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31 ABSTRACT 
32 
33 

34 As various heat-resistant polymer separators come out, although they possess better thermal stability 
35 

36 
and superior affinity to liquid electrolyte than commercial polyolefin separator, the porous structure 

38 
39 and chemical stability of these novel separators should be paid more attention. In this work, we prepare 
40 

41 

42 a thin polyacrylonitrile/cellulose acetate (PAN/CA) composite nanofiber separator and discuss the 
43 
44 

45 importance of chemical stability in the ester-based electrolyte. The addition of CA decreases the 
46 

47 
PAN/CA fiber diameter from 310 nm to 210 nm. However, CA containing a lot of ester groups is easy 

49 
50 to be dissolved by liquid electrolyte for the property of similarity and compatibility. Hence, the 
51 

52 

53 obtained PAN/CA composite nanofiber separator is treated via alkaline hydrolysis process, and some 
54 
55 

56 ester groups are transformed to be hydroxyl groups. Noteworthily, hydroxyl-rich PAN/CA composite 
57 
58 

nanofiber separator not only remains stable in electrolyte, but also possesses an improved lithium-ion 



transport property for reducing concentration polarization effect. As a result, the LiCoO2/Li half cells 1 
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3 
employing the hydroxyl-rich composite nanofiber separator exhibits better capacity retention (118.5 

4 
5 

6 mAh g-1 after 300 cycles) and superior rate performance (143.1 mAh g-1 at 3C). Therefore, this multi- 
7 

8 

9 functional groups decorated composite nanofiber separator with excellent chemical stability is a 
10 
11 

candidate for next-generation lithium-based battery. 

13 

14 
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19 
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23 

24 

25 

26 

27 1. Introduction 
28 
29 

Since the industrial revolution started, fossil fuels have been consumed overmuch in the past two- 

31 
32 hundred years, which is also gradually evolved as severe problems of environmental pollution and 
33 

34 
35 energy crisis [1]. It is time to develop clean and sustainable energy like solar, wind and hydropower 
36 
37 

38 [2-4]. However, these energy sources generally show the characteristics of discontinuity, regional and 
39 

40 
instability, which make it hard to be applied in most electronic device. Therefore, conversion and 

42 
43 storage of energy have been the focus of new energy industrial. Lithium-ion battery (LIB) is one of the 
44 

45 
46 most competitive power supplies for high energy density and long cycle life, and it has been widely 
47 
48 

49 applied in portable electronics [5-10]. In recent years, when selected as the power supply, LIB safety 
50 
51 

issue becomes a core problem for electric vehicles (EVs) industrial [11]. It may be closely related to 

53 
54 

the LIB with high energy density [12]. Hence, more and more investigators are devoted to exploring 
55 

56 
57 novel materials and searching for a security design strategy about LIB. 
58 

mailto:jianph@nuaa.edu.cn


Generally, a typical LIB consists of anode, cathode, separator and liquid electrolyte. Commercial 1 
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3 
liquid electrolyte is mainly composed of organic solvent and LiPF6. The most used anode materials are 

4 
5 

6 divided into carbon-based materials, silica-based materials and alloy materials [13]. Li-insertion 
7 

8 

9 cathode materials besides traditional LiCoO2 and LiFePO4, some aqueous cathode materials have 
10 
11 

attracted more attention in recent years [14-16]. While separator mainly plays a significant part in 

13 

14 
isolating the anode and cathode [17]. Meantime, it could absorb enough electrolyte and provide special 

16 
17 transport channels for lithium ions [18-20]. As an indispensable structural material inside the battery, 
18 

19 

20 separator should possess good chemical stability and thermal stability [17, 21]. At present, for the 
21 

22 
mature production process and low manufacturing cost, polyolefin microporous membrane with pore 

24 
25 

size of 20-300 nm is widely applied in LIB [22]. Nevertheless, this kind of polyolefin separator usually 

27 
28 shows poor thermal stability [23-25] and it would shrink or even melt when the operating temperature 
29 

30 

31 closes to or exceeds the melting point [26]. Therefore, a large number of research about separators 
32 
33 

34 have been carried out to develop the safety performance of LIB at high temperature. The composite 
35 

36 
separator coated with inorganic ceramic particles (such as SiO2 [27-29], Al2O3 [30-32], TiO2 [33,34], 

38 
39 ZrO2 [35] and so on) has been successfully prepared and used in some occasions. For example, Park 
40 

41 

42 et al. selected poly (methyl methacrylate) as the binder and prepared a special kind of close-packed 
43 
44 

45 SiO2/PMMA coating on PE separators. With the introduction of SiO2 nanoparticles, thermal stability 
46 

47 
of composite separators was obviously improved, and the unique porous structure provided better 

49 
50 electrolyte wettability and ionic transport ability [27]. Also, Liang et al. designed a unique nano-shield 
51 

52 

53 structure on the PE separator via the spinning process [36]. The results showed that neatly arranged 
54 
55 

56 SiO2 nanoparticles could form uniform and dense lithium metal deposition, and the battery could stably 
57 
58 

cycle for more than 300 cycles. Furthermore, on the basis of ensuring the safety characteristics of LIB, 



some conductive ceramic particles (such as LAGP [37], LATP [38], LLZO [39], etc.) were regarded 1 
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3 
as functional coating materials for separator in recent years. For instance, Liu et al. prepared a kind of 

4 
5 

6 LAGP layer coated composite separator with excellent wettability, chemical/thermal stability and 
7 

8 

9 mechanical strength. The composite separator effectively alleviated the contradiction between safety 
10 
11 

performance and electrochemical performance. Besides, Zhang et al. proposed an ion redistributor of 

13 

14 
LLZTO coated PP separator to regulate the transport process of lithium ions and supply a uniform 

16 
17 lithium ions deposition in lithium-metal battery (LMB) [40]. Due to significant reduction of ion 
18 

19 

20 concentration standard deviation of LLZTO-coated PP separators, the Li/Cu cell exhibited a coulombic 
21 

22 
efficiency larger than 98% over 450 cycles. 

