-
trolytes increases significantly, leading to reduced lithi-
um salt solubility and ionic conductivity. Moreover, the
kinetics of electrochemical processes, such as charge
transport and lithium intercalation/deintercalation,
slow down markedly, leading to substantial degrada-
tion in battery capacity, cycle performance, and safety
[7—10]. Conversely, at higher temperatures, the elec-
trolyte and the solid electrolyte interphase (SEI) be-
come unstable, which leads to side reactions and in-
creases the risk of thermal runaway. These issues can
significantly shorten battery lifespan and pose serious
safety risks [11—14]. Therefore, the development of bat-
teries capable of stable operation over a broad tempera-
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ture range is becoming one of the key challenges in the
advancement of LIBs [15-17].

As a key component of LIBs, the electrolyte not only
enables lithium-ion transport but also directly influ-
ences the formation and stability of the electrode—elec-
trolyte interface, playing a crucial role in overall bat-
tery performance [18]. Conventional electrolytes typi-
cally consist of LiPFg dissolved in a mixture of carbon-
ate-based solvents. A representative electrolyte in-
cludes high-viscosity cyclic carbonates (e.g., ethylene
carbonate, EC) mixed with low-viscosity linear carbon-
ates (e.g., dimethyl carbonate, DMC; ethyl methyl car-
bonate, EMC) [19, 20]. EC, due to its high dielectric
constant, promotes lithium salt dissolution and forms a
stable SEI film on graphite anodes, making it widely
used in commercial electrolytes [21, 22]. However, the
high melting point of EC (36.4 °C) limits ion transport
at low temperatures [23, 24]. In addition, its poor oxida-
tive stability under high-temperature or high-voltage
conditions leads to decomposition, generating harmful
byproducts such as HF and CO2, which pose significant
safety concerns [25, 26].

To improve the wide-temperature performance of
electrolytes, nitrile-based solvents have recently at-
tracted considerable attention. These solvents exhibit
high dielectric constant, low melting point, and high
boiling point, showing great potential for wide-tempera-
ture electrolyte applications [27—29]. However, these ap-
plications are hindered by several challenges, including
poor compatibility with lithium metal and graphite an-
odes, as well as safety concerns arising from the low
flash points of short-chain nitriles [30—33]. These limita-
tions can be addressed through strategies such as co-for-
mulation with carbonate or ether solvents, the use of
high-flash-point nitriles, the incorporation of functional
additives, or interfacial engineering to improve the elec-
trode—electrolyte compatibility [34—41].

Butyronitrile (BN), a representative nitrile solvent,
combines several favorable characteristics: a low melt-
ing point (—112 °C), high boiling point (118 °C), low vis-
cosity (0.515 cP at 25°C), and high dielectric constant
(20.7 at 25 °C), all of which contribute to efficient ionic
transport under both low- and high-temperature condi-
tions [42]. Moreover, the cyano group (C=N) in BN pro-
vides good oxidative stability and can coordinate with
metal ions from high-voltage cathodes, thereby sup-
pressing side reactions and expanding the electrochemi-
cal stability window of the electrolyte [43—46]. Previous
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studies have shown that mixing BN with carbonates
can effectively improve low-temperature performance
[42]. Furthermore, the compatibility of BN with lithi-
um metal and the stability of the solid electrolyte inter-
phase can be enhanced by incorporating additives such
as fluoroethylene carbonate (FEC) or designing dual-
salt electrolyte systems, enabling excellent rate capabil-
ity and cycling stability even at —40 °C [39, 46].

Currently, research on wide-temperature elec-
trolytes mainly focuses on compositional design and
performance optimization, while the temperature-de-
pendent evolutions of their solvation structures and
molecular dynamics remain underexplored. The solva-
tion structure of lithium ions plays a vital role in deter-
mining ionic conductivity, electrochemical stability and
interfacial properties, and is highly sensitive to factors
such as solvent composition, salt concentration, and
temperature [47]. Therefore, gaining a deeper under-
standing of how temperature affects the structural and
dynamic properties of wide-temperature electrolytes is
essential for guiding desired performance improve-
ments.

