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a b s t r a c t

The low-temperature performance of lithium iron phosphate (LiFePO4) batteries remains a significant

challenge. Electrolyte engineering has emerged as an effective strategy to address this issue efficiently.

Herein, ethyl pentafluoropropionate (pFEP) is introduced into the carbonate-based electrolyte as a func-

tional additive that enables Li||LFP cells to cycle at −20 °C or even −40 °C. Molecular dynamics (MD)

simulations and spectroscopic characterization demonstrate that adding only 3% pFEP could effectively

modify the electrolyte solvation structure, significantly increasing the content of contact ion pairs (CIPs)

and aggregates (AGGs). This structural modification promotes the formation of a uniform LiF-rich inter-

phase, which is crucial for improved battery performance. As a result, Li||LFP cell with active cathode

loading of 8.5mg/cm2 delivers 117.2mAh/g and cycling stability over 130 cycles at −20 °C. This work pro-

vides a cost-effective strategy for enhancing the low-temperature performance of LFP batteries.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The rapid advancement of renewable energy sources and

electric vehicles (EVs) has driven a growing demand for high-

performance energy storage systems [1–3]. Among various electro-

chemical systems, lithium iron phosphate (LiFePO4, LFP) batteries

have emerged as a prominent candidate [4–6]. However, the slug-

gish kinetics and severe capacity deterioration of LFP batteries at

low temperature remain a significant challenge [7–9]. Addressing

these limitations is crucial for expanding the applicability of LFP

batteries in regions with harsh cold conditions.

Electrolyte engineering has emerged as a promising strategy to

enhance the low-temperature performance of LFP batteries [10–

12]. Novel strategies, such as designing high-concentration elec-

trolytes (HCEs), localized high-concentration electrolytes (LHCEs),

or fluorinated cosolvent-based electrolytes, have been shown to

improve the low-temperature performance of LFP batteries by

tuning the solvation structure [13]. For example, Han and co-

workers utilized fluorinated reagents (diethyl fluoromalonate and

fluoroethylene carbonate) with high-concentration LiFSI to enhance

LFP battery performance at low temperature [14]. Similarly, Zhang’s

group reported that FEC as an electrolyte solvent was conducive to
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LFP battery operation in the range of −80∼80 °C [15]. While fluo-

rinated reagents improve low-temperature performance, their high

cost remains a significant drawback. To address this, incorporating

fluorinated additives into electrolytes to improve low-temperature

performance has emerged as a highly promising strategy. Min’s

group certificated that the low-temperature performance of the

battery could be improved by adding 2wt% 4,4ʹ-sulfonyldiphenol
and 5wt% perfluoro n-butylsulfonyl fluoride to the traditional car-

bonate electrolyte [16]. Thus, to explore the best compromise be-

tween cost and low temperature performance of LFP batteries, it is

necessary to explore new cost-effective fluorinated additives.

Herein, ethyl pentafluoropropionate (pFEP) with the merit of

abundant fluorine content, excellent electrochemical stability was

introduced into a carbonate-based electrolyte to investigate its po-

tential in modifying the Li+ solvation structure and promoting the

formation of LiF-rich interfaces at low concentrations. Theoreti-

cal calculation, molecular dynamics (MD) simulation and spectro-

scopic characterization confirmed that the solvation structure of

the electrolyte can be changed when the amount of pFEP is only

3%. Specifically, the proportion of contact ion pairs (CIPs) and ag-

gregates (AGGs) increases from 20% to 42% at −20 °C, facilitating
the formation of LiF-rich SEI/CEI layers that enhance interfacial sta-

bility and suppresses side reactions. As excepted, the Li||LFP cell

with pFEP has high discharge capacity of 117.2mAh/g at −20 °C and

achieve long lifespan. This work demonstrates that pFEP is an ef-
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Fig. 1. (a) Molecular structures and electrostatic potential. (b) HOMO/LUMO orbital energy levels of solvents and pFEP. (c) Binding energy between Li+ and solvents/pFEP.

(d) DSC curves. (e) Ea of Li+ de-solvation. (f) Cycling performance and (g) rate performance of Li||Li symmetrical cells at 25 °C. (h) EIS profiles. (i) Tafel plots.

fective additive for improving the low-temperature performance of

LFP batteries and provides a cost-effective strategy for advancing

energy storage systems in cold environments.

