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A B S T R A C T   

Lithium-sulfur (Li-S) battery has high energy density, which demonstrated the potential to conquer the energy 
storage market. However, in cryogenic circumstances, due to polysulfides (LiPSs) clustering, slow electro-
chemical reaction, and serious polarization, commercial applications are seriously hindered. Previous works 
proved that alloy particles enable high-performance low-temperature Li-S batteries, nevertheless, the cycling 
stability is unsatisfactory due to the serious shuttle effect at low temperatures. Here, FeCoNi nanoparticles (NPs) 
were introduced as a catalyzer, benefiting from the structural and compositional merits it can synergistically 
catalyze more kinds of LiPSs. To enhance adsorption ability, MnO NPs were used to anchor LiPSs, thus providing 
a higher concentration of LiPSs around FeCoNi NPs and MnO NPs, thereby preventing the shuttle effect and 
enhancing cycling stability at low temperatures. Finally, a composite cathode material FCN-MO@CNFs was 
synthesized by one-step in-situ pyrolysis. Via detailed electrochemical analysis, FCN-MO@CNFs exhibited 
excellent electrocatalytic activity and achieved satisfactory low-temperature cycling performance. The initial 
discharge capacity reaches 1167.5 mAh g− 1 under − 40 ◦C at 0.1C, and the capacity retention rate reaches 70.1 % 
after 100 cycles at 0.2C. This work provides a novel method for the practical development of high-performance 
low-temperature Li-S batteries.   

1. Introduction 

To provide power for our increasingly electrified society, energy 
storage technology must be developed to meet the growing demand, and 
energy storage equipment must meet the requirements of safe and 
reliable operation in a variety of climates. The widespread adoption of 
electric vehicles is challenged by the short-range at low temperatures, 
which is due to the sharply diminished capacity and power output of 
commercial Li-ion batteries [1]. In addition, when applications are 
associated with military, aviation, and navigation, batteries need to 
operate in extreme environments where the temperatures are far below 
0 ◦C [2]. However, the low-temperature operation is a great challenge 
for batteries, due to the low charge/discharge capacity [3]. Advanced 
batteries with high energy density may become the most promising 
candidate at low temperatures. 

Li-S battery is regarded as one of the most promising storage systems 
owing to its high theoretical capacity and energy density [4–8]. 

However, the Li-S battery has a high Li-ion desolvation energy barrier at 
low temperatures, which leads to the increase of charge transfer resis-
tance [9], strong battery polarization [10], and the decrease of Li2Sx 
solubility, which not only promotes the formation of strong clusters but 
also passivates the cathode [11,12], making it difficult to achieve full 
charge/discharge. Further, the shuttle effect of LiPSs leads to capacity 
fade. These problems become more serious with the decreased temper-
ature, which hinders the application of Li-S batteries in cryogenic 
climates. 

Up to now, there are few studies reporting on low-temperature 
charge/discharge of Li-S batteries [13–18]. Strategies for improving 
low-temperature performance mainly include the development of novel 
electrolytes [10,11], the designing of cathode materials [13,15], and the 
functionalization of separators [19–21]. We improve low-temperature 
performance from the perspective of the cathode. Wang et al. pre-
pared Co3S4@carbon nanotube(CNT)-S cathode, the initial discharge 
capacity of the composite cathode is 1275.6 mAh g− 1 under − 25 ◦C 
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benefit from the adsorption and catalysis effect of Co3S4 on LiPSs and the 
high conductivity of CNTs [22]. Gao et al. synthesized CoFe@C@CNFs 
as the sulfur host for Li-S battery, the composite materials possess a high 
affinity for LiPSs and can accelerate the catalytic conversion process, it 
has a specific capacity of 836 mAh g− 1 under − 20 ◦C at 0.2C [23]. 

Driven by these studies, we developed a high-performance composite 
cathode material (FeCoNi@CNFs) consisting of FeCoNi entropy alloy 
nanoparticles and carbon nanofibers (CNFs) in our previous work [24]. 
As the sulfur host for Li-S battery, it has ultra-high specific capacity at 
low temperatures. Unfortunately, its capacity retention at low temper-
atures is not ideal. This is also verified by the previous literature, which 
reported that alloy NPs can achieve high-performance low-temperature 
Li-S batteries, but their capacity is significantly reduced due to the 
shuttle effect [23]. Therefore, to solve the problem of large fade of ca-
pacity at low temperatures, the addition of metal oxides is of great 
significance to prevent the shuttle effect and enhance the physical and 
chemical adsorption of LiPSs. 

