
Composites Communications 25 (2021) 100696

Available online 4 March 2021
2452-2139/© 2021 Elsevier Ltd. All rights reserved.

Radical-functionalized polymer nanofiber composite separator for 
ultra-stable dendritic-free lithium metal batteries 

Chunyang Zhou , Wei Zong , Gangyong Zhou , Xiaoshan Fan , Yue-E Miao * 

State Key Laboratory for Modification of Chemical Fibers and Polymer Materials, College of Materials Science and Engineering, Innovation Center for Textile Science and 
Technology, Donghua University, Shanghai, 201620, PR China   

A R T I C L E  I N F O   

Keywords: 
Radical-functionalization 
Electrospinning 
Composite separator 
Lithium metal battery 

A B S T R A C T   

The application of lithium-metal batteries (LMBs) is limited to the high reactivity of lithium with electrolytes and 
uncontrolled dendritic Li formation. Therefore, to achieve the uniform deposition of Li from metal crystallization 
nucleation stage is of great significance for the realization of dendritic-free Li anode. Herein, a polymethyl 
methacrylate (PMMA) precursor grafted with 9-anthracenecarboxylic acid (An) and 4-amino-2,2,6,6-tetra
methyl-1-piperidinylox (TEMPO) has been directly electrospun on the surface of the commercial poly
propylene (PP) separator to obtain a radical functionalized bilayer porous composite membrane, which is signed 
as PMMA-An/TEMPO@PP. The radical functional groups of TEMPO can guide the uniform distribution of Li 
nucleation while the cross-linked An groups can improve the mechanical strength of the composite nanofiber 
membrane. Furthermore, the three-dimensionally interconnected porous nanofiber network can evenly redis
tribute the lithium ions when they pass through the composite separator. As a result, at a high current density of 
2 mA cm− 2, the lithium metal anode achieves a high Coulomb efficiency (97%) for uniform and dendrite-free 
deposition of lithium, as well as a long-term reversible lithium plating/stripping of 950 h for potential appli
cations in LMBs.   

1. Introduction 

With the rapid development of portable devices and electric vehicles, 
there is a growing demand for energy storage devices with high energy 
density and long cycle life [1–6]. Currently, rechargeable lithium-ion 
batteries (LIBs) have been extensively applied in commercial applica
tions. However, owing to the theoretical specific capacity limitations of 
the carbonaceous anodes and metal oxide-based cathodes, traditional 
LIBs can hardly meet the increasing demands for emerging energy de
vices [7–13]. As a promising alternative candidate beyond LIBs, lithium 
metal batteries (LMBs) based on metallic Li have attracted much 
attention for the highest theoretical capacity (3860 mAh g− 1) and lowest 
electrochemical potential (− 3.04 V vs the standard hydrogen electrode) 
of Li [14–18]. However, the commercialization application of lithium 
metal anodes in LMBs remains difficult, which are mainly due to the 
highly reactive nature of Li and uncontrolled dendritic Li formation 
[19–21]. 

On the one hand, caused by the inevitable microscopic roughness of 
the electrode surface, the nearby electric field is not evenly distributed 
during charging/discharging process, which would lead to the 

preferential deposition of lithium metal at the tip of the bulges [22–25]. 
During battery operation, this phenomenon will be severely intensified, 
thus resulting in the formation of Li dendrites. The continuing growth of 
Li dendrites further bridges the inter-electrode space and causes internal 
short circuits in the cells, which gives rise to obvious safety risks [26, 
27]. On the other hand, the active Li metal irreversibly consumes the 
electrolyte to form a solid electrolyte interphase (SEI). But the 
non-uniform deposition causes significant volume change of Li metal 
during the plating/stripping process, which makes the fresh Li metal 
constantly exposed to the electrolyte. This will lead to the continuous 
consumption of Li metal and electrolyte in repeated plating/stripping 
process, which gradually reduces the Coulomb efficiency and results in 
poor cycling stability [28]. 