24 
25 

On the other hand, some polymer materials (such as PI [41, 42], PVDF [43, 44] and so on) with 

27 
28 great thermal stability and strong polarity are used as the separator in lithium-based batteries. Up to 
29 

30 

31 now, there are several methods that fabricate polymer porous membrane in recent years, such as TIPS, 
32 
33 

34 NIPS, electrospinning technology etc. For example, Cui et al. prepared a kind of composite separator 
35 

36 
based on PVDF, CA and Al(OH)3 via NIPS [45]. The crystallinity of polymer matrix was decreased 

38 
39 with the addition of Al(OH)3. And the obtained separator exhibited excellent thermal stability and 
40 

41 

42 electrochemical performance. Wang et.al added single layer graphene oxide (GO) to PI spinning 
43 
44 

45 solution and prepared the GO/PI separator with smaller fiber diameter and enhanced porosity [46]. 
46 

47 
Compared with commercial separator, the GO/PI separator had an improved electrolyte uptake rate. In 

49 
50 addition, Qi et al. also designed a new type of core-shell structure PI/SiO2 inorganic-organic composite 
51 

52 

53 separator via SiO2 nano-encapsulation [47]. This strategy combined the electrospinning technology 
54 
55 

56 and inorganic ceramic particles coating to effectively improve the safety performance and 
57 
58 

electrochemical performance. 



Electrospinning technology is a very simple and efficient method, and the obtained nanofiber 1 
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3 
membrane has high porosity. For instance, it has been reported that the electrospinning nanofiber 

4 
5 

6 separators based on polyacrylonitrile (PAN) possess high electrolyte uptake [48, 49]. PAN is able to 
7 

8 

9 keep size stability below 317 °C and has good chemical stability [50, 51]. Furthermore, it is also 
10 
11 

reported that the polar nitrile groups of PAN may be in favor of transporting lithium ions [52, 53]. 

13 

14 
However, the self-discharge phenomenon of battery is closely associated with the pore size of 

16 
17 nanofiber membrane, which needs to be controlled by hot-press or reduce the fiber diameter. Hence, it 
18 

19 

20 is a good method to adjust the fiber morphology by adding additives to the spinning precursor solution. 
21 

22 
In this study, we tried to prepare a thin PAN/cellulose acetate (CA) nanofiber membrane. CA, a kind 

24 
25 

of biodegradable polymer, is used as fiber morphology regulator [54]. And abundant ester groups of 

27 
28 CA have good compatibility with liquid electrolyte and even could be dissolved by ester-based liquid 
29 

30 

31 electrolyte [55, 56]. Furthermore, after a simple alkaline hydrolysis treatment, PAN/CA composite 
32 
33 

34 nanofiber separator has a lot of hydroxyl groups, nitrile groups and unhydrolyzed ester groups, which 
35 

36 
make it stable in the ester-based liquid electrolyte and contribute to lithium-ion transport process. 

38 

39 

40 

41 2. Experimental 
42 

43 

44 2.1 Materials 
45 
46 

47 2-acrylonitrile homopolymer (PAN), cellulose acetate (CA), lithium hydroxide (LiOH) and N, N- 
48 
49 

dimethylformamide (DMF) were purchased from Aladding Reagent Co. Ltd. Ethanol and n-butanol 

51 
52 were bought from Sinopharm Chemical Reagent Co. Ltd. Commercial carbonate-based electrolyte was 
53 

54 

55 purchased from DoDoChem. Lithium foil (diameter of 16 mm) was bought from China Energy 
56 
57 

58 Lithium Co. Ltd. Commercial lithium cobalt oxides (LiCoO2) electrode and lithium iron phosphate 



(LiFePO4) electrode were obtained from Guangdong Canrd Co. Ltd. Polyethylene separator (thickness 1 
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3 
of 16 μm) was kindly provided by Sinoma Lithium Battery Separator Co. Ltd. Deionized water was 

4 
5 

6 made in laboratory. 
7 

8 

9 2.2 The preparation of PAN/CA composite separator 
10 
11 

Firstly, 1.1 g PAN and 1.1 g CA were firstly added into 20 ml DMF, which were mixed under 

13 

14 
vigorously stirring for 12 h to prepare a homogeneous spinning solution (10.4%, w/w). Then the 

16 
17 solution was put into two syringes. A stable and continuous Talor cone at the nozzle was expected to 
18 
19 

20 be formed by adjusting the spinning voltage, push speed and collected distance. Finally, nanofiber 
21 

22 
membrane was prepared under these conditions: humidity at 30%, temperature at 45 °C, push speed at 

24 
25 

0.0010 mm s-1, spinning voltage at 18 kV, and collected distance at 15 cm. 

