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ABSTRACT  

With the development of renewable energy and electric vehicles, high energy density 

power sources have received more and more attentions. All solid-state lithium (Li) 

metal batteries (ASSLMBs) with the advantages of low flammability, non-volatile, and 

high energy density have become one of the most promising directions. However, the 

industrial application of ASSLMBs with long lifespan, excellent cycling stability, and 

low cost is still hindered by several issues, such as the uncontrolled growth of Li 

dendrite, degradation of interface contact, and low ion conductivity of electrolytes. In 

particular, Li dendrite growth is thought as the cause of continous formation of solid-

electrolyte interphase (SEI) and “dead Li”, which directly lead to a decrease of 

coulombic efficiency (CE). Therefore, high capacity retention and long cycle life are 

both based on excellent Li dendrite suppression ability of solid-state electrolyte (SSE). 

In this view, development of new SSEs, which possess an acceptable ion conductivity, 

a wide electrochemical stability window (ESW), high mechanical strength and a good 

Li dendrite suppression ability even combined with the high-loading cathode is of great 

importance. 

In this study, a poly(ether block amide) (PEBA) based solid-state polymer 

electrolyte (SPE) with lithium bis-(trifluoromethanesulfonyl)imide (LiTFSI) as the Li 

salt is developed. It is found that the PEBA 2533-20% LiTFSI electrolyte possesses an 

ion conductivity of 3.0×10−5 S cm−1 at 25 ℃. Especially, the Li dendrite suppression 

ability of SEI is greatly enhanced since it provides abundant amide groups to activate 

TFSI- anions and further enriches lithium fluoride (LiF) content in the SEI layer, which 

endows the full-cell with enhanced cyclability. As a result, the fabricated solid-state 

Li/PEBA 2533-20% LiTFSI/LiFePO4 (areal capacity: 0.15 mAh cm-2) battery remains 

94% of its maximum capacity (127.5 mAh g−1) at a rate of 0.5 C and 60 ℃ after 200 

cycles. In particular, the full cell can cycle for almost 1000 cycles without short circuit. 

Therefore, the PEBA based electrolyte could promote the LiF enriched SEI layer into a 

platform to suppress the growth of Li dendrite toward ASSLMBs with a long lifespan. 

In order to further enhance the Li dendrite suppression ability of PEBA 2533 based 

SPE, aluminum oxide (Al2O3) nanoparticles are used as the solid plasticizer. In the case 

of addition of 3wt% Al2O3 nanoparticles, ion conductivity of the obtained PEBA 2533-

20wt% LiTFSI-3wt% Al2O3 SPE was 3.57×10−5 S cm−1 at 25 ℃. Furthermore, the Li 
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symmetrical battery assembled with it shows excellent cycling stability (1000 h) at 0.1 

mA cm-2. While, the assembled all-solid-state Li/PEBA 2533-20% LiTFSI-3wt% 

Al2O3/LiFePO4 (areal capacity: 0.15 mAh cm-2) battery maintains 94.9% of the 

maximal capacity (133.9 mAh g−1@0.1 mA cm-2) at 60 ℃ even after 650 cycles with a 

superior average CE of 99.84%. By using X-ray photoelectron spectroscope (XPS), 

self-aggregation layer (SAL) of polyamide 12 (PA12) of PEBA 2533 is discovered, 

which should contribute to promoting the robustness of LiF enriched SEI layer. In 

addition, it is considered that the state of interface between SPE and cathode should be 

the cause of voltage polarization of the full cell. 

Commonly, the larger the amount of Li deposited is, the more obvious the volume 

effect will be, and the more difficulty of it is to suppress Li dendrites. The excellent Li 

dendrite suppression ability of PEBA based SPE has been demonstrated with PEBA 

2533 as the polymer matrix. However, the excellent performance of the batteries is 

based on low-loading cathode (0.15 mAh cm-2). In the last work, PEBA 4033 based 

SPEs with LiTFSI as the Li salt are prepared and the ion conductivity of PEBA 4033-

40wt% LiTFSI SPE achieves 3.49×10−5 S cm−1 at 25 ℃. Besides, the SPEs with Al2O3 

nanofillers are also prepared and used to assemble the ASSLMBs combining with the 

high-loading LiFePO4 cathode (1.5 mAh cm-2). Thereafter, the effects of solvent 

evaporation temperature on battery performance are investigated and as a result, a 

higher CE is realized at higher solvent evaporation temperature. 
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CHAPTER 1 Introduction 

Total energy consumption in the world continues to rise with economic developing, 

and it has been already reached to 595.15 EJ by 2021. At present, traditional energy 

including coal, oil and natural gas still occupies the main part (~82.3%), which accounts 

for the majority of total CO2 emmision[1]. Currently, most of the oil is consumed by 

transportation, such as automobile and truck. Thus, the development of an electrified 

transportation should be an extremely important way to achieve the social CO2 

reduction goal[2]. Fortunately, since 2000, renewables have been developed rapidly, 

and its proportion has increased from less than 1% to more than 6% in 2021[1]. 