To stabilize the lithium metal anode, researchers have tried various 
methods, including developing structured Li metal anodes, artificial SEI, 
optimized electrolyte compositions, solid-state electrolytes, and modi
fied current collectors [29–31]. Nevertheless, the high reactivity of 
lithium makes the structured Li metal anodes or current collectors very 
difficult for large-scale industrial operations. Besides, although the 
optimized electrolytes are intended to form a more stable SEI, the in-situ 
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formed SEI layers can still hardly prevent the growth of lithium den
drites completely [32]. It is well known that as an indispensable 
component of batteries, the separator plays a crucial role in the elec
trochemical performance, which not only prevents short circuit by polar 
contact but also provides porous channels for lithium-ion migration. As 
a result, the performance of separators significantly affects the internal 
resistance and interfacial structure of the batteries. Nonetheless, few 
works have comprehensive reports about separators with abundant 
polar groups to deposit lithium metal uniformly [33]. Therefore, the 
development of high-performance separators to fundamentally inhibit 
the formation of Li dendrites and achieve stable Li deposition/exfolia
tion is of great significance to the stable operation of LMBs. 

Recently, some modification strategies of polyolefin separators have 
been reported to achieve the purpose of uniform lithium-ion flux dis
tribution, such as vacuum filtration technique, the slurry coating pro
cess, and magnetron sputtering [34]. However, these strategies 
generally incorporate complex operation processes, which are difficult 
to be costly controlled. Furthermore, it is still a critical issue to effi
ciently improve the interfacial interactions between the modification 
layers and polyolefin separators. Considering the simplicity and versa
tility of electrospinning technique for a wide variety of precursor ma
terials [35], electrospun polymer nanofiber separators with unique 
features of easy functionalization, controllable nanofiber diameter and 
pore size show great potentials for LMB applications. 

Herein, a radical functionalized bilayer porous composite membrane 
has been prepared by the direct electrospinning of polymethyl meth
acrylate (PMMA) grafted with 9-anthracenecarboxylic acid (An) and 4- 
amino-2,2,6,6-tetramethyl-1-piperidinylox (TEMPO) nanofiber layer on 

the surface of the commercial polypropylene (PP) separator, which is 
signed as PMMA-An/TEMPO@PP composite separator for LMB appli
cations. It is exciting that a large number of polar groups including the 
C––O and nitroxyl radical groups of TEMPO are introduced within the 
uniquely interconnected PMMA nanofiber microchannels, which can 
provide high concentration of functional sites for the rapid distribution 
and uniform flux of Li ions. Thus, uniform deposition of Li ions and 
stable operation of Li metal anode can be achieved under high current 
densities. Besides, the An groups can improve the mechanical strength of 
the nanofiber membrane after crosslinking under ultraviolet light. As a 
result, the cell assembled by PMMA-An/TEMPO@PP composite sepa
rator exhibits dendritic-free homogeneous Li deposition with high 
Coulomb efficiency and ultralong-term reversible Li plating/stripping, 
which indicates potential prospect in guarantee the safety and long 
cycling stability of LMBs. 

2. Experimental section 

2.1. Materials 

Polymethyl methacrylate (PMMA, Mw = 350000), 4-amino-2,2,6,6- 
tetramethyl-1-piperidinylox (TEMPO, AR), 9-Anthracenecarboxylic 
acid (An, AR), 4-Dimethylaminopyridine (DMAP) and 1-ethyl-3-(3- 
dimethyllaminopropyl) carbodiie hydrochlide (EDC.HCl) were pur
chased from TCI, Tokyo Chemical Industry Co., Ltd, Tokyo, Japan. 2- 
Aminoethanol (AH, 99%), N,N-dimethylformamide (DMF, 99.9%) and 
N-methyl pyrrolidone (NMP, 99%) were supplied by Sigma-Aldrich. 
Deionized (DI) water was used throughout the experiments. All 

Fig. 1. (a) Schematic illustration of the synthesis process for the PMMA-An/TEMPO@PP separator. (b) Digital photographs of PMMA-An/TEMPO@PP and PP 
separators. SEM images of (c) pre-PMMA-An/TEMPO@PP and (d, e) PMMA-An/TEMPO@PP separators. (f) Contact angle of electrolyte on PP and PMMA-An/ 
TEMPO@PP separators. 
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materials are used as received. 