27 
28 Next, the collected PAN/CA nanofiber membrane needed to evaporate the residual solvent at a 
29 

30 

31 vacuum drying oven for 24 h. Under the same experimental conditions, we set up three controlling 
32 
33 

34 groups (2.2 g pure PAN, 2.2 g pure CA, 0.55 g PAN+1.65 g CA, respectively, and the solvent was 20 
35 

36 
ml DMF). And the corresponding electrospinning nanofiber membrane was prepared according to the 

38 
39 same experimental procedure. 
40 

41 

42 2.3 Alkaline hydrolysis treatment of PAN/CA composite nanofiber separator 
43 
44 

45 1 g LiOH was firstly dissolved in 200 ml ethanol, and stirring for 30 minutes. Then the dried 
46 

47 
PAN/CA composite nanofiber separator was put into this solution and fully soaked for 12 h for alkaline 

49 
50 hydrolysis treatment. After that, 0.01 mol L-1 hydrochloric acid solution was used to remove excess 
51 

52 

53 lithium salt dispersed in nanofiber separator. Finally, the obtained PAN/CA nanofiber separator was 
54 
55 

56 washed for three times with absolute ethanol and deionized water, respectively, and then dried in a 
57 
58 

preheated 70 °C vacuum drying box for 24 h. The entire preparation process of experimental materials 



is displayed in Figure 1. 1 
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12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 Figure 1. The schematics of preparation process (a) and alkaline hydrolysis process (b) of PAN/CA 
32 
33 

34 nanofiber separator. 
35 
36 

2.4 Characterization of the separator 

38 
39 The surface morphology of nanofiber separators was observed by a scanning electron microscope 
40 

41 

42 (SEM, Japan, Hitachi, S-4800). High-resolution Transmission electron microscopy (HRTEM, FEI 
43 
44 

45 Tecnai G2F20) combined with energy dispersive X-ray spectroscopy (EDX) was used to study the 
46 

47 
matrix structure of nanofiber separator. In the wavenumber range of 4000-600 cm-1, PAN/CA 

49 
50 nanofiber separators before and after hydrolysis treatment were characterized by FTIR-ATR (Thermo 
51 

52 

53 Scientific Nicolet 6700) to analyze the chemical compositions. The contact angles of different 
54 
55 

56 separators with distilled water and liquid electrolyte were tested by contact angle goniometer (SL200B, 



Solon Tech). The pore size of membrane was analyzed with the Capillary Flow porometer (ipore- 1 
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1500AEX-Clanp, Porous Materials Inc). 
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6 The porosity of separator could be measured by the following Eq (1): 
7 
8 𝑀w−𝑚d 

9 Porosity(%) = 
10 

𝜌×𝑉 
× 100% (1) 

11 
Where Mw and md represent the wet weight of separator soaked in n-butanol for an hour and the dry 

13 

14 
weight of separator, respectively. And ρ represents the density of n-butanol, V represents the volume 

16 
17 of the separator. 
18 

19 

20 And the electrolyte uptake could be examined by weighing the mass of separator after immersing 
21 

22 
in the electrolyte for an hour, and it is calculated according to Eq (2): 

24 
25 Electrolyte uptake(%) = 

𝑀𝑤−𝑀𝑑 × 100% (2) 
26 𝑀𝑑 

27 
28 Where Mw represents the mass of separator after fully absorbing electrolyte, and Md represents the 
29 

30 

31 mass of pristine separator. 
32 
33 

34 After heated at 130 °C, 150 °C for 30 minutes in a preheated air-dried oven, respectively, the 
35 

36 
thermal stability could be compared directly according to the dimensional shrinkage of different 

38 
39 separators. Thermogravimetric analysis (TGA, NETZSCH TA) of separators were performed under 
40 

41 

42 N2 atmosphere at a heating rate of 10 °C min-1 from 30 °C to 600 °C. 
43 
44 

45 2.5 Electrochemical performance test and battery performance test 
46 

47 
The ionic conductivities of PAN and PAN/CA separators were measured via electrochemical 

49 
50 impedance spectroscopy (EIS) [57] with a frequency range and AC amplitude of 100 mHz - 100 kHz 
51 

52 

53 and 10 mV, respectively. It was calculated using following Eq (3): 
54 

55 
𝜎 = 

𝑑 𝑅𝑏×𝑆 



Solon Tech). The pore size of membrane was analyzed with the Capillary Flow porometer (ipore- 1 
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1500AEX-Clanp, Porous Materials Inc). 
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(3) 



Where σ represents the ionic conductivity, d represents the thickness of different separators, S 1 

2 

3 

4 

5 

represents actual area of the stainless steel (SS) electrode, Rb represents the bulk resistance. 
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𝑡 = (4) 
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6 In order to further measure the lithium ions transport performance in the porous separator, the 
7 

8 

9 symmetrical cell of Li/separator/Li was assembled for the potentiometric polarization measurement 
10 
11 

and EIS. Among which, the test model was subjected to a small DC polarization potential for 1200 s 

13 

14 
to reach a steady-state current, and corresponding Nyquist plots were measured ranging from 100 mHz 