Meanwhile, electric vehicles have been also developed rapidly in recent years. However, 

the construction of an electrified society puts forward higher requirements for battery 

systems with high energy density, high safety, and long cycle life. It has induced 

extensive research efforts [3-5]. Normally, the battery is composed of cathode, anode, 

and electrolyte. For the Li-ion battery (LIB) with liquid electrolyte, a separator is 

needed to avoid the contact of cathode and anode. But the use of flammble liquid 

electrolyte poses a huge safety risk, both in energy storage and electric vehicles. Besides, 

the growing pursuit for high energy density drives the cathode material from the general 

cathodes (such as LiCoO2 and LiFePO4) to high capacity cathodes, and the anode 

material from graphite to Li metal[6,7]. However, Li metal anode (LMA) has poor 

cyclability in liquid electrolytes due to its high reactivity and rapid dendrite growth 

during the charging and discharging process[8-10].  

Considering the bottleneck of LIBs, various SSEs such as solid sulfide electrolytes 

[11-13], solid oxide electrolytes [14-16], solid halide electrolytes [17,18] and solid-state 

polymer electrolytes (SPEs) [19-22] have received extensive researches. Sulfide solid 

electrolytes, such as Li10GeP2S12 (LGPS), have high ionic conductivity, which is even 
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close to that of the liquid electrolytes[23]. Nevertheless, those sulfide-based electrolytes 

are unstable at water atmosphere and uncompatible with high-voltage cathode 

material[24-28]. Solid oxide electrolytes, such as Li7La3Zr2O12 (LLZO), have better 

chemical stability with electrode materials comparing with sulfide solid electrolytes but 

are brittle and have severe contact problems with cathode[29]. Thus, the surface 

wettability is usually improved with liquid electrolytes[30,31]. As a competitive 

electrolyte, solid halide electrolytes have a high ion conductivity at room temperature 

(>10-3 S cm-1) [32-35]. On the other hand, when combined with LMA, continuous 

decomposition of solid halide electrolytes could happen without passivation layer 

formation[36,37]. In addition, hydrolysis reaction during the preparation process also 

hinders the application of solid halide electrolytes[38,39].  

Fortunately, SPEs are more economical, easier to manufacture, and more highly 

flexible to improve the contact with electrodes. Actually, the polymer as an ion 

conductive matrix in SPEs has been investigated by Wright in the early 1970s[40]. But 

the technological interest in polymer electrolytes is increased until Armand et al.[41] 

proposed them as a new class of electrolytes in solid state batteries (SSBs). Although 

numerous polymers have been adopted for ASSLMBs, PEO hosting a Li salt, LiX, e.g., 

LiTFSI, Lithium bisfluorosulfonimide (LiFSI), Lithium trifluoromethanesulfonate 

(LiCF3SO3), Lithium perchlorate (LiClO4), Lithium tetrafluoroborate (LiBF4), and 

Lithium hexafluoroarsenate (LiAsF6), is the most studied one[42-47]. However, in the 

application of SPEs-based ASSLMBs, there are at least three main issues, i.e., (1) 

limited ionic conductivity restricted by the low mobility of polymer segments at room 

temperature (RT); (2) uncontrolled Li dendrite growth during the plating and stripping 

process; (3) contact degradation between the SPE and cathode due to the volume 

variation. All these issues are still needed to be addressed.  
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To date, Li dendrite and cathode contact problems have been the main barriers for 

high energy density, high safty, and long cycle life SPEs-based ASSLMBs 

application[48,49]. Li dendrite growth is thought as the cause of continous formation 

of SEI and “dead Li”, which directly leads to a decrease of CE[48]. Therefore, high 

capacity retention and long cycle life are both based on excellent Li dendrite 

suppression ability of SPEs. Additionally, structure of cathode uesd in the LIBs is not 

suitable for the SPEs-based ASSLMBs due to the insufficient contact between SPEs 

and cathode materials, which is caused by the strong mechanical strength of polymer. 

Thus, it is expected that a new cathode with electrolyte inside can be developed for 

enhancing its ion conductivity, and a new SPEs with excellent Li dendrite suppression 

ability can also be developed for improving the cycling stability and further accelerate 

the application of ASSLMBs.  

1.1 Ion conduction in SPEs 

For the SPEs, considerable ionic conductivity is a prerequisite for their application 

in the battery devices, which exerts a critical effect on the rate performance of the 

ASSLMBs. Therefore, exploration of ion conduction mechanism in SPEs is the premise 

for developing high ion conductivity electrolytes. To date, several ion conduction 

theories have been developed for the SPEs, such as ion hopping, polymer segment 

migration, and interfacial ion conduction[50,51]. In this section, several models such 

as Arrhenius, Vogel-Tamman-Fulcher (VTF), and free volume are summarized for the 

design of SPEs. 