2.2. Synthesis of PMMA-An and PMMA-An/TEMPO 

Typically, 1.0 g of PMMA was dissolved in 9.0 mL of DMF, and 0.86 g 
of TEMPO and 0.31 g of AH were added successively. Then, the mixture 
was reacted for 12 h under magnetic stirring at 50 ◦C. After the reaction, 
it was slowly dropped into 20.0 mL of anhydrous ethanol, with the 
resulting sediment filtered and wished with anhydrous ethanol for three 
times. Then, the sediment was dried in a 70 ◦C vacuum oven for 12 h to 
obtain the PMMA precursor grafted with both AH and TEMPO groups, 
which was signed as pre-PMMA-AH/TEMPO. Subsequently, 4.0 g of pre- 
PMMA-AH/TEMPO, 2.78 g of An, 1.53 g of DMAP and 2.40 g of EDC.HCl 
were dissolved in 36.0 mL of DMF, and then placed in dark for reaction 
at room temperature under magnetic stirring for 24 h. The obtained 
precipitate was filtered and washed with anhydrous ethanol for three 
times and dried in a 70 ◦C vacuum oven for 12 h to obtain PMMA grafted 
with both An and TEMPO groups, signed as pre-PMMA-An/TEMPO. The 
PMMA-An precursor without TEMPO group was also obtained by the 
same preparation procedures. 

2.3. Fabrication of porous PMMA-An/TEMPO@PP composite separators 

Typically, 1.0 g of pre-PMMA-An/TEMPO was dissolved in 8.0 mL of 
DMF to prepare the precursor spinning solution. The PP separator was 
fixed on the collector in advance. During electrospinning, the key pa
rameters were set as following: 0.08 mL h− 1 of solution feeding rate, 15 
kV of applied direct-current voltage, and 15 cm of distance between the 
needle and collector. The as-obtained pre-PMMA-An/TEMPO nanofiber 
coated PP membrane, signed as pre-PMMA-An/TEMPO@PP, was dried 
at 80 ◦C in a vacuum oven. Then, it was transferred to the UV curing box 

and exposed to UV light at an intensity of 0.02 W cm− 2 for 2 h to obtain 
the cross-linked PMMA-An/TEMPO@PP membrane. The PMMA- 
An@PP membrane was also obtained for comparison. 

2.4. Characterizations 

The chemical structures and compositions of the samples were 
characterized by Fourier transform infrared (FTIR, NicoletIn10MX/ 
Nicolet 6700, Thermo Fisher, USA), thermogravimetric analyzer (TGA, 
NETZSCH TG 209 F1 Libra®, Germany) with a temperature ramp of 
10 ◦C min− 1 under Ar atmosphere, respectively. Morphologies of all 
samples were observed using field-emission scanning electron micro
scope (FESEM, HitachiS-8010, Japan). X-ray photoelectron spectros
copy (XPS) was measured by Thermo Scientific ESCALAB 250Xi 
equipped with Al Kα X-ray source at an energy of 1486.6 eV. Electron 
spin resonance (ESR) spectrum was measured on a Bruker EMX plus. UV- 
cross-linking experiments were performed at room temperature (RT) 
using an Omnicure® S1500 Spot UV Light Curing System (Excelitas 
Technologies) equipped with a 200 W Hg arc lamp which irradiates with 
a wavelength range of 320–500 nm. In-situ optical observation was 
measured by LIB-MS cell (Beijing Science Star technology Co. Ltd.). 

2.5. Electrochemical tests 

All electrochemical measurements were carried out at room tem
perature using a CR2032 coin cell. The electrolyte used for Li deposition 
was 30 μL of 1.0 M lithium bis (trifuoromethanesulfonyl) imide (LiTFSI) 
in a mixture of 1,3-dioxalane and dimethyl ether (1:1 by volume) with 1 
wt% LiNO3 additive. The linear sweep voltammetry (LSV) measurement 
was performed by using Li foil as the counter electrode and a stainless- 
steel disc as the working electrode, while the separator was sandwiched 

Fig. 2. Schematics showing Li deposition on the electrode with (a) PP and (b) PMMA-An/TEMPO@PP separators during charging/discharging. SEM images of Li 
deposition on the Cu foils at 1 mA cm− 1 for 10 min, 30 min and 60 min with (c, d, e) PP and (f, g, h) PMMA-An/TEMPO@PP separators, respectively. 
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between the electrodes with the PMMA-An/TEMPO nanofiber side fac
ing the Li foil. Coulomb efficiency was calculated as the ratio of stripping 
to plating capacity. With two layers of lithium foils as the working 
electrodes and PMMA-An/TEMPO@PP as the separator, the symmetri
cal Li|Li cell was also assembled. To prepare the LiFePO4 electrode, 
LiFePO4, carbon black, and PVDF at a weight ratio of 8:1:1 were mixed 
in NMP to form a uniform coating layer on the copper foil. Then, the full 
cell was assembled using LiFePO4 electrode as cathode, lithium foil as 
anode, and PMMA-An/TEMPO@PP or PP as separator, respectively. 