In this work, we designed a BN-based wide-tempera-
ture electrolyte system composed of LiTFSI as the lithi-
um salt and a co-solvent mixture of DMC and BN at a
molar ratio of approximately 1:3:9 (LiT:DMC:BN).
Temperature-dependent infrared (IR) spectroscopy,
employing carbonyl (C=0) and C=N groups as struc-
tural probes, combined with molecular dynamics (MD)
simulations and density functional theory (DFT) calcu-
lations, are used to systematically investigate the struc-
tural evolution and molecular dynamics of this elec-
trolyte over a temperature range of —45°C to 45°C.
High ionic conductivity —was observed (e.g.
14.3mS-cm ! at 20 °C) for the mixed DMC/BN elec-
trolyte. Our results reveal the microscopic mechanisms
underlying the excellent wide-temperature perfor-
mance of the designed systems studied in this work.

Il. MATERIALS AND METHODS

A. Electrolyte preparation

LiTFSI (99%) was purchased from Energy Chemical,
DMC (99.5%) from J&K, and BN (99%) from Aladdin.
The mixed solvent was prepared by combining DMC
and BN at a volume ratio of 1:3 without any lithium
salt. The butyronitrile-based electrolyte (1 mol/L) was
obtained by dissolving 28.8 mg of LiTFSI in the above
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mixed solvent composed of 25 uL,. DMC and 75 pLL BN.
The molar ratio of components in this electrolyte was
approximately LiT:DMC:BN=1:3:9. After preparation,
the electrolyte was sonicated to enhance solvation and
then left to stand for at least 48 h. No phase separation
was observed during this period, indicating that the sys-
tem was homogeneous and stable.

B. Temperature-dependent Fourier transform infrared

(FTIR) spectroscopy

Temperature-dependent FTIR experiments were
performed using a temperature-controlled transmission
setup (Specac, UK) equipped with a vacuum jacket and
a dewar-based cooling system. A 6 pm-thick spacer was
inserted between the sample cell windows. Approxi-
mately 20 pL of electrolyte was filled between two CaFs
windows without air bubbles, and the IR cell was sealed
with vacuum grease. The temperature was controlled
between —45 and 45°C at a 5°C increment. At each
temperature stabilization point, an IR spectrum was
collected with 64 scans. During the IR experiment, the
sample chamber was continuously purged with dry ni-
trogen to avoid interference from ambient water mois-
ture and COao.

C. lonic conductivity measurement

Tonic conductivity measurements were conducted us-
ing a calibrated conductivity meter. The electrolytes,
comprising 1 mol/L LiTFSI in pure DMC and in a
DMC:BN (1:3, V/V) solvent mixture, were prepared in
a fume hood. For each measurement, the electrolyte was
temperature-controlled in a water bath, which was
maintained at specific set points from ca. 0 °C to 40 °C
using an ice/water mixture or heating as required, at a
step of 10 °C. The conductivity cell was immersed in the
sample, and the stabilized reading was recorded after
thermal equilibrium was achieved. Each measurement
was performed in triplicate at every temperature, and
the average value was reported. The measurement was
carried out using a commercial conductivity meter (Bei-
jing Timepower Co.).

D. Quantum chemistry calculation

Density functional theory (DFT) calculations were
performed at the BSLYP/6-31+G(d) level to optimize
the geometries and obtain vibrational frequencies of in-
dividual molecules and molecular complexes, including
DMC, BN, TFSI, DMC-Li", BN-Li*", LiTFS$I,
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DMC-BN, and Li". The HOMO and LUMO energy lev-
els were analyzed using the Multiwfn wavefunction
analysis program [48] and visualized with VMD soft-
ware [49]. All DFT calculations were carried out using
the polarizable continuum model (PCM) [50] to simu-
late the dielectric environment of the mixed solvent.
The molar ratio of DMC to BN was set to 1:3, and the
static and dynamic dielectric constants were 16.32 and
1.90, respectively. To obtain more accurate binding en-
ergies, single-point energy calculations using the high-
level aug-cc-pVQZ basis set were performed for the in-
teractions between Lit and DMC, BN, and TFSI". All
calculations were conducted using the Gaussian 09 soft-
ware package [51].