Considering the prospect of practical application of electrolyte,

the common carbonate ester EC, PC, DEC and EMC are selected

as solvents in this work (Fig. 1a). Among them, DEC and EMC

have both low freezing point and low viscosity, which facilitate

the modulation of low-temperature electrolytes (Table S1 in Sup-

porting information). As shown in Fig. 1b and Fig. S1a (Supporting

information), pFEP has the lowest HOMO energy level (−1.12 eV)

and remains stable in the range of 2.0–4.0V, indicating that pFEP

is beneficial to enhance the antioxidant properties of the elec-

trolyte [17]. The corresponding electrochemical stability windows

of all electrolytes in Fig. S1b (Supporting information) confirm this

theoretical calculation perspective. The low LUMO energy level of

pFEP indicates a good tendency for pFEP to generate SEI layer

on Li metal [21]. The low binding energy between Li+ and pFEP

(−2.38 eV) is conducive to the de-solvation of Li+ at low tempera-

ture (Fig. 1c and Fig. S2 in Supporting information). Moreover, the

physical properties of the electrolyte are also changed after adding

3% pFEP. As shown in Fig. 1d and Fig. S3 (Supporting informa-

tion), DSC curves show that the freezing point of the electrolyte

decreased from −45.2 °C to −63.5 °C. The ionic conductivity and

wettability of the electrolyte are also improved with 3% pFEP (Figs.

S4 and S5 in Supporting information). Fig. 1e and Fig. S6 (Support-

ing information) exhibit the activation energies of Li+ de-solvation

(Ea1) and diffusion kinetics in the SEI layer (Ea2), which evalu-

ated through Arrhenius law and Li||Li symmetric batteries [18].

3 % pFEP electrolyte has the lower de-solvation energy barriers of

58.37 kJ/mol (Ea1) and 45.41 kJ/mol (Ea2), suggesting that the en-

ergy barrier of Li+ de-solvation and transport processes through

the SEI obtain an obvious reduction in 3% pFEP [19] In 3% pFEP,

the low binding energy of Li+-pFEP and low de-solvation energy

barrier are beneficial to the de-solvation of Li+, so that the Li+ mi-

gration number reaches 0.68 (Fig. S7 in Supporting information)

[20]. Above results indicates that pFEP has potential to improve the

low-temperature performance of LFP batteries.

The galvanostatic cycling test of Li||Li symmetric cell was firstly

used to evaluate the affinity of electrolyte to Li metal. Fig. 1f ex-

hibits that 3% pFEP has the lower plating overpotential value of

148mV in the initial cycle. Meanwhile, cell employing 3% pFEP

electrolyte also demonstrate excellent interface stability even af-

ter 900h of cycling at the current density of 0.5mA/cm2 with a

capacity of 0.5mAh/cm2. In contrast, the cell with 0% pFEP elec-

trolyte rapidly failed after 380h with the initial plating overpo-

tential of 209mV. Li||Li symmetric cell with 3% pFEP also shows

higher stability at −20 °C (Fig. S8 in Supporting information). Fig.

1g shows that the cell with 3% pFEP electrolyte demonstrates the

prominent stability and superior rate performance. The resistance

of two Li||Li cells after different cycles exhibits in Fig. 1h. Obvi-

ously, the cell in 3% pFEP electrolyte possesses smaller resistance

than cell in 0% pFEP. As shown in Fig. 1i, the Tafel plot was used to

investigate the charge transfer kinetics across the interface [21]. 3 %

pFEP has higher intrinsic exchange current density of 3.61mA/cm2,

which highlights that the 3% pFEP significantly accelerates the in-

terfacial transfer kinetics [22].

The reversibility of Li plating and stripping was further eval-

uated by Li||Cu cells (Fig. S9 in Supporting information). Cyclic

voltammetry (CV) curves show that 3% pFEP has higher current re-

sponse in the process of Li plating/stripping. Meanwhile, the Li||Cu

cell with 3% pFEP electrolyte sustains high average CE during the

long-cycling. Above tests of Li||Li and Li||Cu cells identify that pFEP

is beneficial to improve charge transfer and reaction kinetics, and

elevate cycle life and rate performance [17].