3. Results and discussion 

Fig. 1a depicts the schematic preparation diagrams of pre-PMMA- 
An/TEMPO@PP and PMMA-An/TEMPO@PP separators. First, the pre- 
PMMA-An/TEMPO nanofibers with smooth surface morphology are 
uniformly deposited on the PP collector by electrospinning to obtain pre- 
PMMA-An/TEMPO@PP composite membrane. Then, PMMA-An/ 
TEMPO@PP is obtained after the crosslinking of An in PMMA-An/ 
TEMPO by ultraviolet light. Fig. 1b shows the optical photographs of 
PMMA-An/TEMPO@PP and PP separators. The surface morphologies of 
pre-PMMA-An/TEMPO@PP, PMMA-An/TEMPO@PP and PMMA- 
An@PP nanofiber membranes are examined by SEM. As shown in 
Fig. 1c, the pre-PMMA-An/TEMPO@PP nanofibers display a relatively 
uniform diameter of about 600 nm, which interconnect with each other 
into a three-dimensional porous network structure. Fig. 1d and e shows 
the top side of PMMA-An/TEMPO@PP composite separator after ultra
violet cross-linking treatment. Obviously, there are cross-linking points 
between the PMMA-An/TEMPO nanofibers in PMMA-An/TEMPO@PP. 

Compared to pre-PMMA-An/TEMPO nanofibers, the diameter of 
PMMA-An/TEMPO almost has no change while the pores become more 
uniform and smaller due to the denser nanofiber membranes after cross- 
linking reaction. For comparison, the same proportion of An has been 
grafted onto PMMA to obtain PMMA-An nanofiber coated PP separator, 
which is called PMMA-An@PP. Compared to PMMA-An/TEMPO@PP, 
PMMA-An@PP has similar fibrous morphology, microporous distribu
tion and network structure (Fig. S1). The wettability of electrolyte has a 
significant effect on the distribution of lithium ions in the electrode and 
plays a crucial role in the growth of Li dendrites. As displayed in Fig. 1f, 
the PP separator shows poor electrolyte wettability, with a large contact 
angle of 40◦ after 30 s. In sharp contrast, the PMMA-An/TEMPO@PP 
separator shows good affinity toward electrolyte (1.0 M LiTFSI in 
DME: DOL = 1: 1 vol% with 5.0% LiNO3) with immediate infiltration 
within 1 s, which indicates the greatly improved wettability of PMMA- 
An/TEMPO@PP separator toward electrolyte for the abundant polar 
functional groups. 

To further determine the chemical composition and contents of 
functional groups including nitroxyl radical and carbonyl groups in 
different separators, FTIR spectra are obtained. As shown in Fig. S2a, the 
functional groups of An and TEMPO are indicated to be successfully 
grafted onto PMMA. The typical absorption peaks at 1730 cm− 1 and 701 
cm− 1 are attributed to the C––O stretching and N–H wagging vibrations 
of amide groups in PMMA-An/TEMPO@PP and PMMA-An@PP sepa
rators respectively [36]. The strong absorption peak of 
PMMA-An/TEMPO@PP at 1365 cm− 1 can be ascribed to the typical 
stretching vibration of nitroxyl radical [37,38]. Obviously, large number 
of polar functional groups, including C––O and nitroxyl radical groups, 

Fig. 3. Coulombic efficiencies of the Li|Cu cells with PP and PMMA-An/TEMPO@PP separators at different current densities and capacities: (a) 0.5 mA cm− 2, 0.5 
mAh cm− 2; (b) 0.5 mA cm− 2, 1 mAh cm− 2; (c) 1 mA cm− 2, 1 mAh cm− 2; (d) 2 mA cm− 2, 1 mAh cm− 2; (e) 2 mA cm− 2, 2 mAh cm− 2. SEM images of Li metal anodes 
assembled with (f, g) PP and (h, i) PMMA-An/TEMPO@PP separators after 30 cycles at 1 mA cm− 2 and 1 mAh cm− 2. 
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have been successfully introduced in the PMMA-An/TEMPO@PP com
posite separator. Fig. S2b displays the ESR spectrum of 
PMMA-An/TEMPO@PP separator. The broad featureless ESR spectrum 
of PMMA-An/TEMPO@PP is caused by the large amount of unpaired 
electrons in polymers, which leads to a spin− spin interaction between 
the locally populated unpaired electrons [39]. The ESR spectrum pro
vides credible evidence for the existence of radical species in 
PMMA-An/TEMPO@PP composite separator. In the XPS spectra, the 
high-resolution N 1s of PMMA-An/TEMPO@PP certifies the existence of 
TEMPO with typical peaks at 401.2 eV and 399.6 eV (Fig. S3a), which 
are assigned to the nitroxyl radical (nitroxyl radical) and C–N bond 
respectively [40]. The peak at 288.5 eV in the high-resolution C 1s 
spectrum are corresponding to the amide groups (Fig. S3b). 