E. Molecular dynamics simulations

Molecular dynamics (MD) simulations were per-
formed using the GROMACS software [52]. The OPLS-
AA force field was used to describe both inter- and in-
tramolecular interactions, and the force field parame-
ters for all solvent molecules were generated via the
LigParGen server [53—55]. The initial configurations
were constructed using PACKMOL [56], by embedding
the electrolyte molecules into a cubic box with a side
length of 55 A. During the MD process, a 2 ns NPT en-
semble equilibration at 500 K was first carried out to
pre-equilibrate the system and obtain a uniform single-
phase initial configuration. This was followed by a 3 ns
annealing process (NPT ensemble), during which the
temperature was gradually reduced from 330 K to
298 K. Based on the equilibrated system, further simu-
lations were conducted at 228 K and 318 K, respective-
ly. At each temperature, a 10 ns NVT ensemble simula-
tion was performed, followed by a 10 ns MD simulation-
in the NPT ensemble. The temperature and pressure
were controlled using the Nose—Hoover thermostat and
the Berendsen barostat, respectively. A time step of
1.0 fs was used throughout all simulations. From the
MD trajectories, the radial distribution functions
(RDFs), g¢(r), of nitrogen atoms (N) in BN, carbonyl
oxygen atoms (O) in DMC, and nitrogen (N) and oxy-
gen atoms (O) in TFSI™ with respect to Li™ were ex-
tracted. Based on the RDFs, the corresponding coordi-
nation numbers (CNs) were further determined.

The primary objective of the MD simulations in this
work was to elucidate the topological features of the Li™
solvation structure and its evolution with temperature,
rather than to assess absolute structural stability or
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FIG. 1 FTIR spectra of the electrolyte (red) and the mixed solvent (black) in the C=0 absorption region (left) and the
C=N absorption region (right). Four absorption peaks correspond to LiT-coordinated C=0 (peak 1), free C=0 (peak 2),
free C=N (peak 3), and LiT-coordinated C=N (peak 4), respectively.

chemical reactions. The OPLS-AA force field was em-
ployed for its proven capability to describe intermolecu-
lar interactions and capture relative coordination
trends. While this classical force field does not model
bond breaking/forming, its results, specifically the tem-
perature-dependent coordination numbers and RDFs,
show excellent consistency with the trends observed in
our variable-temperature FTIR experiments and are
further supported by DFT binding energy calculations.
This multi-technique agreement validates the use of
MD for revealing the competitive coordination dynam-
ics among BN, DMC, and TFSI" within the solvation
shell across the studied temperature range.

I1l. RESULTS AND DISCUSSION

A. FTIR spectral analysis

FIG. 1 shows the intensity-normalized FTIR spectra
of the electrolyte and its mixed solvent without lithium
salt in the C=0 and C=N frequency regions at room
temperature (ca. 25 °C). In the mixed solvent (black
line), the frequency of the C=0 stretching vibration of
DMC appears at 1756.7 cm™ !, while the C=N stretching
vibration of BN is located at 2249.9 cm™ L. Upon the ad-
dition of LiTFSI (red line), the frequencies of the free
C=0 and C=N absorption peaks remain almost un-
changed. However, due to coordination with Li*, the
C=0 peak redshifts to 1731.9 cm ™!, and the C=N peak
blueshifts to 2273.8 cm™ L. Therefore, in the butyronitrile-
based electrolyte, four distinct absorption peaks are ob-
served in the frequency regions of C=0 and C=N
stretching vibrations, corresponding to LiT-coordinat-
ed C=0 (peak 1), free C=0 (peak 2), free C=N (peak
3), and LiT-coordinated C=N (peak 4), respectively.
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The opposite shifts of the frequencies of the C=0
and C=N stretching vibrations upon coordination arise
from their distinct electronic structural characteristics
[67, 58]. In DMC, the C=0 group serves as a strong
electron acceptor. Coordination with LiT weakens its
double-bond character, reducing the bond order and re-
sulting in a red shift of the vibrational frequency. In
contrast, the C=N bond in BN has a relatively high elec-
tron density. Upon coordination with LiT, the electron
cloud becomes further polarized, increasing the bond
force constant and causing a blue shift in frequency.

