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Abstract 

Composite polymer electrolytes (CPE) are a very promising strategy for using lithium metal 

anodes safely. These electrolytes are formed by polymeric matrices in which ceramic 

nanoparticles are incorporated to modify their mechanical and conduction properties. In this 

work a methacrylate-based polymer matrix containing 63 wt% of ZrO2 nanoparticles (NPs) was 

prepared and tested as electrolyte for lithium metal batteries. The prepared CPE shows a 

higher ionic conductivity than the polymer matrix without ZrO2 NPs and a higher lithium 

transport number than Celgard with liquid electrolyte and stabilizes the processes of 

deposition-dissolution of lithium with respect to the reference cell, thus prolonging the cycling 

time without short circuits. Finally, the compatibility of the CPE with a LiFePO4 cathode was 

verified, achieving a stable cycling at 1.0 C and at ambient temperature, with an impressive 

capacity of 140.18 mAh g-1 even after 250 cycles. 

Keywords: Composite polymer electrolytes, metallic lithium, polymer crosslinking, thermal 

activation, inorganic additive.  

Acronyms 

BMA: butyl methacrylate 
BPO: benzoyl peroxide 
CPE: composite polymer electrolyte 
DEC: diethyl carbonate 
EC: Ethylene carbonate 
NMP: N-methyl pyrrolidone 
PEGDA: polyethylene glycol diacrylate 



   
 

   
 

PVDF: polyvinylidene fluoride 
SEI: solid-electrolyte interphase 
 

1 Introduction 

Li-ion batteries specific energy density is now nearly approaching its theoretical values, after 

growing by about 7 Wh kg-1 per year in the last 25 years [1]. A rechargeable battery-specific 

energy density is primarily determined by electrodes specific capacity and operating voltage 

[2,3]. In this perspective, lithium metal anode represents the “holy grail” of battery research 

for its extremely high theoretical specific capacity (3860 mA h g-1), its lowest redox potential (-

3.04 V vs. the standard hydrogen electrode), and low gravimetric density (0.534 g cm-3). On the 

other hand, metallic Li being thermodynamically unstable in all liquid electrolytes immediately 

forms a solid-electrolyte interphase (SEI) when immersed into electrolyte [4]. Peled was the 

first to describe this phenomenon of an ionically conductive and electrically insulating 

interface in 1979 [5]. As the reduction potential of most organic solvents is below 1.00 V vs. 

(Li/Li+), immediate reactions between Li and electrolyte take place in a time of milliseconds 

when bare Li is exposed to an electrolytic solution [4]. An ideal SEI should inhibit the further 

reaction between Li and electrolytes and suppress the Li dendrite formation. However, 

spontaneously formed SEI is fragile and heterogeneous with variable spatial resistance, which 

induces uneven Li-ions flow and random Li deposition underneath [6]. A well-known kinetic 

model proposes that the presence of Li-ions near Li-metal anode is due to the charge at high 

current density and drain of Li-salt anions. The ionic concentration approaches zero, from the 

positive electrode to the negative one, at a time called “Sand’s time” [7]. Consequently, lack of 

Li+ layer paired with local space charge layer is considered the main reason for dendritic Li 

growth [8]. Indeed, when ionic concentrations at the anode surface become zero, at Sand’s 

time, cations and anions in the liquid electrolyte show different behaviors, leading to excessive 

Li+ ions at the surface [9,10]. At this point, lithium nucleates and grows dendritically as a 

function of current density and interfacial elastic strength [8]. In the subsequent stripping 

process, thin Li dendrites may break from the roots forming the so-called “dead Li” [1,11]. 

Moreover, due to the intrinsic inhomogeneous nature of Li metal and its uncontrolled 

deposition behavior, Li-ion prefers to deposit on the hot spots because of fast reaction kinetic 

and shorter diffusion length [12,13]. 