16 
17 to 100 kHz before and after polarization. Then, the tLi

+ could be calculated with the following Eq (4) 
18 
19 

20 [58]: 
21 
22 𝐼𝑠(∆V−I0𝑅0) 
23 𝐿𝑖+ 

𝐼 (∆𝑉−𝐼 𝑅 ) 
0 𝑠 𝑠 

24 
25 

Where Is and I0 represent the steady-state current and initial current of the obtained I-t curves, 

27 
28 respectively. Rs and R0 represent the interfacial impedance after and before polarization, respectively. 
29 

30 

31 And ∆V is the small DC polarization potential (5.0 mV). 
32 
33 

34 The electrochemical stability of the separators was evaluated by linear sweep voltammetry (LSV) 
35 

36 
using the electrochemical workstation (Solartron 1287, USA) from 3 to 6.5 V (vs. Li+/Li) at a scanning 

38 
39 rate of 5 mV s-1 with SS/separator/Li cells. 
40 

41 

42 Coin-type cell (CR-2032) was assembled to evaluate the battery performance with different 
43 
44 

45 separators in the Ar-filled glove box (O2 and H2O content＜0.01 ppm). The test model consists of a 
46 

47 
lithium foil as the anode, a commercial LiCoO2 electrode (1.13 cm2, 11.5 mg cm-2) or LiFePO4 

49 
50 electrode (1.13 cm2, 11.5 mg cm-2) as the cathode, and a separator soaked with 60 μL electrolyte of 1 
51 

52 

53 M LiPF6 dissolved in EC/DEC (v/v=1/1) containing 5% of FEC. In order to ensure the test system was 
54 
55 

56 stable, all assembled cells were placed in argon for 24 h in advance. Cyclic voltammetry (CV) curves 
57 
58 

were recorded using the electrochemical workstation with the voltage range from 2.5 to 4.5 V and the 



scanning rate of 0.1 mV s-1. The EIS data of LiCoO2/Li half cells was measured in the frequency range 1 
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12 

59 

3 
of 100 mHz-100 kHz. With the charge/discharge voltage ranging from 3.0 V to 4.45 V, cycle 

4 
5 

6 performance was studied at a constant charge/discharge current density of 1C. In addition, the C-rate 
7 

8 

9 performance was evaluated at various cycling rates from 0.2C to 3C. In the performance 
10 
11 

characterization section, PE separator was used as the control group. 

13 

14 

15 

16 
17 3. Results and discussions 
18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

42 

43 

44 

45 

46 

47 

48 

49 

50 

51 

52 

53 Figure 2. The top-view SEM images and diameter distributions of (a) pure PAN, (b) PAN:CA=1:1. 
54 
55 

56 TEM-EDS of pristine PAN/CA nanofiber: (c) TEM image; (d) C, N and O elements mapping images. 
57 
58 

(e) Optical images of CA before and after alkaline hydrolysis; (f) Optical images of 0.5 g CA and 0.5 



g hydrolyzed CA immersed in the liquid electrolyte for 24 h. (g)(h) Contact angels of PAN/CA 1 
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59 

3 
nanofiber separators before and after alkaline hydrolysis with deionized water, respectively. (i) The 

4 
5 

6 top-view SEM image of PAN/CA nanofiber separator after alkaline hydrolysis. (j) Pore size 
7 

8 

9 distribution curves of PAN/CA composite nanofiber separator, PAN nanofiber separator and PE 
10 
11 

separator. (k) FTIR spectra of PAN nanofiber separator and PAN/CA nanofiber separators before and 

13 

14 
after hydrolysis treatment. (l) The thermal stability test of PE, PAN/CA and PAN separators at 130 °C 

16 
17 and 150 °C. 
18 

19 

20 The surface morphology of all prepared nanofiber separator is exhibited in Figure 2 and Figure 
21 

22 
S1. The original PAN nanofiber separator in Figure 2(a) shows a loosely stacked structure among the 

24 
25 

fibers and its fiber diameter is mainly about 350 nm according to the analysis results of ImageJ 

27 
28 software. And the optimal PAN/CA composite nanofiber separator in Figure 2(b) obtained from the 
29 

30 

31 spinning solution (PAN:CA=1:1) has finer fiber structure and its fiber diameter is about 210 nm, which 
32 
33 

34 is expected to improve the electrochemical performance. It is obvious that the nanofiber diameter is 
35 

36 
able to be decreased with the addition of CA. It is attributed to the fact that CA exhibits better 

38 
39 compatibility with the spinning solvent (DMF) and decreases the viscosity of the spinning solution to 
40 

41 

42 some extent. So pure CA sample is hard to be fiber in Figure S1 but is more suitable as the component 
43 
44 

45 of PAN co-spun fibers. TEM and energy-dispersive X-ray spectroscopy (EDS) are applied to analyze 
46 

47 
the C, N and O elements distribution inside the PAN/CA nanofiber and the size of nanofiber. And the 

49 
50 corresponding results are shown in Figure 2(c, d), and illustrate that the surface of PAN/CA fiber is 
51 

52 

53 flat and smooth. Furthermore, the N element from PAN and the O element of CA are uniformly 
54 
55 

56 dispersed in the whole nanofiber, demonstrating that both PAN and CA are mainly components of 
57 
58 

nanofiber membrane. The mechanical strength of PAN/CA nanofiber separators is enhanced from 3 



MPa (PAN) to 11 MPa (Figure S2) for denser fiber network structure. And the pore size distribution 1 
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3 
curves in Figure 2(j) also prove that the pore size of PAN/CA nanofiber separator could be decreased 