Topological electron density analysis of DMC and
BN molecules and their Li™ complexes further supports
this explanation: the electron density of the C=0 bond
in isolated DMC is 0.4132 atomic unit (a.u.), which de-
creases to 0.4010 a.u. in the DMC-Li™ complex. In con-
trast, the electron density of the C=N bond in BN
slightly increases from 0.4649 a.u. to 0.4655 a.u. This
trend in electron density changes is highly consistent
with the frequency shifts observed in the experimental

spectra.

B. Temperature-dependent infrared spectroscopy

To further investigate the thermal stability of Li™
coordination structures in the electrolyte and their re-
sponse to the local solvent environment, temperature-
dependent FTIR spectroscopy was measured over the
range of =45 °C to 45 °C (FIG. 2). The results show that
with increasing temperature, the absorption peak of Li™-
coordinated C=0 undergoes a pronounced blue shift.
The absorption peaks of free C=0 and C=N also exhib-
it slight blue shifts, while the LiT-coordinated C=N
peak shows a red shift. This indicates that the vibra-

© 2025 Chinese Physical Society
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FIG. 2 Temperature-dependent FTIR spectra of the electrolyte in the C=0 absorption region (left) and those in the C=N
absorption region (right). Arrows indicate the direction of changes of frequency and transition intensity from —45°C to

45 °C.

tional modes of molecules in solution are highly sensi-
tive to their local structural and solvent environments
[59].

To clearly visualize the temperature response of each
absorption band, the peak positions of C=0 and C=N
at different temperatures were extracted and plotted as
frequency shifts relative to those at —45°C (FIG. 3).
The results reveal that the vibrational frequency of the
coordinated C=O0O exhibits the most significant blue
shift with increasing temperature, followed by that of
free C=0. However, the frequency of free C=N remains
nearly unchanged, whereas that of the coordinated C=N
shifts to lower wavenumbers (red shift). These differ-
ences in frequency shifts reflect the intrinsic differences
in chemical environments and temperature sensitivities
of the four vibrational probes.

Specifically, in free DMC molecules, dipole—dipole in-
teractions or weak C=0---H-C interactions between
carbonyl oxygen and methyl hydrogen atoms reduce the
bond order of the C=0 group. As temperature increas-
es, these intermolecular interactions are weakened, en-
hancing the intrinsic bond strength and resulting in a
blue shift of the C=0 vibrational frequency. This trend
is consistent with the commonly observed higher vibra-
tional frequencies in the gas phase compared to the con-
densed phase. In the presence of Li", a typical
ion—dipole coordination forms between Lit and car-
bonyl oxygen, significantly lowering the electron densi-
ty of the C=0 bond and inducing a red shift. However,
as temperature increases, enhanced thermal motion
likely increases the average Lit—O distance, shortens
the coordination lifetime, and increases dynamic fluctu-
ations. As a result, the polarization effect on the C=0
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FIG. 3 Temperature-dependent frequency shifts of the
C=0 and C=N vibrational probes.

bond weakens, partially restoring its bond strength and
causing a corresponding blue shift in vibrational fre-
quency.