Based on the suitability tests with Li metal, the investigation

of the compatibility between electrolytes and LFP cathode through
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Fig. 2. (a) Rate performance of Li||LFP cells at 25 °C. Long cycling curves of Li||LFP cells at (c) 25 °C, 0.5 C; (d) 25 °C, 1.0 C; (e) −20 °C, 0.1 C; (f) 40 °C, 1.0 C. (d) Discharge

curves at −20 °C and −40 °C.

systematic electrochemical tests is of great significance. Prior to cy-

cling, the EIS plot of Li||LFP cells with different electrolytes exhibits

that the Rct of cell with 3% pFEP (160�) is significantly lower than

that of the cell with 0% pFEP (280�) (Fig. S10 in Supporting infor-

mation). The rate performance of two Li||LFP cells under different

current densities (1.0 C=170mAh/g, with the LFP cathode loading

of ∼8.5mg/cm2) is shown in Fig. 2a and Fig. S11 (Supporting infor-

mation). Cell with 3% pFEP electrolyte shows optimum rate per-

formance, with specific capacities of ∼158.9, 155.9, 148.4, 124.4,

81.61mAh/g at 0.1, 0.5, 1.0, 2.0 and 5.0 C, respectively. This result

matches well with the rate capacities of Li||Li symmetric cells, in-

dicating that the pFEP additive can also work well at Li||LFP cells.

To assess the applicability of these electrolytes at wide temper-

ature, Li||LFP cells assembled with different electrolytes were cy-

cled in the voltage range of 2.0–4.0V (Figs. 2b-f, Figs. S12-S14 in

Supporting information). At 25 °C, Li||LFP cell with 3% pFEP dis-

plays high capacity retention (CR) of 85.4 % (131.7mAh/g, 0.5 C)

and 97.5% (134.6mAh/g, 1.0 C), which are higher than those of

0% pFEP (17.4% and 26.9mAh/g at 0.5 C, 13.4 % and 20.1mAh/g

at 1.0 C). Compared to the 0% pFEP electrolyte, the 3% pFEP also

demonstrates superior electrochemical performance at −20 °C and

−40 °C, with discharge capacities reaching 117.2 and 75mAh/g, re-

spectively (Fig. 2d). Fig. 2e shows that after 135 cycles (−20 °C), 3 %
pFEP electrolyte enables higher reversible capacity of 93.5mAh/g

and a stable Coulomb efficiency (CE) of 99.9 %. This is due to the

reversible insertion/deinsertion of Li ions in FePO4 /LiFePO4 during

the discharge-charge process in 3% pFEP electrolyte (Fig. S15 in

Supporting information). More importantly, at lower temperature

down to −40 °C, only Li||LFP cell using 3% pFEP can cycle stably

at −40 °C with high CE. Fig. 2f exhibits the performance of Li||LFP

cells at high temperature (40 °C), and it can be found that 3% pFEP

electrolyte also exhibit exceptional performance. After 200 cycles

at 40 °C, the capacities of cells with 0% pFEP electrolyte shows

retention of 45.7 % (74.2mAh/g). In addition, the performances of

LFP||Gr cells with two electrolytes were also tested (Fig. S16). Com-

pared with 0% pFEP, LFP||Gr cells with 3% pFEP not only show

good stability at 25 °C and 40 °C, but also exhibit high discharge

capacity at −20 °C (123.7mAh/g) and −40 °C (56.8mAh/g). In short,

pFEP can effectively extend the use range of traditional carbon-

ate electrolyte and support the operation of the Li||LFP and LFP||Gr

cells at wide temperature (−40 ∼ 40 °C).
The Li||Li, Li||Cu and Li||LFP cells employing electrolyte with

pFEP demonstrate better electrochemical performances. It is, there-

fore, necessary to obtain the in-depth effect of additive pFEP on

the variation in Li+ solvation structure in the electrolyte. The sol-

vation structures of 0% pFEP and 3% pFEP at different temperature

were studied with MD simulation and NMR.