5 

6 for smaller fiber diameter. However, CA is a kind of ester compound and unstable in ester-based 
7 

8 

9 electrolyte, and it would be gradually dissolved over time as shown in Figure 2(e, f) and Figure S3. 
10 
11 

Herein, a method of alkaline hydrolysis is used to treat these obtained PAN/CA nanofiber separators, 

13 

14 
which makes partial ester functional groups of CA transform to hydroxyl groups. It could be seen that 

16 
17 the color of CA sample will change from white to yellow after alkaline hydrolysis in Figure 2(e). This 
18 

19 

20 process can improve the chemical stability of CA in the liquid electrolyte in Figure 2(f) and endow 
21 

22 
CA undissolved for long time by liquid electrolyte. 

24 

25 
According to the ATR-FTIR spectra in Figure 2(k), a strong absorption peak at 1750 cm-1 is 

27 
28 resulted from the C=O group of original PAN/CA nanofiber separator and this absorption peak is 
29 

30 

31 significantly reduced after hydrolysis treatment. Moreover, hydrolyzed PAN/CA nanofiber separator 
32 
33 

would possess a new absorption peak appearing at 3500 cm-1 and it is originated from -OH groups. 

35 

36 
Among these nanofiber separator samples, there is a common absorption peak of the C≡N groups at 

38 
39 2250 cm-1, which is related to the PAN fiber. Additionally, the contact angles are used to distinguish 
40 

41 

42 the surface chemical property of these separators with deionized water and liquid electrolyte, 
43 
44 

45 respectively. It is easily seen that the contact angle the PAN/CA nanofiber separator with deionized 
46 
47 

water is decreased from 126° to 0° as depicted in Figure 2(g, h) when treated by alkaline solution, 

49 
50 revealing an increased hydrophilic property. This result is consistent with the ATR-FTIR spectra that 
51 

52 

53 the hydroxyl groups (-OH) are introduced onto the surface of PAN/CA nanofiber separator after 
54 
55 

56 hydrolysis treatment. While using liquid electrolyte as the testing liquid (Figure S4), all nanofiber 
57 
58 

separators have the contact angle of 0°, which are smaller than 51.3° of PE separator, illustrating 
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1 stronger affinity to liquid electrolyte. Besides, the morphology of PAN/CA nanofiber separator after 
2 

3 
hydrolysis treatment is provided in Figure 2(i). As expected, this hydrolytic PAN/CA nanofiber 

5 

6 separator still maintains a dense and uniform porous structure. In the alkaline hydrolysis process, ester 
7 

8 

9 groups of CA are easily hydrolyzed and then transformed to hydroxyl groups and carboxylate acid 
10 

11 
groups (Figure 1(b)). In brief, these results could confirm that the aim of PAN/CA composite 

13 

14 
nanofiber separator with smaller fiber size and multi-functional groups is achieved, and the hydrolysis 

16 
17 process would not damage the original structure of nanofiber. 
18 
19 

20 Thermal stability about separator is a crucial factor determining safety performance of lithium- 
21 

22 
based batteries, and it is evaluated in Figure 2(l). After holding at 130 °C for 30 minutes, PE separator 

24 
25 

would appear slight heat shrinkage, while all nanofiber separators still retain the original size. When 

27 
28 the temperature is increased to 150 °C exceeding its melting point (136 °C), the porous structure of PE 
29 

30 

31 separator would collapse and disappear. In comparison, nanofiber separators have no obvious heat 
32 
33 

34 shrinkage and edges curling phenomenon, suggesting that PAN and CA polymer matrix have excellent 
35 

36 
thermal stability to against dimensional changes. Likewise, TG curves in Figure S5 also show the 

38 
39 thermal stability of these separators. It is noted that PAN and PAN/CA nanofiber separators would not 
40 

41 

42 have an obvious mass change before 300 °C, which is already satisfied with the requirement of high- 
43 
44 

45 capacity lithium-based battery [59, 60]. And the heat treatment test in Figure S6 also demonstrates 
46 

47 
that the PAN/CA composite nanofiber separator could provide a more stable operation voltage. 
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45 
46 Figure 3. Properties of PE, PAN and PAN/CA separators: (a) porosity; (b) electrolyte uptake; (c) ionic 
47 
48 

49 conductivity; (d) lithium-ion transference number. Schematics of (e) PAN/CA nanofiber separator after 
50 
51 

alkaline hydrolysis and (f) the interaction between the ions in the electrolyte and multi-functional 

53 

54 
groups on the separators. 
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1 In order to investigate porous characteristics of these nanofiber separators, the porosity, 

2 
3 

electrolyte uptake, ionic conductivity and lithium-ion transference number are tested and the results 
4 

5 
6 are shown in Figure 3. Commercial PE separator has a porosity of 33.51%, which is lower than 82.54% 
7 
8 

9 of PAN nanofiber separator and 61.47% of PAN/CA composite nanofiber separator. Meantime, PE 
10 
11 

separator also exhibits the lowest electrolyte uptake (121.4%) when compared with these nanofiber 

13 

14 
separators. It is suggested that the porosity of separator is closely related to electrolyte uptake. In 

16 
17 addition, Nyquist plots of the SS/separator/SS blocking cells are given in Figure S7, and the X-axis 
18 

19 

20 intercept of the diagonal line reflects the bulk impedance (Rb) of blocking cell system, which is used 
21 