Therefore, in order to improve the stability of Li metal to be eventually incorporated into 

practical application, efforts must be made to: (1) suppress the dendrite formation and 

growth, (2) accommodate and constrain the volume change, and (3) stabilize and optimize the 



   
 

   
 

surface SEI layer [14]. Decades of research on this topic drew the conclusion that the ideal SEI 

layer should possess high ionic conductivity, relatively small thickness, high Young’s modulus 

and homogeneous surface morphology for deposited lithium [8]. Monroe and Newman 

conducted different studies on the subject, and they stated that Li dendrites could be 

effectively suppressed when the interface Young’s modulus was about twice higher than the 

one of the Li anode [15]. Meanwhile, a polymer layer coating on Li foil or separator can serve 

as artificial SEI with higher shear modulus compared to SEI spontaneously formed in contact 

with liquid electrolyte. It can alleviate and guide the dendrite formation and improve the 

Coulombic efficiency, however, it cannot change the features of dendrite growth [16]. 

A solution to this problem is the use of a solid electrolyte with a very high Young’s modulus to 

efficiently block dendrite formation [14]. Solid ceramic electrolytes are stable and have high Li+ 

conductivity but the interface with the electrode is a problem as it is difficult to achieve good 

contact between electrolyte and electrode [17]. Solid polymeric electrolytes are an alternative 

that is being widely investigated since their softness compared to ceramic improves the 

contact with the electrode surface [18]. Moreover, by adjusting the degree of cross-linking of 

the polymers, the protective layers can further facilitate smooth plating/stripping of Li on the 

surface of anodes and enable solely Li+ transport [14]. Polymer electrolytes allow to use 

several additives to improve their properties, for example, ionic liquids are usually added to 

the polymer network to improve conductivity [19]. Inorganic fillers are added to different 

polymer-based electrolyte forming composite polymer electrolytes to improve mechanical 

strength and ionic conductivity where particle size, physical nature of the filler and filler ratio, 

play a significant role in the properties of the electrolyte [1]. For instance, a PEO (poly(ethylene 

oxide)) based CPE containing Al2O3 and LiTFSI was prepared and good results were obtained on 

lithium plating/stripping [20]. The effect of montmorillonite clay mineral additives on the 

stability and electrochemical performance of LiTFSI in a PVDF-HFP/PMMA/PNIPAM polymer 

matrix was also investigated observing very good results [21]. Using LiGe2(PO4)3 as an additive 

in polymer membranes based on a dimethacrylic-oligomer (BEMA) resulted in a highly stable 

lithium plating/stripping reversibility and significantly restrained Li dendrite growth [22].  

In this work we present the preparation of a methacrylate-based polymer matrix, in a solvent-

free, thermally induced radical polymerization, encompassing ZrO2 nanoparticles and activated 

with liquid electrolyte. This method allowed to obtain self-standing and flexible membranes 

with content up to 80 wt% of additive, demonstrating the feasibility of the “polymer in 

ceramic” approach. The use of high contents of the inorganic additive permit to enhance 

mechanical properties avoiding lithium dendrites nucleation and stabilizing Li 

stripping/platting, hence greatly improving Li metal cell safety. In particular, the optimized 



   
 

   
 

additive content of 63 wt% allows outstanding cycling performances at 1C and room 

temperature. 

2 Experimental 

2.1 Preparation of BMA10PEGDA-based membranes  

The synthesis is performed in a controlled Ar atmosphere glovebox (O2 and H2O contents <0.5 

ppm) to avoid oxygen inhibition to radical reaction. The precursor solutions contain the 

monomer butyl methacrylate (BMA, 99% Acros Organics), the crosslinking agent polyethylene 

glycol diacrylate (PEGDA575, Mn 575, Aldrich) in a proportion 10% wt., the thermo-initiator 

benzoyl peroxide (BPO, 75% Acros Organics) and eventually high-purity monoclinic ZrO2 

nanoparticles (NPs) (TZ0 Tosoh Co., Tokyo, Japan) as an additive in different proportions. The 

mix is heated to 80°C for 30 minutes and cast on a glass slide, then the temperature is kept 

constant at 45°C for 20 hours and finally increased to 100°C for 2 hours.  

2.2 Characterization of BMA10PEGDA-based membranes 

Thermal-stability and ZrO2 final content is assessed by TGA analysis, carried out between 25 °C 

and 800 °C at a rate of 10 °C·min−1 in air (TGA/SDTA-851 instrument, METTLER, Switzerland). 