1.1.1 Ion transfer mechanism 

Generally, the SPEs are composed of inorganic salts and polymer matrix usually 

containing functional groups such as -O-, -S-, -N-, -P-, -C=O, and -NH2. Those 

functional groups can promote the dissociation of salts into ions via electrostatic 
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interaction based on the Lewis acid-base properties[52]. For facilitating the dissociation 

of Li salts, high dielectric constant of polymer and low lattice energy of Li salts are 

both needed[53]. Based on the above theoretical ananysis, ion conductivty (σ) of SPEs 

can be calculated as follows[54]. 

𝜎 = ∑ 𝑛𝑖𝑞𝑖𝜇𝑖                  (1) 

where ni represents the concentration of carriers, qi is the charge number of mobile ions, 

and μi represents the mobility of carries. 

As shown in this formula, enhancing the dissociation of Li salts and expanding the 

amorphous region proporation of polymer is useful for increasing the concentration and 

mobility of carriers. Figure 1.1[50] illustrates the ion transfer mechanism in amorphous 

regions of polymer matrix. The motion of ions in polymer matrix can be described as 

follows: hopping between coordinating sites is one of the ways of ion transportation. In 

addition, ions that interact with polymer functional groups can also transport by 

coupling with the segments of polymer chains. Therefore, it is believed that amorphous 

region in polymer matrix mainly contributes to the transport of ions due to the mobility 

of polymer segments in amorphous regions. Thus, ionic conductivity of SPEs is 

strongly dependent on the crystallinity of polymer. In addition, ion hopping and 

polymer segment migration are both temperature dependent. It determines that SPEs 

own a low ion conductivity at room temparature, which makes the enhancement of ion 

conductivity becomes an popular reasearch topic. 
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Figure 1.1 Schematic illustration of Li-ion-conduction mechanisms in amorphous 

phase of SPE[50]. 

The ionic conduction properties of SPEs can be studied by electrochemical 

impedance spectroscopy (EIS) with a small potential (5~10 mV) to ensure a linear 

current-voltage relationship, and the ionic conductivity σ is calculated by equation (2): 

σ =
𝐿

𝑅𝐴
                                                 (2) 

where R (Ω) represents the obtained resistance measured by the EIS technique, L (cm) 

is the thickness of electrolyte, and A (cm2) stands for the electrolyte effective area. 

However, the ion transfer mechanism in composite polymer electrolytes (CPEs) is 

more complex when compared with those in the SPEs composed of polymer matrix and 

salts. The CPEs are divided into two categories based on the type of fillers. The ion-

conducting mechanism of CPEs with passive fillers (SiO2, Al2O3, and ZrO2) is the same 

as that of SPEs. In this type of CPEs, the crystallinity and glass transition temperature 

(Tg) of polymer are decreased due to the modification of polymer structure. Moreover, 

the functional groups of passive fillers can enhance the dissociation of salts based on 

the Lewis acid-base theory and further increase the content of free ions. Although the 

ionic conductivity of SPEs can be improved greatly with the addition of passive fillers, 

the ion conduction of CPEs is still caused by the mobile segments of polymer matrix. 

For another category of CPEs, active fillers (LLZO, Li0.34La0.56TiO3 (LLTO), and 
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LATP) are adopted. In this case, the ion transfer mechanism becomes extremely 

complex due to the combination of both organic and inorganic conductors. In addition 

to the same function as passive fillers, additional Li ion pathway is thought to be 

constructed to contribute the improvement of ionic conductivity. As shown in Figure 

1.2a[51], a surface layer (~3 nm) is observed by the transmission electron microscope 

(TEM), which can serve as the space charge region. Herein, the formation of space 

charge region can be simulated with the phase-field method based on the Poisson-Cahn 

equations[55]. The schematic illustration of Ga-LLZO is shown in Figure 1.2b[51], in 

which the interface between the active particles and polymer matrix is the space charge 

region as the Li ion pathway. 

 

Figure 1.2 Space charge region at the Ga-LLZO/PEO interface. (a) TEM images of the 

Ga-LLZO/PEO interface. (b) Schematic illustration of Ga-LLZO nanoparticle in the 

PEO:Ga-LLZO composite. The domain of the Ga-LLZO nanoparticle Ω is surrounded 

by the Ga-LLZO/PEO int interface Γ[51]. 

1.1.2 Ion conduction models 

In the SPEs, ion conductivities are usually quantified via Arrhenius and Vogel-

Tammann-Fulcher models. The Arrhenius model shown as follows is more suitable for 

the ion conduction description of SPEs with high-crystallinity rigid solid systems[56-

58] and follows the hopping mechanism[59].  
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𝜎(𝑇) = 𝐴𝑒𝑥𝑝 (
−𝐸𝑎

𝐾𝐵𝑇
)                                   (3) 

where A is the pre-exponential parameter, T Kalvin temperature, and kB Boltzmann 

constant. 