22 
to calculate ionic conductivity of separator filled with liquid electrolyte. As exhibited in Figure 3(c), 

24 
25 

the hydrolytic PAN/CA composite nanofiber separator has superior ionic conductivity (1.148 mS cm- 

27 
28 1) than PAN nanofiber separator and PE separator. Furthermore, we have measured lithium-ion 
29 
30 

31 transference number (tLi
+) of all Li-symmetrical cells according to the potentiometric polarization 

32 
33 

34 curves and interface impedance before and after polarization (Figure S8). As depicted in Figure 3(d), 
35 

36 
the tLi

+ of PAN/CA composite nanofiber separator is 0.44, higher than that of PE (0.26) and PAN 

38 
39 separator (0.40), suggesting a better lithium ions transport property of PAN/CA separator. In view of 
40 

41 

42 the existence of nitrile groups, ester groups and hydroxyl groups, PAN/CA nanofiber separators have 
43 
44 

45 better compatibility with liquid electrolyte. Actual ion transport property is determined by porous 
46 
47 

structure and surface polarity. This result could be described as the schematics in Figure 3(e, f). It is 

49 
50 widely recognized that lithium ions in the liquid electrolyte are wrapped in the solvent molecules, 
51 

52 

53 which limits the transportation of lithium ions [61]. Through a simple alkaline hydrolysis reaction, a 
54 
55 

56 large number of polar hydroxyl (-OH) groups are generated and dispersed on the surface of PAN/CA 
57 
58 

composite nanofiber. The polar nitrile groups in PAN would retain a strong interaction with lithium 



ions, which accelerates its de-solvation process [52, 53]. And unhydrolyzed ester groups existed in CA 1 
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3 
could absorb free solvent molecules due to similar polarity. In addition, as one kind of Lewis acid site, 

4 

5 
6 the -OH groups could also interact with PF6

- ions in the liquid electrolyte and form corresponding 
7 
8 

9 hydrogen bond, which would restrict the movement of PF6
- [62-64]. For the synergistic effect of multi- 

10 
11 

functional groups, free lithium ions in the cells containing PAN/CA nanofiber separators are increased 

13 

14 
significantly, and then lithium-ion transference number correspondingly gets enhanced. 
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34 
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38 

39 
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41 

42 

43 

44 

45 

46 

47 

48 

49 Figure 4. (a-c) Discharge capacity-voltage curves and (d) discharge voltage plateau-rate curve of 
50 

51 
LiFePO4/Li cells assembled with PE, PAN and PAN/CA separators. The schematics and surface 

53 
54 

morphology of Li metal anodes and separators from disassembled cells based on (e) PE separators and 
55 

56 
57 (f) PAN/CA separators, respectively. The top-view SEM images of (g) pristine LiFePO4 electrodes 



and the cycled LiFePO4 electrodes obtained in LiFePO4/Li half cells employing (h) PE separators and 1 
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3 
(i) PAN/CA composite nanofiber separators. 

4 
5 
6 Considering the stable discharge process and flat discharge voltage plateau, LiFePO4/Li cells are 
7 
8 

9 assembled to compare the concentration polarization phenomenon in these cases about PE separator 
10 
11 

and nanofiber separators, and the plots of discharge capacity-voltage curves under different current 

13 
14 

density are shown in Figure 4(a-c). It is well-recognized that the relationship of ∆𝐸 = 𝐼(𝑅𝑠 + 𝑅𝑐𝑡 + 

16 

17 𝑅𝑊𝑏 + 𝑅𝑐𝑝) is existed inside the battery, 𝑅𝑠, 𝑅𝑐𝑡, 𝑅𝑊𝑏 and 𝑅𝑐𝑝 are the migration impedance of liquid 
18 
19 

20 phase, the charge transfer impedance, the diffusion impedance of solid phase and the impedance of 
21 

22 
concentration polarization, respectively. Therefore, the concentration polarization can be studied by 

24 
25 

polarization voltage. The plot of corresponding relation between discharge voltage plateau and C-rate 

27 
28 is obtained and depicted in Figure 4(d). The dotted line represents the linear relation that the 
29 

30 

31 polarization voltage should proportional to the discharge current after fitting, while the solid line 
32 
33 

34 represents the true relation for an enhanced concentration polarization effect especially under the 
35 

36 
condition of high current density. When the current density is lower than 1C, solid line is almost 

38 
39 consistent with dotted line. The discharge voltage plateau of cell assembled with PAN/CA separator 
40 

41 

42 (3.36 V at 0.2C, 3.31 V at 0.5C, 3.20 V at 1C) is similar with those of PAN separator (3.34 V at 0.2C, 
43 
44 

45 3.30 V at 0.5C, 3.18 V at 1C) and PE separator (3.33 V at 0.2C, 3.27 V at 0.5C, 3.16 V at 1C). However, 
46 

47 
with the further increase of discharge current density, the discharge voltage plateau of cells assembled 

49 
50 with PE and PAN separators are reduced to 2.60 V at 3C and 2.72 V at 3C, respectively. In contrast, 
51 

52 

53 cell assembled with PAN/CA separator still possesses a higher discharge plateau of 2.79 V, illustrating 
54 
55 

56 that the polarization is smaller than PAN separator and PE separator. Due to the higher t Li
+ and ionic 



conductivity of PAN/CA separator, the concentration polarization of cell at high current density is 1 
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3 
significantly alleviated. 