Effective cross-linking is indagated through Fourier transform infrared spectroscopy (FTIR) 

experiments, on a NicoletTM iS50 FTIR spectrometer (Thermo Scientific TM) equipped with an 

attenuated total reflection (ATR) tool over the range 4000-400 cm-1 with a resolution of 4 cm-1 

at room temperature. The morphologies of the NPs and membranes are observed by the field-

emission scanning electron microscopy FE-SEM, ZEISS Supra 40. 

 The liquid electrolyte uptake (LEU) was obtained by measuring the weight of the dry 

membrane and the saturated membrane after immersion for 2 h in the electrolyte. The 

electrolyte uptake was calculated according to Eq. (1). 

LEU = ([Me-M0]/M0) x 100 (1)  

where M0 and Me are the weights of the membrane before and after immersion, respectively. 

 

2.3 Cathode preparation 

To obtain the LiFePO4 (LFP) electrode as cathode for the cell testing, a slurry is prepared 

composed of LFP, conductive carbon (C65), and binder (PVDF) mixed in N-methyl pyrrolidone 

(NMP) with a weight ratio of 7:2:1. Then the slurry is coated on Al foil and dried overnight at 

room temperature. The as-obtained electrode is cut into 18 mm diameter discs and dried 

under vacuum, at 120 °C for 4h.  



   
 

   
 

 

2.4 Electrochemical characterization 

To determine ionic conductivity of the membranes, electrochemical impedance spectroscopy 

(EIS) measurements are performed between 100 kHz and 1 Hz at open-circuit-potential using a 

CHI potentiostat instrument, Cambria. Cells are assembled in EL-Cell (ECC-Std) with membrane 

discs of 2.545 cm2 sandwiched between two stainless steel blocking electrodes of the same 

area, and the cells are tested between 25 and 70 °C. The ionic conductivity is calculated at 

each temperature using Eq. (2). 

= (l/A)* (1/R ) (2) 

where l is the membrane thickness, A is the membrane surface area and RΩ is the resistance of 

the electrolyte measured at the high-frequency intercept on EIS spectra. 

A Li/Li symmetrical cell configuration, with the corresponding membrane (swollen with liquid 

electrolyte: EC:DEC (1:1) LiPF6 ) sandwiched in between (ECC-Std), is used to study the effect of 

the membrane on the lithium plating/stripping phenomenon. A control-cell is assembled as 

follow Li/Celgard2500 + Liquid Electrolyte/Li (ECC-Std). The initial impedance of the fresh cells 

is measured in the frequency range  from 100 kHz to 1 Hz at open circuit potential, followed by 

10 cycles at a current density of 0.1 mA cm-2 and related discharge capacity of 0.1 mA·h-1 cm2, 

followed by EIS measurement, 10 cycles at a current density of 0.5 mA cm-2 and related 

discharge capacity of 0.5 mA·h-1 cm2, followed by EIS measurement and 10 cycles at a current 

density of 1.0 mA cm-2 and related discharge capacity of 1.0 mA·h-1 cm2, followed by EIS 

measurement, using a CHI potentiostat instrument, Cambria. Afterward, both cells are 

resumed at a current density of 1.0 mA cm-2 and related discharge capacity of 1.0 mA·h-1cm2 

for 60 cycles. 

The electrochemical stability is evaluated by linear sweep voltammetry (LSV) performed with a 

SS/Membrane/Li cell (ECC-Std) at a scan rate of 0.5 mV·s−1 from 0.0 to 5.5 V vs. Li/Li+ at room-

temperature. The lithium-ion transference number (tLi+) is measured by a potentiostatic 

polarization method using a symmetrical Li–Li cell (Li/Membrane/Li). The lithium-ion 

transference number tLi+ can be calculated by Bruce & Vincent model following Eq. (3) [23]: 

 tLi+ = [ Is ×(ΔV −I0 R0 )]/[ I0 ×(ΔV −Is Rs )] (3) 

Where I0 and IS are the initial and steady-state current, respectively. ΔV is the DC potential (10 

mV) applied to chronoamperometry; R0 and RS are the interfacial impedance at initial and 

steady-state, respectively, which are measured with EIS. 