Due to the inevitable roughness of the electrode surface, the electric 

field distribution near the surface is not uniform. In the case of PP 
separator, the charge accumulates at the tip and directs Li+ to prefer
entially deposit at the tip (Fig. 2a), which leads to the accelerated ver
tical growth instead of flat growth of deposited Li and eventually causes 
the formation of Li dendrites. In complete difference, the abundant polar 
functional groups in the PMMA-An/TEMPO@PP separator can evenly 
redistribute lithium ions when they pass through the functionalized 
separator, which will efficiently prevent the accumulation of Li+ at the 
tip and achieve molecular-level homogeneous distribution (Fig. 2b). 
More importantly, the strong lithiophilic characteristic of nitroxyl rad
icals also endows the porous PMMA-An/TEMPO@PP composite sepa
rator with significant electric pumping feature, which can largely 
accelerate the lithium ion transport and thus reduce the resistance. 
Therefore, the symmetric Li|Li cell with PMMA-An/TEMPO@PP 

Fig. 4. Cycling voltage profiles of the symmetrical cells using PP and PMMA-An/TEMPO@PP separators under different current densities with a fixed capacity of 1 
mAh cm− 2: (a) 2 mA cm− 2, (c) 5 mA cm− 2. (b, d) The corresponding voltage profiles with different cycle numbers. 
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separator shows a lower interfacial impedance (21 Ω) than that (59 Ω) of 
PP separator (Fig. S4a), verifying the effect of PMMA-An/TEMPO@PP 
separator in enhancing Li+ transport kinetics. Moreover, the linear 
sweep voltammetry (LSV) test shows that the PMMA-An/TEMPO@PP 
separator has a high electrochemical stability for Li+/Li at 4.7 V 
(Fig. S4b), being much higher than that (3.8 V) of the PP separator. 

In order to investigate the mechanism of PMMA-An/TEMPO@PP 
separator for leading Li electro-crystallization nucleation, Li is depos
ited at 1 mA cm− 1 for 10 min, 30 min and 60 min respectively. As 
presented in Fig. 2c and f, Li nuclei are uniformly distributed after 
deposition for 10 min when PMMA-An/TEMPO@PP composite mem
brane separator is used as compared with PP separator. When the 
deposition time reaches 30 min, lithium dendrites have formed on the 
lithium metal anode with PP as separator, while the lithium nuclei are 
still evenly distributed on the lithium metal anode with PMMA-An/ 
TEMPO@PP as separator (Fig. 2d and g). As the deposition continues, 
large number of lithium dendrites forms on the Cu foil when PP is used 
as separator, while the diameter of lithium nucleus keeps slow growth 
without lithium dendrites generated on the Cu foil by using PMMA-An/ 
TEMPO@PP as separator (Fig. 2e and h). The obvious comparisons 
firmly demonstrate the polar groups contained in PMMA-An/ 
TEMPO@PP composite separator can effectively guide the uniform 
nucleation of Li. The dynamic morphology evolution of deposited Li is 
also studied by in-situ optical observation at a current density of 5 mA 
cm− 2 by using Li metal as anode, bare Cu foil as cathode, and PMMA- 
An/TEMPO@PP or PP as separators (Fig. S5). Obviously, a lot of den
dritic Li appears in the PP cell, resulting in an uneven and porous lithium 
deposition layer. In contrast, more smooth and uniform Li deposition 
can be achieved on the Cu foil substrate with PMMA-An/TEMPO@PP 
separator even after 7 min of electrodeposition. 