Generally, with the decrease of Tg, flexibility of polymer chains can be enhanced. 

Hence, the selection of polymer matrix is crucial in the development of SPEs. The 

complex structure-property correlation of polymer matrix determines the ion-

conducting mechanism. The Vogel-Tammann-Fulcher (VTF) equation derived by 

quasi-thermodynamics with free volume and configurational entropy is suitable for 

SPEs[60]. The relationship between ionic conductivity and temperature is described by 

equation (4): 

σ(𝑇) = 𝜎0𝑇
1
2𝑒𝑥𝑝 (−

𝐵

𝑇 − 𝑇0
)                                           (4) 

where B (EA/k) is the pseudo-activation energy, T0 is the reference temperature (10∼50 

K below Tg), σ0 is the pre-exponential factor. 

1.1.3 Li-ion transference number (tLi+) 

Basically, SPEs are composed of polymer matrix and salts. The salt dissociates into 

anions and cations under the interaction with polymer, and the ions can be conducted 

through the polymer chains under an electric field. The SPEs containing both the mobile 

cations and its counter anions are dual-ion conductors, by which the Li ion and its 

counter anion can both easily move in it, causing a low tLi+. Generally, tLi+ in the SPE 

can be analyzed with the AC impedance method by using a symmetric Li/SPE/Li cell 

and calculated with the formula as follows. 

                  𝑡𝐿𝑖+ =
𝐼𝑠𝑠(𝛥𝑣 − 𝐼0𝑅0)

𝐼0(𝛥𝑣 − 𝐼𝑆𝑆𝑅𝑆𝑆)
                                               (5)  

in which, I0 and Iss are the initial and steady currents respectivity. R0 and Rss are the 

initial and steady impedance respectivity. ΔV represents AC amplitude. 
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Currently, for most SPEs, the values of tLi+ are near 0.4, which restricts the 

development of high-performance ASSLMBs[61,62]. Theoretically, low tLi+ value is 

caused by the stronger interaction between Li+ and chemical groups in the polymer than 

anions[63,64]. It directly results in the polarization in the SPEs during the charging and 

discharging process. Therefore, enhancing Li+ mobility and restricting anion migration 

are the direct way to improve the tLi+ of SPEs. Thereafter, significant effects of polymer 

structure and Li salt concentration on tLi+ improvement are proved[65,66].  

Actually, the single-ion conducting SPE with the fixed anions on the polymer chain 

owns high tLi+ theoretically[62]. In the single-ion conducting SPEs, cations are the only 

mobile species. However, the single-ion conductor with high tLi+ near to 1.0 is 

simultaneously combined with a low ionic conductivity. Thus, the battery can only 

work at a high temperature with the relatively high tLi+ as well as high ionic conductivity. 

To date, the development of single-ion conductors showing both high ionic 

conductivity and high tLi+ at ambient temperature still remains challenge. 

1.1.4 Space-charge theory 

Generally, the battery assembled with anode, cathode, and SPEs contains several 

interfaces inside, such as anode-SPE interface and cathode-SPE interface. Normally, 

chemical potentials of carriers in different materials are significantly different, which 

promotes the migration and redistribution at the interface area. Thereafter, a stable 

region formed with the accumulation and depletion of carriers, which is called space-

charge layer (SCL)[67-73]. Of course, the transition of SPEs from isotropic to 

anisotropy state during the charging and discharging process can also be thought as a 

SCL. Thus, the SCL inside battery is complex and makes great influence on Li+ 

migration. 

In this theory, the region near cathode is thought as quasi-neutral region and the 
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region near anode side is called SCL. While, ion tranfers in the quasi-neutral region and 

SCL are driven by diffusion and electric field respectively. Importantly, the SCL near 

anode is thought as the cause of Li dendrite growth[74]. Consequently, new SPEs which 

can regulate the distribution of both anions and cations are of great importance for the 

suppression of Li dendrite[75,76]. Immobilizing anions is one of the effective ways to 

improve the cycling performance of batteries, and even less than 10% anion could be 

immobilized, the cell owns much extended cycle life[77,78]. As aforementioned, 

single-ion conducting SPEs with much more anions immobilized should have better 

performance in Li dendrite suppression. Meanwhile, it normally possesses a lower ionic 

conductivity. Thus, balance of ion conductivity and Li deposition performance is of 

great importance. 