   
 

   
 

For full-cell testing, LFP|Membrane|Li cells are assembled in ECC-Std test cells (EL-CELL GmbH, 

Germany). Galvanostatic cycling is performed to assess lifetime and rate performances on an 

Arbin BT-2000 battery tester. All the tests are carried out at room temperature. 

 

3 Results and Discussion 

3.1 Membrane characterization 

Four different membranes are tested: BMA10PEGDA without additive and three samples with 

different amounts of ZrO2 NPs added during polymerization reaction. To determine NPs 

amount on each membrane as well the thermal stability, TGA measurements were performed. 

Figure 1 shows TGA curves for the four membranes and for precursors BMA, PEGDA575 and 

ZrO2 NPs for comparison. BMA is completely evaporated around 100°C, PEGDA575 is thermally 

stable until 400°C and ZrO2 NPs do not show any changes through all temperature intervals. 

Membranes are thermally stable until 250°C and completely discomposed at 480°C. For 

membranes with additives, the percentage of added ZrO2 NPs are 38, 63, and 80 wt% for the 

samples called BMA10PEGDA38, BMA10PEGDA63, and BMA10PEGDA80 respectively.   

Pictures of the membranes are reported on Figure 2. The BMA10PEGDA membrane is thin, 

transparent, and flexible enough to be folded without breaking (Fig. 2a). The membranes keep 

their flexibility even after ZrO2 NPs addition.  The membranes are white (Fig. 2b, c and d) 

showing a homogeneous distribution of the NPs. All the membranes were reticulated onto a 

glass-slide, then peeled off and were perfectly self-standing.  

FTIR spectra for the precursors (ZrO2 NPs, BMA and PEGDA) and for the membranes are shown 

on Figure S1. ZrO2 NPS show no peaks while BMA and PEGDA show the characteristic peak for 

C=C bond at 1636 cm-1 [24]. For all the membranes with and without NPs, the 1636 cm-1 peak 

fades away or disappears which verifies the complete polymerization of monomer and 

crosslinker in all the samples [25]. XRD spectra show that BMA10PEGDA has some crystallinity 

which is lost with ZrO2 addition (Figure S2). The diffraction patterns of the three membranes 

with NPs show the ZrO2 diffraction pattern without modifications, so NPs crystallinity is not 

affected during the membrane preparation (Figure S2).  

FESEM micrographs made for BMA10PEGDA and BMA10PEGDA80 for surface and cross-

section are reported in Figure 3. BMA10PEGDA shows a smooth and regular morphology on 

the surface (Figure 3 a and b) with a globular structure on the cross-section image and a 



   
 

   
 

thickness of around 10 m (Figure 3 c). For BMA10PEGDA80 the surface image shows spherics 

ZrO2 NPs agglomeration with a thin layer of polymer covering them (Figure 3 d and e). A solid 

mix of NPs with polymer is observed on the cross-section image and membrane thickness is 

around 60 m (Figure 3 f). ZrO2 monoclinic NPs were observed with FESEM, the image shows 

regular spherical shapes with a diameter around 50 nm (Figure S3). LEU was assessed for the 

different samples and is reported in Table S1. The value is much higher in the polymer matrix 

without additives compared to the other samples, this can be explained by the fact that such 

values represent a weight percentage on the total membrane weight (including eventual ZrO2 

content) while the inorganic portion is not able to absorb any liquid electrolyte. 

 

3.2 Electrochemical characterization 

Ionic conductivity of the membranes was determined by EIS measurements in a temperature 

range from room temperature to 70°C. Ionic conductivity dependence with temperature in 

Arrhenius expression for the membranes are shown on Figure 4. For all the cases ionic 

conductivity increases when temperature increases, showing a linear dependence for all 

ranges studied excepted room temperature. The ionic conductivity notoriously increases by 

three orders of magnitude when ZrO2 NPs are added to the membrane. This improved 

conductivity was expected since ZrO2 is well known for its high dielectric constant [26]. 