In contrast, BN molecules interact predominantly
through weak dipole—dipole forces, which exert a negli-
gible influence on the strongly bonded C=N triple bond.
As a result, the vibrational frequency of free C=N is
largely insensitive to temperature. The coordination be-
tween Li™ and the nitrogen atom of BN also involves
ion—dipole interactions. At lower temperatures, this co-
ordination enhances bond polarization and increases the
force constant of the C=N bond, producing a blue shift.
As the temperature rises, the coordination bond weak-
ens, partially restoring the bond order of the ligands
and reducing their force constants, and hence resulting
in a red shift of the corresponding vibrational frequency.

The above analysis demonstrates that increasing
temperature generally weakens the coordination be-

tween LiT and solvent molecules, causing each vibra-

© 2025 Chinese Physical Society
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FIG. 4 FTIR spectra with Voigt function fittings of the butyronitrile-based electrolyte. (A) C=0 absorption region at
—45°C; (B) C=N absorption region at —45°C; (C) C=O0 absorption region at 45 °C; (D) C=N absorption region at 45 °C.
Shaded values indicate the fitted full width at half maximum (FWHM).

tional probe to approach its free (non-bonded) state.
This highlights the sensitivity of the C=0 and C=N vi-
brational modes to changes in the local chemical envi-
ronment. Therefore, the C=0 and C=N groups can
serve as effective vibrational probes for revealing the
temperature-dependent evolution of solvation struc-
tures and the dynamic characteristics of corresponding
Li* coordination complexes, demonstrating the practi-
cality and sensitivity of these probes in mechanistic
studies of electrolyte systems.

C. Temperature dependence of linewidth

The linewidth of an absorption peak not only re-
flects the energy distribution of a vibrational mode but
also provides insights into the homogeneity of the
molecular environment and associated dynamic behav-
ior. In infrared spectroscopy, variations in linewidth
serve as sensitive indicators of local structural fluctua-
tions, intermolecular interactions, and the stability of
coordination structures. Linewidth broadening can arise
from intramolecular vibrational/rotational dynamics
(homogeneous broadening) or from structural varia-
tions in heterogeneous microenvironments (inhomoge-
neous broadening). In solution systems, particularly
those with complex solvation structures, inhomoge-
neous broadening is typically dominant.
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FIG. 4 (A) and (B) show the experimental spectra
and corresponding Voigt function fits at —45 °C. At this
temperature, the linewidth of the Li*-coordinated C=0
absorption peak is 23.1 cmfl, significantly broader than
that of the free C=0 peak at 15.5 cm™ !
more complex and heterogeneous coordination environ-

, indicating a

ment. In contrast, for the C=N probe, the linewidth of
the free-state absorption peak is 11.3 cm_l, larger than
that of the coordinated state (10.0 cm_l), suggesting
that BN molecules adopt a more ordered and spatially
constrained configuration upon Lit coordination.
FIG. 4 (C) and (D) present the FTIR spectra and Voigt
function fitting results for C=0 and C=N stretching vi-
brations at 45°C. As the temperature increases from
—45°C to 45°C, the linewidth of the Li*-coordinated
C=0 peak increases by approximately 4.5 cm !, while
that of the LiT-coordinated C=N peak increases by only
~0.7 cm . In contrast, the linewidths of the free C=N
and C=0 peaks increase by ~4.3 em ! and ~2.8 cm L,
respectively.

It is obvious that the LiT-coordinated C=0 exhibits
the greatest temperature sensitivity, with its linewidth
strongly influenced by thermal fluctuations, indicating
a significant increase in the heterogeneity of the solva-
tion shell structure with rising temperature. In contrast,

the Lit-coordinated C=N peak shows a minimal re-
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FIG. 5 RDF and CN profiles for Li-N/Oy (X=BN, DMC, TFSI") pairs in the electrolyte at —45°C (A) and 45°C (B).
Li-N/Oy represents the radial distribution of nitrogen or oxygen atoms from solvent molecules or anions relative to LiT.
RDF's are shown as solid lines, and coordination numbers are shown as dashed lines.