Herein, we introduced MnO NPs into FeCoNi@CNFs via one-step in- 
situ pyrolysis. In H2, Fe3+, Ni2+, and Co2+ are all reduced to simple 

substances, forming alloy due to similar chemical bond properties, while 
Mn2+ is reduced to MnO [25]. Finally, a new composite cathode mate-
rial FCN-MO@CNFs is formed. Atomic scale mixed medium entropy 
alloy FeCoNi NPs have high catalytic activity and good adsorption, 
which can synergistically catalyze the conversion of LiPSs and speed up 
the electrochemical reaction. The addition of MnO NPs can anchor and 
increase the concentration of LiPSs around FeCoNi NPs, realize strong 
adsorption of LiPSs, improve the utilization rate of active materials, 
Promote catalytic conversion of LiPSs, and prevent the shuttle effect. 
CNFs with unique three-dimensional porous network structure have a 
large specific surface area, excellent conductivity, and electrolyte 
wettability, which can effectively prevent the accumulation of LiPSs and 
avoid volume expansion. The composite cathode material enhances the 
catalytic conversion ability of LiPSs at low temperatures, accelerating 
the reaction progress and improving the low-temperature cycling sta-
bility. By systematically investigating the rate cycling performance of 
the batteries at 30 ◦C, − 10 ◦C, and − 40 ◦C, it is verified that FCN- 
MO@CNFs has excellent battery performance at a wide temperature 
range. The initial discharge capacity can reach 1167.5 mAh g− 1 under 

Fig. 1. (a) The synthesis process of Li2S6/FCN-MO@CNFs. (b-c) SEM images of FCN-MO@CNFs. (d) HRTEM image with SAED pattern. (e) Corresponding elemental 
mapping images of FCN-MO@CNFs. 
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− 40 ◦C at 0.1C, and the capacity retention rate can reach 70.1 % after 
100 cycles at 0.2C. 

2. Results and discussion 

The synthesis procedure of Li2S6/FCN-MO@CNFs is demonstrated in 
Fig. 1a, and a detailed method is given in the experimental section. We 
used trans blot filter paper (BP), FeCl3⋅6H2O, CoCl2⋅6H2O, NiCl2⋅6H2O, 
and MnCl2⋅4H2O as raw materials to prepare Li2S6/FCN-MO@CNFs via 
relatively simple immersion, heat treatment, and Li2S6 dropping. When 
the temperature was maintained at 800 ◦C, the added Fe3+, Ni2+, and 
Co2+ form FeCoNi alloy NPs due to their similar chemical bond prop-
erties, while the Mn2+ has strong reducibility and is conducive to phase 
dispersion. Therefore, it is reduced to MnO NPs under Ar-H2 and uni-
formly dispersed on CNFs [25]. In addition, we set up a control group 
that did not add metal salt solution to the BP. 

To visually observe the surface morphology and microstructure of 
FCN-MO@CNFs, the synthetic materials were tested by scanning elec-
tron microscopy (SEM) and transmission electron microscopy (TEM). It 
is apparent from Fig. 1b, c and Fig. S1 that FCN-MO@CNFs is a three- 
dimensional porous structure, and CNFs are twisted in the form of 
hemp rope, with an average diameter of about 10 μm. FeCoNi and MnO 
NPs are uniformly dispersed in CNFs. The electrolyte permeability test 
shows that the electrolyte can soaks the material very quickly with a 
speed of 0.1 s. This shows that this unique structure enhances the con-
tact between the active substance and the electrolyte (Fig. S2, Video S1). 
The high-resolution TEM (HRTEM) image (Fig. 1d) presents three 
distinct fringes with spacings of 0.20, 0.34, and 0.22 nm, respectively, 
corresponding to FeCoNi (111), C (002), and MnO (200) facets. 
Selected area electron diffraction (SAED) patterns in Fig. 1d confirmed 
the existence of FeCoNi alloy and MnO NPs. EDS mapping images 
(Fig. 1e) show that Fe, Co, and Ni elements are highly dispersed, and Mn 
and O elements are also uniformly dispersed on CNFs. 