Therefore, such increase of ionic conductivity can be attributed to an increase in ‘free’ ions 

concentration, thanks to a higher degree of salt dissociation, and of re-dissociation of ion 

aggregates [27]. Similar results were demonstrated by addition of plasticizers with various 

dielectric constants in a polymer matrix [28] or comparing the effect of varying dielectric 

constant on the ionic conductivity of PEMA/PVdF-HFP blend films [29]. 

In particular, comparing BMA10PEGDA38 with BMA10PEGDA63, ionic conductivity increases 

with ZrO2 content around one order of magnitude but decreases for BMA10PEGDA80. This 

behavior, already reported in literature with other kind of additives [30,31], can be explained 

using the percolation theory (see the Supporting Information for more details). In particular, 

we demonstrated that an optimum ZrO2 NPs concentration exists that allows the formation of 

a continuous percolation chain constituting an ideal pathway for Li ions at the interface 

between the polymer and the additive (Figure S7) improving the conductivity of the 

membrane. Higher concentration would then create a physical obstacle for ionic conduction. 

Because BMA10PEGDA63 shows the highest ionic conductivity, further experiments were 

performed with this membrane and commercial Celgard2500 impregnated with liquid 

electrolyte (EC:DEC 1:1 1M LiPF6), as a reference.  



   
 

   
 

The decomposition of the electrolyte at upper voltage is a serious issue affecting both the 

performance and the safety of Li-metal batteries. Hence, an electrolyte with stable 

electrochemical window has great significance for the stable operation of such system. The 

electrochemical windows of BMA10PEGDA63 was assessed by LSV and compared to the one of 

the reference cell; the results are reported in Figure S4. The results obtained are fairly similar 

with a stability window up to 4.5 V. 

Transport numbers were determined by equation 3 using Bruce & Vincent method [23] for 

Celgard2500 and BMA10PEGDA63 swollen in the liquid electrolyte (with 148 wt% liquid 

electrolyte uptake). The transference number tLi+ plays an essential role in alleviating the 

concentration polarization, an important cause of overpotential in batteries [32]. A high tLi+ can 

mitigate the anion accumulation around the interface between electrode and electrolyte, in 

particular at high current density,  thus allowing the electrode polarization to be restrained 

and lowering the corresponding polarization resistance [33]. The tLi+ value of the 

BMA10PEGDA63 was assessed by a combination of potential polarization and EIS at room 

temperature (Figure 5b) and compared to the reference (Figure 5a). The results show a value 

of 0.50 for BMA10PEGDA63 against 0.45 for the reference cell. Such an improvement explains 

the results obtained for the ionic conductivities, further demonstrating the synergy between 

the polymer matrix and the ZrO2 nanoparticles for fast Li+ ions transfer through the composite 

electrolyte. Therefore, BMA10PEGDA63 should allow a drastic decrease of concentration 

gradients, which have been demonstrated in the literature to be one of the principal causes of 

Li dendrite nucleation and growth [34]. 

Metal lithium stripping and deposition were investigated for symmetric Li/Li cells. Figure 6 

shows the galvanostatic curves for cycling at several current densities and EIS spectra that 

were taken every 10 cycles. The reference cell with Celgard2500 shows a peaking shape as a 

result of different kinetic pathways for reactions at the electrode/electrolyte interphase [13]. 

For an increase in current density, the potential profile shows inconspicuous shape changes 

but an increase in overpotential as a result of Ohm´s law. For each current density value, the 

overpotential decreases with cycle number, which could be attributed to an increase of the 

effective surface area, due to the dissolution-deposition process accumulated on the electrode 

surface [35]. The potential profile for the cell assembled with BMAPEGDA63 (Figure 6c) shows 

no peaking shape, even more, the curves for the first 10 cycles show an “increasing arc” profile 

and after the first 10 cycles the profile is basically flat. This demonstrate a much easier 

plating/stripping process and stabilized interface [13] The overpotential keeps almost constant 

when current density increases, which indicates restrained Li dendrite growth and highly 

stable lithium plating/stripping reversibility [19,22]. 



   
 

   
 

EIS spectra show a semicircle which, according to SEI model, is due to the surface film 

resistance (Rsf), where the migration of Li+ in the surface film is the rate-determining step of Li 

deposition/dissolution reactions [36]. This is confirmed because the characteristic frequency 

for each spectrum (Table S2) is much lower than that for the charge-transfer process of the 

Li/Li+ redox couple (several kHz) [36].  