1.2 Categories of SPEs 

SPEs with alkali-metal salts dissociated in polymer matrix was first discovered by 

Wright in 1973[40]. Then, in 1979, Armand and co-workers[79] envisioned the 

potential of SPEs through the investigation of PEO based electrolyte. Since then, 

research on SPEs for Li battery has improved tremendously. From that time, SPEs are 

thought to be safe due to the absence of liquid solvents and flexible with various shapes, 

and their light weight can also improve the energy density of battery. However, for 

practical application of ASSLMBs in electrochemical devices, the SPEs must fulfil 

some other prerequisites[80]: 

1) Ionic conductivity higher than 10-4 S cm-1. 

2) Chemical and electrochemical stability with the Li anode or cathode material 

during cycling. 

3) Thermal and mechanical stability during charge and discharge processes. 

4) Low cost, simple fabrication process, and environmentally friendly. 
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Normally, SPEs are dual-ion conducting electrolytes and composed of various 

polymer matrices and Li salts. In order to make the polymer function as host in the 

SPEs, the polymer must possess polar groups with lone-pair electrons for bonding with 

the cation. Various polymers such as Polyethylene oxide (PEO), polyacrylonitrile 

(PAN), poly(vinylidenefluoride) (PVDF), poly(methyl methacrylate) (PMMA), Poly 

propylene carbonate (PPC), poly(vinylidenefluoride-co-hexafluoropropylene) (PVDF-

HFP), and cellulose, as shown in Figure 1.3[81] have been adopted as SPEs matrix. 

 

 

Figure 1.3 Chemical structures of commonly-studied polymer matrices for solid 

composite electrolytes[81]. 

Unfortunately, SPEs usually show poor ion conductivity at room tempearture due to 

the poor mobility of polymer segments as discussed before. Ion conductivities of 

several typical SPEs are shown in Table 1.1. 
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Table 1.1 Ionic conductivities of various SPEs 

Polymer 

matrix 
Li salt 

Ion conductivity 

(10-4 S cm-1) 

Temperature  

(℃) 
Ref. 

PEO LiTFSI 0.417 25 [82] 

PVDF-HFP LiTFSI 0.0016 25 [83] 

PAN LiClO4 0.06 RT [84] 

PPC LiTFSI 0.011 RT [85] 

PVDF LiClO4 0.36 RT [86] 

PMMA LiClO4 0.039 30 [87] 

While, different architectures of SPEs normally lead to differences in interfacial 

compatibility, SEI composition, Li dendrite suppression, and ionic conductivity. 

Therefore, in-depth understanding of the composition and structure of SPEs is critical 

for ASSLMBs development. To present, enormous CPEs have been developed for 

improving the performance of ASSLMBs through blending, grafting, copolymerization, 

and fillers addition. 

1.2.1 Nanoparticle filling 

CPEs have been extensively studied due to their ability to simultaneously improve 

the ionic conductivity and shear modulus of SPEs. As a representative strategy, 

inorganic nanoparticles which can disorder the crystallization of polymers is adopted 

as the filler to facilitate the dissociation of Li salts due to its plastification effect. In 

addition, it can also improve the mechanical property of SPEs. The inorganic fillers are 

usually divided into passive fillers (ZrO2, Al2O3, SiO2, TiO2, CuO) and solid inorganic 

electrolytes (LLTO, LLZO, LATP, LAGP). Additionally, ion conduction performance 

of CPE is also affected by filler dimension. 

The mostly used nanoparticles are thought as zero-dimensional (0D) fillers,such as 

ZrO2, Al2O3, SiO2, TiO2, CuO. Addition of inorganic nanoparticles can decrease the 

crystallinity of polymer and enhance the dissociation of Li salts based on the Lewis 
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acid-base interactions. Croce et al.[88] obtained ionic conductivities of 10-4 S cm-1 at 

50 °C and 10-5 S cm-1 at 30 °C, respectively, with the doping of TiO2 and Al2O3 fillers 

in PEO-LiClO4 electrolyte. Cui’s group[89] prepared SiO2 nanoparticles with high 

monodispersity through an in-situ hydrolysis technology, by which the crystallinity of 

PEO can be decreased so that high ionic conductivity (10-4 S cm-1 to 10-5 S cm-1 at RT) 

was achieved. However, Tan et al.[90] compared the effect of SiO2 and Al2O3 addition 

on PMMA based CPEs, and found that the addition of Al2O3 enhanced the ionic 

conductivity of CPEs, but the addition of SiO2 made no difference. Jayathilaka et al.[91] 

further revealed that chemical groups on the Al2O3 nanoparticles play the main role in 

the enhancement of ionic conductivity of SPEs. Acidic groups always exhibit the 

highest enhancement followed by basic, neutral, and weakly acidic ones. In general, 

passive nanoparticle fillers really enhance the ionic conductivity and mechanical 

properties of SPEs. Apart from these nanopartcles, metal-organic frameworks (MOFs) 

are also used as fillers in CPE. MOFs can be converted into Li+ conductors by storing 

Li+ in the nanopores, which makes it an ideal filler for enhancing SPE performance. 