4 
5 

6 Meanwhile, we also explored the stability of these battery parts during the long-term cycles. 
7 

8 

9 Figure S9(a) shows the LiFePO4/Li cells with PAN/CA nanofiber composite separators exhibit better 
10 
11 

capacity ability than those cells employing PE separators. Then these cycled cells are opened to 

13 

14 
evaluate the operation state of all battery parts. The obtained FTIR spectra of PAN/CA separator in 

16 
17 Figure S9(b) demonstrates that the -OH groups dispersed in the nanofiber could be stably remained 
18 

19 

20 inside the cells and facilitate the transport process of lithium ions for long time. Figure 4(e-f) and 
21 

22 
Figure S10 show the schematics of Li-deposited process and the morphology of PAN/CA separator 

24 
25 

and PE separator. It could be seen that the PAN/CA nanofiber separator still maintains a dense and 

27 
28 uniform porous structure, while PE separator partly presents the blocked porous structure and has some 
29 

30 

31 broken “dead Li” for low ionic conduction rate and inhomogeneous lithium-ion flux. As a result, in 
32 
33 

34 the case of PAN/CA nanofiber separators, the morphology of lithium anode in Figure S11(d-f) has a 
35 

36 
smoother surface after repeating Li platting/stripping process when compared with original Li foil 

38 
39 (Figure S11(a-c)). Moreover, as shown in Figure S11(g-i), lithium anode from LiFePO4/Li cell with 
40 

41 

42 PE separator has lots of loosely stacked dendritic or rodlike Li metal, which would consume more 
43 
44 

45 liquid electrolyte and decrease the cycle life of battery. As exhibited in Figure 4(g-i) and Figure S12, 
46 

47 
the LiFePO4 electrode from the cell with PAN/CA separator is composed of even-distributed bulk 

49 
50 active materials with a smooth surface, is more like original electrode. While the LiFePO4 particles of 
51 

52 

53 PE separator are hard to maintain the structure stability and covered with many tiny by-products, which 
54 
55 

56 might hinder the electrochemical reaction kinetics and degrade the battery performance. Therefore, the 



efficient ionic conduction ability of PAN/CA nanofiber separators can guarantee the stability of 1 
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3 
electrodes and correspondingly alleviate the internal polarization of cells. 
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29 

Figure 5. (a) Linear sweep voltammetry (LSV) curves of Li/SS cells with PAN/CA, PAN and PE 

31 
32 separators; (b) Nyquist plots of the LiCoO2/Li cells with PAN/CA, PAN and PE separators. (c) Long- 
33 

34 
35 term cycle performance of LiCoO2/Li cells based on PAN/CA, PAN and PE separators. (d) Rate 
36 
37 

38 performance of LiCoO2/Li cells with PAN/CA, PAN and PE separators. (e)(f) Discharge capacity- 
39 

40 
voltage curves of LiCoO2/Li cells assembled with PAN/CA nanofiber separators and PE separators, 

42 
43 respectively. 
44 

45 
46 Other electrochemical performance of separators is discussed in Figure 5. According to the LSV 
47 
48 

49 curves in Figure 5(a), there is a similar shape of LSV curves in three separators. And there is no 
50 
51 

obvious polarization current of these test systems until the voltage of 5 V, which indicates that 

53 
54 

electrospinning nanofiber separator with excellent electrochemical stability could fully satisfy the 
55 

56 
57 demand of common lithium-ion battery application (2.5-4.5 V). In another case of LiCoO2/Li cells, 



there are an obvious oxidation peak and a reduction peak on the CV curve (Figure S13), which 1 
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5(d), which corresponds the plots of discharge capacity vs. voltage in Figure 5(e)(f) and Figure S15. 
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3 
corresponds to the process of insert-lithium and de-lithium of cathode, and it illustrates good cyclic 

4 
5 
6 reversibility of PAN/CA nanofiber separator. Figure 5(b) shows the Nyquist plots of LiCoO2/Li cells 
7 
8 

9 based on different separators. The whole curve reflects the impedance of ions during the transport 
10 
11 

process inside the porous separator and at the electrode/electrolyte interface. During the intermediate 

13 

14 
frequency region, the semi-circular arc represents the charge transfer impedance related to 

16 
17 electrochemical polarization, which could reflect the compatibility between the electrode and the 
18 
19 

20 separator interface. Compared with 220 Ω of PE separator and 150 Ω of pure PAN nanofiber separator, 
21 

22 
it is obvious that PAN/CA composite nanofiber separator has a comparatively smaller interface 

24 
25 

impedance (120 Ω). This result is mainly attributed to the enhancement of the liquid electrolyte uptake 

27 
28 and the introduction of surface polar functional groups in PAN/CA separator, which is beneficial to 
29 

30 

31 battery performance. Figure 5(c) displays the battery discharge capacity and coulombic efficiency at 
32 
33 

34 a constant current density of 1C. Obviously, the cells with PAN/CA nanofiber separator possess great 
35 

36 
cycle performance and still remain the discharge capacity of 118.5 mAh g-1 even after 300 cycles. It is 

38 
39 resulted from the fact that the PAN/CA separators possess outstanding affinity to the liquid electrolyte 
40 

41 

42 and great interface stability. In addition, abundant -OH functional groups dispersed in the PAN/CA 
43 
44 