The detail information on the Li+ solvation structure was col-

lected through the radial distribution functions (RDF) and coordi-

nation numbers (N(r)) from MD simulation (Figs. 3a-c, Figs. S17

and S18, Table S2 in Supporting information). Under both 25 °C and

−20 °C, in the 0% pFEP electrolyte, the solvation shell mainly com-

prises of EC, PC, DEC and EMC. Upon the introduction of pFEP in

0% pFEP electrolyte, the peak of Li-O(pFEP) appears at 2.2 Å at both

25 °C and −20 °C, indicating that pFEP penetrate the first solvation

sheath of Li+. The coordination numbers at 25 °C corresponding to

the EC, PC, DEC, EMC and PF6
- in 0% pFEP are 1.67, 0.69, 1.18, 1.14

and 1.41, respectively. At −20 °C, the solvent coordination number

is higher. Notably, at both 25 °C and −20 °C, the corresponding co-

ordination number of EC, PC, DEC, EMC in 3% pFEP are reduced

(Table S3 in Supporting information). The high coordination num-

ber of the solvent indicates that the SEI film generated in 0% pFEP

is mainly composed of organic components [23,24]. In addition, the

coordination number of PF6
- also changed significantly with the

introduction of pFEP. The coordination number of PF6
- increases

from 1.53 to 1.61 at 25 °C and from 1.11 to 2.36 at −20 °C, respec-
tively. The modification in the solvation structure by pFEP also has

profound implications for the ratio of solvent-separated ion pair

(SSIPs), CIPs and AGGs in the electrolyte. As shown in Fig. 3d, the

proportion of CIPs and AGGs increases from 17% to 28% at 25 °C
(from 20% to 42% at −20 °C).

Meanwhile, after dissolving 3% pFEP into the basic electrolyte,

the PF6
−···Li+ coordination was further characterized using NMR.

Figs. 3e and f are 7Li and 19F NMR spectra, respectively. For the
7Li spectra, as the pFEP content increases, a upfield shift of the

characteristic peak is observed, indicating that the interaction of

Li+-anion and the electron-cloud density around Li+ are enhanced,

which is consistent with the downshift observed in 19F spectra

[25]. Both MD and NMR suggest that pFEP enhances anion coor-

dination within the electrolyte, contributing to the improved elec-

trochemical performance and the generation of inorganic-rich SEI

layer.

The effects of the pFEP on the Li deposition morphology and

SEI composition were investigated by in situ optical microscopy,

scanning electron microscope (SEM) and X-ray photoelectron spec-

troscopy (XPS) systematically. As shown in Figs. 4a and b, it can

be found that 0% pFEP electrolyte was adversed to the Li homo-

geneous deposition with rapid development of dendrites within

30min, while no obvious dendrite growth in 3% pFEP electrolyte

even after 30min. Fig. S19 (Supporting information) shows SEM
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Fig. 3. RDF and CN of (a) 0% pFEP and (c) 3% pFEP at −20 °C. (b) MD simulation snapshot of 3% pFEP at −20 °C. (d) Corresponding distributions of the solvate species of

two electrolytes. (e) 7Li and (f) 19F NMR spectra of 0% pFEP and 3% pFEP.

Fig. 4. In-situ optical microscope images of Li metal in (a) 0% pFEP and (b) 3%

pFEP. Schematic evolutions of Li deposition in (c) 0% pFEP and (d) 3% pFEP. (e)

Distribution of elements on Li anodes in Li||LFP cells after 200 cycles at 25 °C. (f)
XPS C 1s curves. (g) XPS F 1s curves.

images of Li deposited onto the Cu foil at different temperatures

(−20, 25, 40 °C). For 0% pFEP electrolyte, the deposited Li exhibits

an uneven distribution with Li dendrite observed clearly at all tem-

peratures. In contrast, the 3% pFEP electrolyte did not generate

such uniform morphology of Li deposition, which is favorable to

reduce the side reactions and enhance the CE of Li||Cu cell. Analo-

gously, in Li||Li symmetric cell, there are many cracks and holes

on the surface of Li metal in 0% pFEP, while the electrode sur-

face in 3% pFEP is more compact and smoother (Figs. S20 and S21

in Supporting information). In addition, the thickness and rough-

ness of the inactive Li layers (Li||LFP cells) formed in different elec-

trolytes after 200 cycles at 25 °C can be used to evaluate the ho-

mogeneity of SEI layer, since that the thickness of dead Li reduces

with increase of uniformity of SEI layer [26]. As shown in Fig. S22

(Supporting information), the thickness of the inactive Li layer in

3% pFEP is 25.5 μm, which is less than the thickness of 0% pFEP

(58.5 μm). This result matches well with the electrochemical per-

formance of Li||LFP cells.