Considering the Lewis acidic interaction between MIL-53(Al) and N(SO2CF3)2
− anions, 

PEO-MIL-53(Al)-LiTFSI with increased ion conductivity (3.39×10−3 S∙cm−1 at 120 °C) 

was prepared by Zhu et al.[92]. Meanwhile, the thermal stability and mechanism 

strength of PEO are both improved due to the cross-linking of MIL-53(Al) 

nanoparticles.  

Apart from aforementioned inert nanoparticles, solid inorganic electrolytes such as 

LLZO, LLTO, LATP, LAGP[93-95] are more effective due to the intrinsic high ionic 

conductivity (higher than 10-4 S cm-1 at RT) apart from impeding crystallization and 

improving mechanical properties of SPEs. Among all the solid inorganic fillers, LLZO 

is favored for the chemical stability with Li anode and high oxidation potential[96]. 
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Chen et al.[97] obtained the ionic conductivity of 1.9×10−5 S cm−1 at 30 °C when using 

PEO18-LiTFSI-7.5% LLZO CPEs, which is much higher than that using PEO18-LiTFSI 

(2.92×10−6 S cm−1 at 25 °C). For further understanding the Li+ transfer mechanism 

inside the CPE, Finite element calculations were conducted and proved that the 

interface between polymer and ceramic particles has positive effect on ion 

conduction[98,99]. However, some other researches show that Li+ can also transfer 

through the ceramic particles[98,100].  

To present, three pathways for Li+ transporation are proved, namely, polymer 

matrices, fillers, and polymer/filler interfaces. Therefore, one-dimensional (1D), two-

dimensional (2D), and three-dimensional (3D) fillers with longer continuous pathways 

may reduce the junction crossing existed in CPE with 0D fillers. Electrospinning LLZO 

fibers are adopted to blend with PEO, and the hybrid electrolytes also exhibit enhanced 

Li-ion conductivity of 1.59×10−4 S cm−1 at ambient temperature[101]. Effects of LLZO 

nanowires orientation on ion conductivity of PAN-LiClO4 electrolyte are also 

investigated and the ionic conductivity can reach to 5.4×10−6 S∙cm−1 at RT with the 

random nanowires addition, which is 15 times of the electrolyte without LLZO 

nanowires. In addition, the ionic conductivity can be further improved to 6.05×10−5 

S∙cm−1 with the nanowires arranged[102]. It proved that orientation of nanowires make 

great influence on the improvement of CPE ionic conductivity. 

Graphene oxide (GO) as the representative of 2D materials is also adopted as the 

filler for ionic conductivity enhancing in CPE[103]. GO with abundant functional 

groups can not noly decrease the crystallinity of PEO but also accelarate the 

dissociation of Li salt in the PEO-LiClO4-GO electrolyte[104]. Thus, the ion 

conductivity of CPE is significantly improved to ~10−5 S∙cm−1 with only 1wt% GO 

addition. 
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Considering the significant ionic conductivity improvement of SPEs with 0D, 1D, 

and 2D fillers, 3D nanofiller network, which can avoid the aggregation phenomenon 

occurred on low dimensional fillers, is expected to further enhance the properties of 

CPE. Actually, continuous fast Li-ion conduction pathways can be formed by blending 

PEO with 3D garnet framework, by which the enhanced Li-ion conductivity (1.2×10−4 

S cm−1 at 30 °C), excellent thermal, mechanical, and electrochemical stabilities are 

achieved[105]. Apart from the conductive ceramic frameworks, inert ceramic 

frameworks can also be used for CPE preparation. Continuous ceramic/polymer 

interfaces have been constructed with PEO and aluminum framwork, and the ion 

conductivity is enhanced to 5.82×10−4 S cm−1[106]. More researches about ionic 

conductivity improving are shown in Table 1.2. 

Table 1.2 Polymer electrolyte modification by nanofilling 

Dimension Polymer matrix Additive 
Ion conductivity 

(S cm-1) 

Temperature  

(℃) 
Ref. 

0D PAN ZrO2 1.16×10-3 25 [107] 

 PMMA TiO2 3.0×10-4 30 [108] 

 PEO AlF3 1.58×10-4 30 [109] 

 PEO Li7La3Zr2O12 3.9×10-4 25 [110] 

 PEO Al-LLZO 4.4×10-4 30 [111] 

 PEO Ta-LLZO 4.8×10-4 60 [112] 

 PVDF Ta-LLZO 5.0×10-4 25 [113] 

 PEO LATP 1.7×10-4 20 [93] 

 PEO LAGP 6.76×10-4 60 [95] 

 PEO Li10GeP2S12 1.21×10-3 80 [114] 

1D PVDF-HFP SiO2 1.08×10-3 25 [115] 