45 nanofiber could regulate lithium-ion flux and form a stable solid electrolyte interface (SEI). In contrast, 
46 

47 
owing to the rapid consumption of liquid electrolyte, the discharge capacity of the cells based on PE 

49 
50 separator decayed quickly to below 60 mAh g-1 after 100 cycles. According to the plots of capacity vs. 
51 

52 
53 voltage in Figure S14, LiCoO2/Li half cells assembled with PAN/CA nanofiber separators also 
54 
55 

56 demonstrate a better capacity retention ratio. Besides, battery rate performance is exhibited in Figure 
57 
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1 It is clear that the capacity of the cells with PAN/CA and PAN nanofiber separator is higher than that 

2 
3 

of cells based on PE separators at a small discharge current density. It is attributed to the reason that 
4 
5 

6 nanofiber separators have higher porosity and electrolyte uptake. As the current density is increased to 
7 

8 

9 3C, the cells assembled with PAN/CA nanofiber separators still possess a capacity retention of 79.5% 
10 
11 

(143.1 mAh g-1), which is better than that of PE separators (57.1%, 92.3 mAh g-1) and PAN separators 

13 

14 
(59.2%, 103.9 mAh g-1). These results indicate that PAN/CA separators with multi-functional groups 

16 
17 have a better retention ability for liquid electrolyte, which is particularly important to the issue of 
18 
19 

20 solvent consuming at high current density. In addition, a more efficient process for transporting lithium 
21 

22 
ions alleviates the phenomenon of concentration polarization inside the cells. Similarly, the rate 

24 
25 

performance (Figure S16) of LiFeO4/Li half cells also demonstrates this result. 
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34 
35 Figure 6. Charge-discharge voltage-time profiles of Li-symmetrical cells assembled with PE separator 
36 
37 

38 and PAN/CA nanofiber separator at (a) 1 mA cm-2 for 1mAh cm-2 and (b) 3 mA cm-2 for 3mAh cm-2. 
39 

40 
The top-view SEM images of Li metal anodes from Li-symmetrical cells assembled with (c-e) PE 

42 
43 separators and (f-h) PAN/CA nanofiber separators after long-term Li platting/stripping process. 
44 

45 
46 Furthermore, the cycling stability of Li-symmetrical cells are operated to further explore 
47 
48 

49 interfacial electrochemical stability of Li anode/separators. As expected, the Li-symmetrical cells with 
50 
51 

PAN/CA separators  deliver  lower  overpotential  than  that  of  PE  separators  during  the  Li 

53 
54 

plating/stripping process (the current density of 1.0 mA cm-2, the areal capacity of 1 mAh cm-2) in 
55 

56 

57 Figure 6(a), indicating a lower polarization status and a better cycle stability. After disassembling 
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1 these cells, it is found the surface of Li anode from the symmetric cells equipped with PAN/CA 
2 

3 
separators (Figure 6(f-h)) is relatively smooth, while a large quantity of dendritic and rod-like 

5 
6 deposition is observed on the surface of control group (Figure 6(c-e)). As the current density is 
7 
8 

9 increased, the Li-symmetrical cells with PAN/CA separators still maintain a more stable cycle state 
10 

11 
(Figure 6(b) and Figure S17). These results confirm that the functional PAN/CA composite nanofiber 

13 

14 
separators with excellent interface compatibility and high-efficiency lithium ions transport ability 

16 
17 could contribute to constructing a more stable Li metal anode. As is known to all, the battery 
18 

19 

20 performance is closely related to the test conditions, such as the environment temperature, charge- 
21 

22 
discharge current density, the active materials loading of cathode and so on. Compared with other 

24 
25 

polymer separators prepared by electrospinning or phase separation recently reported in the literature, 

27 
28 the PAN/CA composite nanofiber separator exhibits equivalent (even better) ionic conduction ability 
29 

30 

31 and capacity retention rate (Table S1). In brief, the PAN/CA composite nanofiber separators prepared 
32 
33 

34 by electrospinning and dissociation treatment could be applicated into lithium-based batteries with 
35 

36 
high energy density. 

38 

39 

40 

41 

42 4. Conclusion 
43 
44 

45 In this study, we have successfully prepared a kind of surface functionalized PAN/CA composite 
46 

47 
nanofiber separator with multi-functional groups. On the one hand, the PAN/CA separator shows 

49 
50 excellent thermal stability at 150 °C, which could guarantee the high temperature safety performance 
51 

52 

53 of the battery. On the other hand, the existence of -OH groups, -CN groups and ester groups improve 
54 
55 

56 the surface polarity of PAN/CA nanofiber separator, and high porosity correspondingly enhances the 
57 
58 

electrolyte uptake of separator. It is demonstrated that the interactions such as hydrogen bonding and 



intermolecular forces among multi-functional groups, solvent and ions can promote selective transport 1 
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3 
of Li+. Thus, the LiCoO2/Li cells with PAN/CA composite nanofiber separator have stable and 

4 
5 

6 excellent cycle performance for its excellent lithium-ion migration ability. Even at the high current 
7 

8 

9 density of 3C, the cells still possess a discharge capacity of 143.1 mAh g-1. These results suggest 
10 
11 

PAN/CA separator with multi-functional groups is a potential for next-generation lithium-based 

13 

14 
batteries. 
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