To evaluate the reversibility of lithium metal anode which is closely 
related to the formation of SEI and the growth of dendrite, the 
Coulombic efficiency is measured in Li|Cu cells. As shown in Fig. 3a, the 
Li|Cu cell with PMMA-An/TEMPO@PP separator shows a steady 
Coulombic efficiency of 97% with stable plating/stripping voltage 
profiles for more than 400 cycles at a current density of 0.5 mA cm− 2. 
Furthermore, the cell using PMMA-An/TEMPO@PP separator also ex
hibits higher Coulombic efficiency and cycle stability at all current 
densities, which are superior to those of the cells with PP and PMMA- 
An@PP separators (Fig. 3b–e and S6a). The stable Coulombic effi
ciency of PMMA-An/TEMPO@PP-based cell suggests that the 

irreversible consumption of lithium has been distinctly suppressed. In 
addition, the Li|Cu cell using PMMA-An/TEMPO@PP separator dem
onstrates a smaller voltage hysteresis than that with the PP separator 
(Fig. S6b). The morphologies of lithium deposition after 30 cycles at 1 
mA cm− 2 and 1 mAh cm− 2 using PP (Fig. 3f and g) and PMMA-An/ 
TEMPO@PP (Fig. 3h and i) separators further confirm that much 
denser lithium nucleus are formed when PMMA-An/TEMPO@PP is used 
as separator, indicating that the reversibility of lithium plating and 
striping is largely enhanced. 

The cyclic performance of PMMA-An/TEMPO@PP and PP as sepa
rators is investigated by galvanostatic charge/discharge tests. As shown 
in Fig. 4a–d, symmetrical cells are tested at 2 or 5 mA cm− 2 with a fixed 
capacity of 1 mA h cm− 1. The cell with PMMA-An/TEMPO@PP sepa
rator exhibits stable voltage profiles and small hysteresis, which are 
superior to those of the cells using PP and PMMA-An@PP separators. 
However, the cell with PP separator shows a gradual increase in hys
teresis over cycles (Fig. 4b and d). The stable voltage distribution and 
small hysteresis of PMMA-An/TEMPO@PP-based cell are attributed to 
the reduced ion concentration gradient and stabilization of SEI forma
tion. This superiority is especially evident at a high current density of 5 
mA cm− 2 (Fig. 4c). The cell with PP separator demonstrates higher 
hysteresis and undulatory cycling plateaus in both Li plating and striping 
processes. In obvious contrast, more stable and smooth voltage plateaus 
are obtained in the cell with PMMA-An/TEMPO@PP separator. 

Finally, the performance of PMMA-An/TEMPO@PP separator is 
investigated in the full cell by coupling with LFP as cathode. Long-term 
cyclabilities of Li|LFP cells at 1.0 C with PMMA-An/TEMPO@PP or PP 
separators are shown in Fig. 5a. The initial discharge capacity of both 
cells is the same. However, the capacity of the cell with PP separator 
significantly decreases after 500 cycles, while the cell with PMMA-An/ 
TEMPO@PP separator delivers a stable cyclability with 73% capacity 
retention at 1.0 C. The Li|LFP cell with PMMA-An/TEMPO@PP sepa
rator also shows enhanced rate performance than the cell with PP 
separator. As displayed in Fig. 5b–d, the Li|LFP cell with PMMA-An/ 
TEMPO@PP separator renders the discharge capacities of 127 mA h 
g− 1 at 2.0 C and 114 mA h g− 1 at 4.0 C, respectively. All the above 
excellent performance of PMMA-An/TEMPO@PP separator in the Li| 
LFP cell proves its great potential as high-performance separators in 
high-energy LMBs. 

Fig. 5. Electrochemical performance of the Li/LFP cells with PP and PMMA-An/TEMPO@PP separators: (a) Cycling performance at 1.0 C. (b) Rate capability for 
cycling from 0.2 C to 4.0 C. The corresponding galvanostatic charge/discharge voltage profiles for rate testing with (c) PMMA-An/TEMPO@PP and (d) PP. 
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4. Conclusions 

In summary, a radical functionalized porous PMMA-An/TEMPO@PP 
composite membrane has been constructed by the direct electrospinning 
of PMMA-An/TEMPO nanofibers on the surface of PP separator. The 
lithiophilic functional groups of C––O and nitroxyl radical efficiently 
achieve the homogenization of lithium nucleation on the Cu foil, while 
the cross-linked An groups largely improve the mechanical strength of 
the nanofibrous PMMA-An/TEMPO coating layer. Therefore, the func
tional porous PMMA-An/TEMPO@PP composite separator not only 
exhibits excellent structural stability, but also guides the uniform and 
fast Li+ flux at the molecular level. Consequently, it enables the uniform 
deposition of dendrite-free Li, as well as high Coulombic efficiency and 
ultralong-term reversible plating/stripping of Li in potential lithium 
metal battery applications. 
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