X-ray photoelectron spectroscopy (XPS) was further carried out

to analyze the SEI compositions. The full XPS spectra in Fig. S23

(Supporting information) suggest that Li, P, C, O and F elements

exist on the surface of Li anode in the two electrolytes. Figs. 4e

exhibits the corresponding content of F, C and O elements. Among

the two electrolytes, the content of F in 3% pFEP (11.08%) elec-

trolyte is higher than that in 0% pFEP (7.92%). Meanwhile, 3 % pFEP

has low content of C and O elements. C 1s spectra in Fig. 4f dis-

play four peaks, corresponding to C–C, C–O, C=O, and C-F bonds

[27,28]. Combined with the C content, it can be found that the

SEI layer in 3% pFEP has the least organic components (ROLi, RO-

COLi and Li2CO3 etc.), which is match well with the MD simula-

tion. F 1s spectra exhibit two peaks at 685.1 eV and 687.5 eV (Fig.

4g), attributing to Li-F and C-F bonds [24,29]. Hence, due to the

LUMO energy level of pFEP and the unique solvation structure of

3% pFEP, the 3% pFEP electrolyte promotes the generation of LiF-

rich SEI layer on the surface of Li metal, which augmenting the

cycling stability of the cell at wide temperature (Figs. 4c and d).

In order to characterize the microstructure changes of LFP and

cathode-electrolyte interface, the morphologies and surface chemi-

cal composition of the LFP cathodes after 200 cycles at room tem-

perature were observed under SEM, TEM and XPS. SEM image of

the pristine LFP power in Fig. S24 (Supporting information) show

that the surface of LFP is smooth. However, after 200 cycles, the

surfaces of LFP in 0% pFEP electrolyte are covered with thick elec-

trolyte decomposition products, which impeding interfacial charge

transfer as evidenced by the EIS (Figs. S25 and S26 in Supporting

information). In contrast, the LFP cycled in 3% pFEP demonstrates

a clean surface (Fig. S25). As illustrated in Figs. 5a and b, TEM im-

ages of the cycled LFP cathodes are used to obtain the morphology

of the CEI layers. A homogeneous and smooth CEI layer measuring

6.0 nm in thickness is identified in 3% pFEP, which is in favour of

maintain the stability of LFP and inhibit side reactions. By contrast,

0 % pFEP samples show amorphous CEI layer on the LFP cathodes,

indicating that adverse reactions occur on the corresponding LFP

electrode surface.

The XPS technology was subsequently conducted on LFP cath-

odes to obtain the chemical composition of CEI layer. XPS survey

spectra of two samples confirm the presence of C, O, F, P and Li

elements (Fig. S22). And 3% pFEP has high content of F (6.36%),

which is superior than 0% pFEP (3.14%). Moreover, it can be seen

that 3% pFEP owns high content of LiF and the least organic com-

ponent (Figs. 5c and d). TEM and XPS results together prove that
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Fig. 5. TEM images of LFP cathodes in Li||LFP cells after 200 cycles at 25 °C in (a)

0% pFEP and (b) 3% pFEP. (c) XPS C 1s curves and (d) XPS F 1s curves. Schematic

evolutions of CEI layer in (e) 0% pFEP and (f) 3 % pFEP.

3 % pFEP electrolyte is conducive to forming a LiF-rich, smooth and

uniform CEI layer on the surface of LFP cathode during the cycle

process (Figs. 5e and f).

In summary, the low-temperature performance of LiFePO4 (LFP)

batteries using a 1.0mol/L LiPF6 electrolyte in EC/PC/DEC/EMC

(2:1:2:2 by volume) is significantly enhanced by incorporating only

3% ethyl pentafluoropropionate (pFEP). The pFEP additive can not

only reduce the energy barrier for Li+ de-solvation but also ac-

celerate the formation of the anion-dominated solvation structure

and increase the content of CIPs and AGGs. Meantime, XPS and

TEM characterizations prove that the existence of pFEP contribute

to the LiF-rich SEI/CEI layers. Consequently, the assembled Li||LFP

cell with pFEP exhibits an excellent performance at −20 °C with a

high discharge capacity of 117.2mAh/g. Even at a low temperature

of −40 °C, the cell matches with LFP can still maintain a capacity of

75mAh/g. This work offers a cost-effective strategy for advancing

the performance of LiFePO4 batteries at low temperature.
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