 PAN LLTO 2.4×10-4 25 [116] 

 PEO LLTO 2.4×10-4 25 [117] 

 PAN LLZO 1.31×10-4 25 [100] 

 PEO Ta-LLZO 2.13×10-4 25 [118] 

2D PEO Graphene oxide ~10-5 25 [104] 

 PEC Montmorillonite 3.5×10-4 25 [119] 
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 PVDF-HFP Carbon nitride 2.3×10-4 30 [120] 

 PVDF-HFP Hydroxide 2.2×10-4 25 [121] 

 PEO g-C3N4 1.7×10-5 30 [122] 

3D PVDF-PEO Gd-doped CeO2 2.3×10-4 30 [123] 

 PEO AAO 5.82×10-4 25 [106] 

 PEO PVDF ~10-5 30 [124] 

 PEO Aramid nanofiler 8.8×10-5 25 [125] 

 PEO Al-LLZO 2.5×10-4 25 [99] 

 PEO Ta-LLZO 1.17×10-4 30 [126] 

 PEGMEA Li6PS5Cl 4.6×10-4 25 [127] 

In general, addition of nanoparticles into the polymer matrix can improve the ionic 

conductivity of SPEs by inhibiting polymer crystallinity and accelarating Li salt 

dissociation, especially for 1D, 2D, and 3D materials with continuous pathways. 

Additionally, the mechanical strength, electrochemical stability and thermal stability 

can also be enhanced significantly. Thus, filling nanoparticles is an optional and 

potential solution for improving the performance of SPEs.  

1.2.2 Ionic liquids adding 

Normally, the ion conductivity of SPEs is much lower than that of liquid electrolyte 

at room temperature, which restricts the application of ASSLMBs. In order to improve 

the ionic conductivity of SPEs at room temperature, the less flammable ionic liquid is 

adopted as the additive for improving the ionic conductivity of SPEs. Therefore, ionic 

liquid-polymer composite electrolyte proposed by Passerini et al. received more and 

more researches[128-130].  

The ionic conductivity of PEO18LiTFSI electrolyte was enhanced from 5.6×10-6 S 

cm-1 to ~10-4 S cm-1 by using (N-methyl-N-proylpiperidinum 

bis(fluormethanesulfonyl)imide (PP13FSI) ionic liquid as the additive at 25 ℃[131]. 

In addition, the grain boundary resistance of PEO can also be decreased with the 

addition of PP13FSI ionic liquid, which is the cause of increased ionic 
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conductivity[132]. Apart from the ionic conductivity, the Li dendrite suppression 

ability of electrolyte is another important factor that hinders the application of 

ASSLMBs. Imanishi et al. [133] compared the performances of Li symmetrical 

batteries assembled with PEO18LiTFSI and PEO18LiTFSI-PP13FSI electrolytes 

respectivity, and revealed that the short-circuit time was extended from 15 h to 37 h at 

the current density of 1.0 mA cm-1. However, the mechanical strength will decrease 

with the addition of ionic liquid. Thus, the development of SPEs with high ion 

conductivity and mechanical strength is still urgent and at the same time, searching for 

the polymer matrix which is suitable for the Li anode to generate stable SEI layer is 

also important for the application of ASSLMBs. 

1.2.3 Polymer blending, crosslinking, and copolymerizing 

In addition to the aforementioned solutions, blending, copolymerization, and 

crosslinking are all promising methods to improve the ionic conductivity as well as 

mechanical properties of SPEs. The polymers commonly used in SPEs include PEO, 

PAN, PVDF, PMMA, PPC, and PVDF-HFP, and all the polymers have their own 

characteristics. Polymer blending by combining two or more polymers is the simplest 

way to improve the ionic conductivity, mechanical property, and electrochemical 

stability of SPEs due to the combination of advantages from different polymers. 

The PEO-based electrolyte with good interfacial stability when combined with Li 

metal is mostly used to blend with other polymers[134,135]. Comparing with the low 

ionic conductivity of PEO-based electrolyte, PAN-based electrolyte possesses higher 

ionic conductivity at room temperature. However, its mechanical strength is poor. In 

this view, blending of polymers is a promising and feasible solution to combine the 

advantages together. For example, Wu et al.[136] blended PVDF-HFP with Poly(3-{2-

[2-(2-hydroxyethoxy) ethoxy] ethoxy}methyl-3′-methyloxetane) (PHEMO) together as 
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a new polymer matrix, and the ionic conductivity can reach up to 1.64×10−4 S cm−1 at 

RT. The crystalline and thermal properties of PEO-based electrlyte blended with PPC 

were tested and proved that both the crystallinity and the Tg of the electrolyte decrerased. 

Therefore, a high ionic conductivity (6.83×10−5 S∙cm−1) was realized at RT[137]. 