EIS spectra for the reference cell (Figure 6b) show a big increase on the Rsf (low frequency 

process) after the electrode is cycled 10 times at 0.1 mA cm-2 with respect to the initial cell. 

This first increase on Rsf is due to the accumulation of new SEI and dead lithium at the 

interphase [36]. This SEI layer inhibits the chemical reactions that continue to occur on the 

surface of the active Li electrode and thus helps to improve related properties of the cell [31]. 

However, Rsf decreases after the electrode is cycled 10 times at 0.5 and 1.0 mA cm-2. The 

decrease on Rsf at higher currents is due to the increase of surface area,  and confirmed by the 

decrease of overpotential on galvanostatic curves [35].  

EIS spectra for the cell assembled with BMA10PEGDA63 show an increase in Rsf (low frequency 

process) after cycling the cell 10 times at 0.1mA cm-2, and a decrease in Rsf after cycling at 0.5 

and 1.0 mA cm-2 (Figure 6d), just like the reference cell. However, the decrease in Rsf is less 

pronounced for the cell with BMA10PEGDA63 with respect to the reference. This indicates 

that, although there is an increase in the electroactive surface area due to the accumulation of 

structures during stripping-deposition cycles, this increase is attenuated for the cell with 

BMA10PEGDA63, confirming the effectiveness of the membrane in reducing the formation of 

high surface area lithium (HSAL).  

Figure 6e shows long cycling at 1.0 mA cm-2, the control cell presents short circuits after 46 

hours of cycling, while the cell assembled with BMA10PEGDA63 was cycled for 60 hours 

without short-circuiting. This result demonstrates that the membrane effectively allows 

increasing the cell cyclability. 

The cycling performance of the BMA10PEGDA63 in a complete cell was tested with LFP 

cathodes at room temperature. Figure 7a shows the potential profile for a LFP-Li cell with 

Celgard and with BMA10PEGDA63. The overpotential for the cell assembled with the 

membrane is significantly smaller than for Celgard2500. As was previously discussed, the 

transport number for BMA10PEGDA63 (0.50) is higher than for Celgard2500 (0.45), due to its 

role in alleviating the anion accumulation. The higher tLi+ is thus responsible for the lower 

overpotential during battery cycling [32]. As a direct consequence, after 250 cycles at 1C, the 

capacity of the first one is still 140.18 mAh g-1 while the capacity of the second one is only 

121.61 mAh g-1 (Figure 7 b). To further assess this difference, the voltage profile for the two 

cells for different cycle numbers at 1 C is reported in Figure S5, and the voltage hysteresis is 



   
 

   
 

calculated at the fixed capacity of 60 mAh g-1 and reported in Table S3. The value of the 

overvoltage between charge and discharge is much lower, from the first cycle on, in the 

BMA10PEGDA63 cell, and remains smaller than half of the overvoltage of the Celgard2500 cell, 

up to the 250th cycle. Moreover, observing the values of the Celgard2500 cell, we can note that 

the overvoltage initially decreases between the 1st and the 25th cycles but successively 

increases constantly from the 25th to the 250th cycle. This phenomenon further confirms the 

previous results: in the Celgard2500 cell no stable interface is formed between the electrolyte 

and the Lithium anode, dendrites are formed and successively broken thus forming dead Li and 

progressively increasing the resistance of the interface and therefore the cell polarization. On 

the contrary, in the BMA10PEGDA63 cell the overvoltage remains low and quite constant over 

250 cycles demonstrating a reduced polarization and confirming the influence of the higher tLi+ 

number with an improved Li+ transfer kinetics [37]. Figure S6 shows capacity evolution for a 

long-term cycling at 0.1 C; for this lower rate both cells deliver almost the same capacity. The 

differences in the first cycles could be attributable to a phenomenon of cell formation in the 

one containing the Celgard2500 separator. After 70 cycles the BMA10PEGDA63 cell retains a 

capacity of 145.89 mAh g-1, while the Celgard2500 cell retains a capacity of 144.67 mAh g-1, 

thus not representing a noticeable difference. As was previously discussed, a high tLi+ can 

mitigate the anion accumulation on the interface particularly for high current density; 

therefore, its effect is evident for higher current density and not obvious at lower ones.  