The X-ray diffraction (XRD) patterns of FCN-MO@CNFs show three 
peaks at 44.2◦, 51.5◦, and 75.7◦, corresponding to (111) (200) (220) 
planes (COD ID 9000089) of FeCoNi alloy, and three peaks at 35.1◦, 
40.8◦, and 59.0◦, corresponding to (111) (200) (220) crystal plane 
(ICOD ID 0750625) of MnO. The 26.6◦ peak corresponds to the (002) 

plane of graphite carbon (Fig. 2a and Fig. S3), this is consistent with the 
TEM results. The porous structures of FCN-MO@CNFs was investigated 
by the N2 adsorption–desorption measurements. FCN-MO@CNFs shows 
hierarchical microporous and mesoporous structures, which is condu-
cive to the adsorption and conversion of LiPSs. The larger specific sur-
face area allows the material to maximize its contact with LiPSs. 

The high-resolution X-ray photoelectron spectroscopy (XPS) Mn 2p 
spectra reveal that Mn 2p3/2 and Mn 2p1/2 peaks have binding energy 
positions of 641.2 eV and 653.1 eV, which is consistent with the Mn 2p 
spectra of MnO (Fig. 2c) [26]. In the Fe 2p, Co 2p, and Ni 2p spectra 
(Fig. 2d, e), there are Fe0, Co0, and Ni0 peaks, which determine the 
formation of FeCoNi alloys. The C 1 s spectrum reflects the different 
structures of carbon in FCN-MO@CNFs. (Fig. S4). 

To verify the adsorption effect of LiPSs on FCN-MO@CNFs, CNFs (B) 
and FCN-MO@CNFs (C) were independently added to Li2S6 (A) solution 
and carried out a visual adsorption experiment, Fig. 3a. After the solu-
tion was allowed to stand for 3 h, the color of Li2S6 solution added to 
FCN-MO@CNFs was close to light yellow, while in CNFs, no significant 
change occurred, which further indicated that FCN-MO@CNFs had 
excellent chemical anchoring ability to LiPSs. In Fig. 3b, electrochemical 
impedance spectroscopy (EIS) shows that Li2S6/FCN-MO@CNFs has a 
low charge transfer resistance, which indicates that FCN-MO can 
accelerate ion/electron transfer, which is conducive to the redox reac-
tion of LiPSs. 

The electrochemical characteristics of the electrodes were further 
examined by cyclic voltammetry (CV). In Fig. 3c, two pairs of redox 
peaks can be identified, in which A-A’ pair corresponds to the redox 
reaction between S8 and LiPSs, and B-B’ pair corresponds to the redox 
reaction between LiPSs and LiS2. Fig. 3d shows the constant current 
charge/discharge curves of Li2S6/CNFs and Li2S6/FCN-MO@CNFs 
cathodes in the first cycle at a constant current rate of 0.1C in the range 
of 1.7 V-2.8 V. Comparing with Li2S6/CNFs (ΔE = 190 mV), Li2S6/FCN- 
MO@CNFs cathode shows smaller potential polarization (ΔE = 130 
mV), which proves that FCN-MO@CNFs is beneficial to the redox re-
action process of Li-S battery. Constant current charge/discharge tests 
were conducted under different current densities to determine the rate 
performance of cathodes. In Fig. 3e, the rate performance of Li2S6/ 
Sample 2 is significantly higher than that of other samples. Further, 

Fig. 2. (a) XRD patterns of CNFs and FCN-MO@CNFs. (b) Nitrogen adsorption/desorption isotherms of FCN-MO@CNFs. Inset: pore size distribution of the material. 
(c-f) Mn 2p, Fe 2p, Co 2p, and Ni 2p XPS spectra of FCN-MO@CNFs. 
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compared with other materials, Li2S6/Sample 2 shows the high initial 
capacity and cycle stability at 0.2C and 1C (Fig. 3f, g). The capacity 
retention rate is 80.0 % after 100 cycles at 0.2C and 74.1 % after 300 
cycles at 1C. 