sponse to the temperature change, suggesting that the
coordination between BN and Li" is more stable and
the local structure is less affected by thermal perturba-
tion. For the free-state C=0 and C=N, increasing tem-
perature enhances molecular thermal vibrations, con-
tributing to both homogeneous and inhomogeneous
broadening. In particular, the more pronounced broad-
ening of the free C=N peak may be attributed to intensi-
fied internal dynamics of the nitrile group. DMC
molecules are surrounded by BN in the electrolyte,
which is less disturbed by the microenvironment. As a
result, the frequency distribution of the C=0 stretch-
ing vibration is less affected by temperature. In con-
trast, free C=N groups are more spatially dispersed,
leading to greater sensitivity in vibrational frequency
shifts.

Overall, the introduction of BN and its coordination
with Li™ contribute to the formation of a more ordered
solvation structure, mitigating the impact of tempera-
ture on structural distribution and enhancing the over-
all thermal stability and ion transport order of the sys-
tem. In particular, the low temperature sensitivity of
the Lit-coordinated C=N absorption peak indicates
that the BN-based solvation structure remains more
stable and ordered across a wide temperature range.
Combined with the analysis of primary solvation shell
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transport mechanisms, these findings highlight the criti-
cal role of BN in facilitating effective Li™ migration
within the electrolyte.

D. Structural dynamics from MD simulations

To investigate the solvation structure of Li* in the
electrolyte system, MD simulations were performed at
—45°C and 45 °C. FIG. 5 shows the radial distribution
functions (g(r)) and the corresponding coordination
number (N(r)) for Li-N/O pairs at both temperatures.
The first peaks and distinct minima around 2 A in the
RDF curves indicate that a relatively stable first solva-
tion shell is formed around Li", and this solvation
structure remains generally stable overall within the
range of —45 °C to 45 °C, but still shows some tempera-
ture dependence. Table I lists the key parameters ex-
tracted from g(r) and N(r) in FIG. 5. The first major
RDF peaks for Li-NpN, Li-Opmc, and Li-Oppg- ap-
pear at 2.16 A, 2.04 A, and 2.04 A, respectively, indicat-
ing that Li™ is co-solvated by BN, DMC, and TFSI". As
temperature increases, the peak intensities (g(rmax)) for
Li-Opmc and Li-Oppg- increase, while that for
Li-NpN decreases, suggesting that temperature affects
both the distribution and coordination strength within
the solvation shell. Coordination numbers obtained
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TABLE I The key parameters extracted from g¢(r) and
N(r) at —45 and 45 °C in FIG. 5. Tmax and 7rmin (7 in A)
represent the positions of the first maximum and mini-
mum in ¢(r), respectively. ¢(rmax) denotes the peak intensi-
ty at Tmax, and N(rmin) represents the coordination num-
ber.

Tmax 9(Tmax) N (Tmin)
—45°C 45°C —45°C 45°C —45°C 45°C
Li—-NpN 2.16 216 3209 2817 252 232
Li-Opmc 204 204 4474 4953 091 1.06

Li=Oppg- 2.04 204 4818 5411 147 1.63

RDF pairs

2 rmin values of Li-N/O pair are the same, 2.70 A, at —45
and 45 °C.

from the integrated N(rmin) functions further reveal
that, as the temperature increases from —45 °C to 45 °C,
the N(rmin) for BN decreases from 2.52 to 2.32, while
those of DMC and TFSI increase from 0.91 to 1.06 and
from 1.47 to 1.63, respectively. These results further
confirm that the coordination competition among BN,
DMC, and TFSI™ around Li' is temperature-depen-
dent, leading to distinct solvation structures at low and
high temperatures.

Overall, the butyronitrile-based electrolyte remains a
stable solvation structure across a wide temperature
range, facilitating efficient LiT transport. At higher
temperatures, the solvation shell becomes more relaxed,
which facilitates Li*T desolvation and enhances interfa-
cial reactivity. Additionally, the temperature-regulated
solvation structure may influence the composition of
SEI/cathode electrolyte interface (CEI) precursors. For
example, the increased coordination of TFSI™ at high
temperatures may promote the formation of LiF-rich
passivation layers, thereby improving the thermal sta-
bility and interfacial properties of the electrolyte.