The cells rate capability was also tested; and results are shown in Figure 8. The 

BMA10PEGDA63 cell (Figure 8b) holds outstanding rate capacities of 167, 163, 154, and 148 

mAh/g at different rates from 0.1 C to 1C with a recovery of 162 mAh/g back at 0.1C 

corresponding to 97% of capacity recovery, thus validating its good reversibility and cyclability. 

Meanwhile, comparing discharge and charge capacities, we can see that the coulombic 

efficiency remains almost 100%, illustrating that the composite electrolyte can afford high 

current density operation because of its excellent ability to limit Li dendrites growth and form 

a stable SEI film, in line with the previously detailed results. Consequently, the cell polarization 

trend can be restrained, thus lowering the corresponding polarization, enabling higher capacity 

retention at higher current density [33]. In comparison, the standard cell (with Celgard2500) 

demonstrated lower rate capacities of 161, 153, 144, and 132 mAh/g at the corresponding C-

rates with a recovery of 155 mAh/g at 1C, corresponding to 96% of capacity recovery (Figure 

8a).  

 

4 Conclusions 



   
 

   
 

In conclusion, thanks to thermo-initiated, solvent-free, free radical polymerization, we were 

able to obtain cross-linked composite polymer electrolyte containing up to 80 wt % of ZrO2 NPs 

with optimal mechanical properties. The membrane containing the optimized content of 63 

wt% of additive showed the best electrochemical properties with a high ionic conductivity and 

a high tLi+ number, confirming its ability to limit ionic concentration gradients in the electrolyte. 

This resulted in a much smoother Lithium plating and deposition process, as compared with a 

reference cell containing commercial Celgard and liquid electrolyte. Such optimal 

electrochemical properties, allowed to obtain stable cycling, at 1.0 C and at ambient 

temperature with a capacity as high as 140.18 mAh g-1 even after 250 cycles for LFP cathodes, 

thus demonstrating the efficiency of the “ceramic in polymer” approach as composite 

electrolyte for Li-metal batteries. 
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Figures Captions 

Figure 1: TGA measurements for precursors BMA (pink line), PEGDA (blue line), ZrO2 NPs 

(yellow line) and for the membranes BMA10PEGDA (black line), BMA10PEGDA38 (green line), 

BMA10PEGDA63 (red line) BMA10PEGDA80 (violet line). 

Figure 2: Pictures of the membranes self-standing and being bent: a) BMA10PEGDA, b) 

BMA10PEGDA38, c) BMA10PEGDA63, d) BMA10PEGDA80. 

Figure 3: FESEM micrographs for BMA10PEGDA (a, b, c), BMA10PEGDA80 (d, e, f) and ZrO2 NPs 

(i); c and f are cross section images of the membranes.  

Figure 4: Conductivity vs. temperature plot of BMA10PEGDA (red markers), BMA10PEGDA38 

(green markers), BMA10PEGDA63 (purple markers) and BMA10PEGDA80 (blue markers). 

Celgard2500 was added as reference (black markers). Data obtained by impedance 

measurements. 

Figure 5: Current-Time profile of Li/Celgard2500/Li (a) and Li/BMA10PEGDA63/Li (b). The 

insets show the AC impedance spectra before and after polarization. 

Figure 6: Lithium symmetric cells electrochemical experiments for reference cell assembled 

with Celgard2500 and liquid electrolyte (a and b) and BMAPEGDA63 galvanostatic stripping 

and deposition at several current density and EIS spectra. e) Long galvanostatic cycling at 1 mA 

cm-2. 

Figure 7: Voltage profile of LFP-Li cells with Celgard2500 (black) and BMA10PEGDA63 (blue) at 

1 C (50th cycle), at room temperature (a), Discharge capacities of LFP-Li cells with Celgard2500 

and BMA10PEGDA63 at 1 C, at room temperature (b).  

Figure 8: Capacity retention of LFP-Li cells with Celgard2500 (a) and BMA10PEGDA63 (b) at 

different C-rates at room temperature. 
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