We selected Li2S6/Sample 2, which has the best performance at room 
temperature, to explore the battery performance at low temperatures, 
and labeled it as Li2S6/FCN-MO@CNFs. The rate performance of Li2S6/ 
FCN-MO@CNFs cathode at − 10 ◦C and − 40 ◦C was evaluated at 
different current densities of 0.1C, 0.2C, 0.5C, 1C, 2C, 4C, 8C and 10C 
(Fig. 4a). At − 10 ◦C, its discharge capacity can reach 1250.2, 940.0, 
830.1, 726.1, 563.7, 356.8, 288.9, and 278.7 mAh g− 1, respectively. At 
− 40 ◦C, the corresponding discharge capacity can reach 1167.5, 639.2, 
472.7, 409.2, 329.2, 209.7, 108.0, and 17.4 mAh g− 1, respectively. After 
100 cycles under − 10 ◦C at 0.2C, the capacity retention rate can reach 
90.5 % (Fig. 4b). When the temperature drops to − 40 ◦C, the capacity 
retention rate is 70.1 %. Compared with the capacity retention rate of 
the ternary alloy cathode material under − 40 ◦C at 0.2C of the previous 
work, the addition of MnO NPs is more beneficial to the adsorption and 
catalytic conversion of LiPSs, which greatly improves the stability of the 
battery. After 210cycles under − 10 ◦C at 1C, the capacity retention rate 
of Li2S6/FCN-MO@CNFs is 85 %; after 210cycles under − 40 ◦C at 1C, 
the capacity retention rate of Li2S6/FCN-MO@CNFs is 18 % (Fig. 4d). 

To further explore the role of − 40 ◦C FCN-MO@CNFs in the oxida-
tion and reduction process of LiPSs, we compared the cyclic voltam-
metry curves of symmetrical batteries with different cathode materials. 
As shown in Fig. 4e, Li2S6/FCN-MO@CNFs has a higher redox peak, 
which indicates that FCN-MO@CNFs has superior catalytic reaction 

kinetics. The impedance spectrum at low temperature shows that FCN- 
MO@CNFs still has low charge transfer resistance, which is conducive 
to the redox reaction (Fig. 4f). In Fig. 4g, two pairs of redox peaks can 
still be observed on the cyclic voltammetry curve, indicating that the 
redox reaction can still occur at low temperatures. 

In addition, to explore the adsorption of FCN-MO@CNFs on LiPSs at 
low temperatures, visualization experiments were performed (Fig. 4c). 
In the − 40 ◦C low-temperature cabinet, after standing for 5 h, the color 
of CNFs (B) added with Li2S6 (A) solution is slightly darker, while FCN- 
MO@CNFs (C) is colorless, which indicates that FCN-MO@CNFs has 
strong adsorption effect on LiPSs. At the same time, we found that Li2S6 
solution would accumulate at low temperatures, while CNFs added Li2S6 
solution did not. This also indicates that the unique three-dimensional 
porous structure of CNFs can prevent the accumulation of LiPSs. 
Therefore, FCN-MO@CNFs acts out robust adsorption. 

3. Conclusions 

In this study, we successfully prepared a cathode material for Li-S 
batteries, which is composed of FeCoNi medium entropy alloy NPs, 
MnO NPs, and CNFs. The multi-metal synergetic catalysis between 
FeCoNi alloy NPs produces excellent electrocatalytic activity and pro-
motes redox reaction kinetics. MnO NPs are beneficial to the adsorption 
of LiPSs, inhibit the shuttle effect of LiPSs, and improve cycle stability. 
After detailed electrochemical tests, when the concentration of added 
metal ions is 40 mM, the battery shows excellent cycle and rate per-
formance. Even under − 40 ◦C at 0.1C, the initial discharge capacity 

Fig. 3. (a) Optical image of L2S6 adsorption tests by CNFs and FCN-MO@CNFs after 3 h under room temperature. (b) EIS plots of Li2S6/CNFs and Li2S6/FCN- 
MO@CNFs. Inset: corresponding equivalent circuit model. (c) CV curves of Li2S6/CNFs and Li2S6/FCN-MO@CNFs at a scan rate of 0.4 mV s− 1. (d) Constant-current 
discharge/charge curves of Li2S6/CNFs and Li2S6/FCN-MO@CNFs. (e) Rate performance of Li2S6/CNFs and Li2S6 of samples. Cycling performance of Li2S6/CNFs and 
Li2S6 of samples at (f) 0.2C and (g) 1C. All tests were performed at room temperature (RT). 
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reaches 1167.5 mAh g− 1; At 0.2C, the capacity retention rate still 
reached 70.1 % after 100 cycles. This work provides a simple method for 
the design of high-performance low-temperature Li-S batteries and has 
certain enlightenment significance for the future commercial prospects 
of low-temperature Li-S batteries. 