E. Electrolyte performance estimation

To further understand the influence of individual
components in the butyronitrile-based electrolyte on
electrochemical performance, frontier molecular orbital
analysis (HOMO and LUMO) was performed for DMC,
BN, TFSI", and their Li" complexes, as shown in
FIG. 6(A). Upon coordination with Li™, the HOMO en-
ergy levels of both DMC and BN decrease significantly,
indicating enhanced oxidative stability. BN-Lit ex-
hibits the lowest HOMO level (-9.63 eV), suggesting the
strongest resistance to oxidation, which contributes to
improved high-voltage stability of the electrolyte. In
TFSIT has the highest HOMO level

contrast,
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FIG. 6 (A) HOMO and LUMO energy level analysis, and
(B) binding energy analysis.

(=7.30 V), making it more susceptible to oxidation and
thus a likely precursor for CEI formation, participating
in the development of a LiF-rich cathode protective lay-
er. In addition, the LUMO levels of DMC-Li*, BN-Li™,
and TFSI —Li™" are relatively similar, implying the pos-
sibility of cooperative reduction at the anode surface to
form a composite SEI layer consisting of LioCOs, LiF,
and LigN. This cooperative interfacial film may effec-
tively protect the anode surface and enhance its ther-
mal stability.

FIG. 6(B) compares the binding energies of DMC,
BN, and TFSI™ coordinated with Li*. The binding ener-
gies are —0.24 eV for DMC-Li", —0.26 eV for BN-Li™,
and —0.40 eV for TFSI -Li", with TFSI™ exhibiting the
strongest coordination strength. These values reflect
the competitive interactions within the solvation struc-
ture. DMC, having the weakest interaction with Li™, is
more likely to dissociate from the solvation shell, where-
as TFSI™, with the strongest binding, especially at ele-
vated temperatures, has a greater coordination advan-
tage, resulting in a decreased proportion of BN in the
solvation shell. This shift aligns well with the RDF and
FTIR results, confirming that the solvation structure of
Lit is thermally tunable: BN dominates at lower tem-
peratures, while TFSI™ becomes predominant at higher
temperatures. This dynamic reorganization helps bal-
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FIG. 7 Temperature-dependent ionic conductivity of
LiTFSI in pure DMC and in the DMC:BN (1:3, V/V)
mixed solvent.

ance the electrolyte’s stability and functionality across
a wide temperature range.

F. lonic conductivity performance

To quantitatively evaluate the impact of butyroni-
trile (BN) on the macroscopic ion transport properties
of the electrolyte, we systematically measured and com-
pared the ionic conductivity of LiTFSI in pure DMC
and in the DMC:BN (volume ratio of 1:3) mixed sol-
vent over a temperature range of 0°C to 40 °C, as
shown in FIG. 7.

The introduction of BN significantly enhances the
ion transport capability of the electrolyte across differ-
ent temperatures.

The data unequivocally show that the conductivity
of the DMC:BN-based electrolyte is significantly higher
than that of the pure DMC system across the entire
temperature range investigated. Crucially, at near room
temperature (20 °C), the conductivity of the DMC:BN
electrolyte reaches approximately 14.30 mS-cmfl, sub-

stantially surpassing the 4.33 mS-cm !

of the pure
DMC system. As the temperature decreases, the con-
ductivity of both systems decreases as expected; howev-
er, the DMC:BN system demonstrates superior reten-
tion at lower temperatures. For instance, at 10 °C, its
conductivity remains at a high value of 14.30 mS-cm™?,
whereas the conductivity of the pure DMC system
drops sharply to 2.90 mS-cm™ ! at the same tempera-
ture.