4. Experiment 

4.1. Preparation of FCN-MO@CNFs 

Dissolve the equivalent amount of FeCl3⋅6H2O, CoCl2⋅6H2O, 
NiCl2⋅6H2O, and MnCl2⋅4H2O in 30 ml deionized water to obtain Fe3+/ 
Co2+/Ni2+/Mn2+ metal salt mixed solution. Calculate the size of the 
transfer filter paper (BP) according to the shrinkage, cut it into a circle, 
and immerse it in the above solution for 2 h. The obtained precursor 
material was dried at 60 ◦C for 12 h and carbonized in a tubular furnace 
at 800 ◦C in Ar/H2 atmosphere for 2 h. The concentration of metal ions 
added in this work is 20, 40, 60, and 80 mM respectively, which are 
labeled as Sample 1, Sample 2, Sample 3, and Sample 4 in turn. For 
comparison, the synthesis method of CNFs is the same as above, but no 
metal salt solution is added to deionized water. 

4.2. Materials characterization 

The crystalline phase was identified by X-ray diffraction (XRD) on 
Rigaku D/max 2550 PC (CuKa). The structure and morphology research 
was performed with Zeiss Supra55 Scanning Electron Microscopy (SEM) 

and FEI TECNAIG2 F30 Transmission Electron Microscopy (TEM). 
Thermogravimetric (TG) analysis was recorded with a TG-209F1. The 
elemental composition and valence state are determined by X-ray 
photoelectron spectroscopy (XPS) (Kratos AXIS Ultra DLD XPS). The 
surface area and pore size distribution were determined using an ASAP 
2020. 

4.3. Synthesis of Li2S6/FCN-MO@CNFs 

In the glove box, the sublimed sulfur and Li2S are weighed at a molar 
ratio of 5:1, dissolved in 1,3-dioxolane/1,2-dimethoxyethane, and stir-
red at 60 ◦C for 48 h to obtain Li2S6 solution. Then, the solution is 
dropped into FCN-MO@CNFs to synthesize Li2S6/FCN-MO@CNFs. In 
this work, we adopted an S load of 1 mg cm− 2, which corresponds to a 
0.2 M Li2S6 of 26 µL. 

4.4. Electrochemical measurement 

The electrochemical properties of Li2S6/FCN-MO@CNFs were tested 
by using CR2032 coin cells, which were assembled in an argon-filled 
glove box, where oxygen and moisture were both below 1 ppm. The 
cathode is Li2S6/FCN-MO@CNFs, the anode is Li, the separator is Cel-
gard 2300, and the electrolyte is 50 µL 1.0 M bis-(trifluoromethane) 
sulfonamide lithium (LiTFSI) in DOL/DME (volume ratio = 1:1) with 
0.2 M LiNO3. 

The galvanostatic charge/discharge tests were evaluated on the 
battery testing system (Neware) in the voltage range of 1.7 V–2.8 V and 

Fig. 4. (a) Rate performance of Li2S6/FCN-MO@CNFs under different temperatures. (b) Cycling performance of Li2S6/FCN-MO@CNFs at 0.2C under different 
temperatures. (c) Optical image of L2S6 adsorption tests by CNFs and FCN-MO@CNFs after 5 h under − 40 ◦C. (d) Cycling performance of Li2S6/FCN-MO@CNFs at 1C 
under different temperatures. (e) Under − 40 ◦C, CV curves of Li2S6/CNFs and Li2S6/FCN-MO@CNFs symmetric cells. (f) Under − 40 ◦C, Nyquist plots of Li2S6/CNFs 
and Li2S6/FCN-MO@CNFs. (g) Under − 40 ◦C, CV curves of Li2S6/CNFs and Li2S6/FCN-MO@CNFs at a scan rate of 0.4 mV s− 1. 
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a low-temperature galvanostatic discharge/charge test was recorded on 
the Land battery testing system. Electrochemical impedance spectros-
copy (EIS) and cyclic voltammetry (CV) were measured on bio-logic 
VMP3 electrochemical workstation. 

4.5. Assembly of symmetric cells 

Two identical cathodes are used as the working electrode and the 
counter electrode. The active material is 26 µL 0.5 M Li2S6, and the 
electrode area is about 1 cm− 2. CV test was performed on the assembled 
symmetric battery at a certain scanning rate. 
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