Based on our deeper analysis, this performance en-
hancement can be attributed to BN’s role in forming a
more structured and ordered Li™ solvation sheath. This
ordered configuration reduces the activation energy for
ion transport by facilitating a more coordinated and
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predictable migration pathway for Li*. Concurrently, it
promotes an efficient “structural diffusion” or hopping
mechanism, where Li™ can rapidly exchange between
adjacent coordinating BN molecules, a process less hin-
dered by viscosity at low temperatures. While the in-
trinsic low viscosity of BN aids fluidity, it is this funda-
mental restructuring of the solvation environment
—creating a dynamic yet ordered coordination sphere
—that primarily enables the superior ionic conductivi-
ty, particularly under challenging low-temperature con-
ditions. These macroscopic results provide compelling
evidence for the efficacy of BN-based electrolytes and
direct our subsequent investigation into the underlying
microscopic origins.

IV. CONCLUSION

In this work, temperature-dependent infrared spec-
troscopy, employing the C=0 and C=N stretching vi-
brations as probes, combined with molecular dynamics
simulations and quantum chemical calculations, were
used to investigate the temperature dependence and
thermal reconstruction mechanism of the Li solvation
structure in a butyronitrile-based electrolyte. The re-
sults revealed distinct temperature dependences of
these vibrational probes due to their different chemical
environments: the coordinated C=O vibrational fre-
quency showed a pronounced blue shift, that of free
C=N remained nearly unchanged, while that of coordi-
nated C=N displayed a red shift. These differences re-
flect the heterogeneous structural evolution of the sol-
vation shell with temperature. The temperature depen-
dence of the full width at half maximum further re-
vealed changes in the microscopic dynamic environ-
ment. The observed spectral broadening with increas-
ing temperature arose from both homogeneous broaden-
ing due to enhanced intramolecular vibrations and in-
homogeneous broadening caused by intensified local en-
vironmental fluctuations. The temperature insensitivi-
ty of the coordinated C=N absorption peak suggests
that the formation of BN-LiT complexes may promote
a more ordered solvation structure, thereby reducing
thermal perturbation of the Lit coordination state and
enabling efficient ion transport over a wide tempera-
ture range.

MD simulations revealed a temperature-dependent
reconstruction mechanism of the primary Li™ solvation
shell. Within the temperature range of —45 °C to 45 °C,
the electrolyte maintained a relatively stable solvation
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structure. At low temperatures, Lit was primarily coor-
dinated by BN, while at high temperatures, TFSI™ be-
came the dominant coordinating species, reflecting com-
petitive coordination among solvent components and a
temperature-regulated solvation mechanism. This tun-
able solvation structure helps optimize electrode—elec-
trolyte interfacial behavior, particularly in modulating
SEI/CEI formation under elevated temperatures.

DFT calculations showed that BN exhibits a moder-
ate binding energy with Li* and the lowest HOMO lev-
el upon coordination, indicating excellent oxidative sta-
bility and enhanced high-voltage resistance of the elec-
trolyte. TFSI™ showed the strongest binding and high-
est HOMO level, making it more susceptible to oxida-
tion and likely to contribute to Li-rich CEI formation.
In contrast, DMC had the weakest binding energy and
limited coordination ability. Analysis of LUMO levels
suggested that BN, DMC, and TFSI” may synergistical-
ly contribute to the formation of a composite SEI layer
enriched in LisCOs3, LiF, and LigN at the anode surface,
thereby enhancing interfacial thermal stability.

In conclusion, we developed a BN-based wide-tem-
perature electrolyte that demonstrates a significant en-
hancement in ionic conductivity across a broad temper-
ature range compared to a conventional carbonate sys-
tem. Microscopic structural analysis revealed that the
origin of this performance lies in the stable yet dynami-
cally tunable solvation structure facilitated by the coop-
erative interaction between BN and Li*. This provides
a microscopic foundation for wide-temperature oper-
ability and offers valuable theoretical and experimental
guidance for electrolyte design and interfacial engineer-
ing.
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