Besides, cross-linked SPEs are also effective to enhance ionic conductivity and 

suppress Li dendrite growth contributing to the amorphous phase increase and 3D 

network. Cross-linked polyethylene (PE)/PEO electrolytes with low-modulus (G´≈

1.0×105 Pa at 90 °C) can also exhibit excellent Li dendrite suppression ability with a 

high ionic conductivity (>1.0×10−4 S cm−1 at 25 °C)[138]. What should be pointed out 

is that high modulus is not necessary for suppressing Li dendrites. Perhaps the 

interfacial SEI stability caused by the confinement migration of polymer segments is 

the key to suppressing dendrites. Moreover, copolymer contains at least two types of 

monomers could provide ionic conduction and mechanical support functionalities 

separately. Excellent Li dendrite suppression ability is demonstrated by using 

polystyrene-block-polyethylene oxide (SEO) block copolymer electrolytes[139]. While, 

the SPE prepared by mixing poly(ether block amide) (PEBA) 4011 and LiClO4 has a 

ionic conductivity of 1.0×10−6 S cm−1[140]. In general, SPEs enhanced with various 

methods still can not meet the requirements of commercial application, especially due 

to the low ionic conductivity at RT compared with liquid electrolyte, which really 

restricts the rate performance of ASSLMBs.  

1.2.4 Gel polymer electrolytes (GPEs) 

In order to accelerate the application of ASSLMBs, gel polymer electrolytes (GPEs) 

as a new type of electrolyte is developed to conquer the ionic conductivity issue. 

Normally, GPEs are composed of polymer network and liquid electrolyte[141-143]. 

Thus, the GPEs possess a high ionic conductivity close to that of liquid electrolyte and 
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acceptable mechanical strength. In addition, the interface contact, leakage of electrolyte 

and flammability issues are also solved.  

Commonly, there are several strategies for GPEs` preparation, such as cross-linking, 

physical gelation, and polymerization[142]. Moreover, the polymerization strategy can 

be further divided into ex situ and in situ methods. For the ex situ preparation of GPEs, 

phase inversion and casting are the most popular methods[144-147]. However, poor 

interface contact and the resulting interface resistance still exist. In addition, the 

volatilization of organic solvent is inevitable. Therefore, in situ preparation of GPEs 

through polymerizing is investigated and excellent battery performance has been 

proved[148,149]. Kang et al. [150] prepared the pentaerythritol tetraacrylate (PETEA)-

based GPE and realized a extremely high ionic conductivity (1.13×10−2 S cm−1). In 

order to balance the mechanical strength and improve the thermal stability of GPE, Guo 

et al. [151] prepared a poly(vinylene carbonate) (PVC) based GPE via in situ method 

and realized a high ionic conductivity (4.4×10−3 S cm−1) at 20 °C. However, 

polymerization rate is difficult to control during the in situ preparation process, which 

directly restricts the consistency of ASSLMBs. 

As discussed above, although there are many solutions to improve the ionic 

conductivity, mechanical property, and electrochemical stability of SPEs, the 

compatibility for electrolyte-electrode interface is still full of challenge.  

1.3 Compatibility of SPEs 

1.3.1 Compatibility with anode  

Li metal with the lowest formal potential of -3.045 V vs. Standard hydrogen electrode 

(SHE) is very active to react with salt anions, liquid solvents, and impurities in the 

electrolyte to form a stable SEI layer, which can effectively hinder the continuation of 

the reaction. However, during the repeated charge-discharge process, the SEI layer will 
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be damaged and rebuilt again and again, which could result in the continuous 

consumption of anions, and further lead to the decrease of ionic conductivity of SPEs. 

In addition, the increased roughness of electrode surface inevitably causes the 

inhomogeneous distribution of electrical fields and Li plating. As such, Li dendrite will 

grow from these defects firstly and result in low coulombic efficiency, bad interface 

contact, short cycling life and safety problems. In particular, as shown in Figure 1.4[48], 

“dead Li” deposites at the anode surface could hinder the movement of Li ions. 

 

Figure 1.4 (a) Earlier cycles and (b) later cycles show that amore tortuous pathway is 

present after the accumulation of a thick dead Li layer on the electrode surface[48]. 

Although SPEs can generally make intimate interfacial contact with Li anode, they 

still cannot inhibit Li dendrites. As aforementioned, high modulus contributes to the 

suppression of Li dendrites but leads to poor interface contacts with both anode and 

cathode, which reflects the trade-off between the interface contact and Li dendrite 

suppression. Therefore, in order to realize the application of Li-air batteries, there are 

at least two requirements: (1) the interface between anode and SPEs must be stable 

enough without destroying the SEI layer and keep intimate contact during the repeated 

charge-discharge process; (2) the SPEs must possess high modulus to hinder the growth 

of Li dendrites at considerable current density.   

Various strategies have been adopted to suppress the growth of Li dendrite, such as 

using inorganic fillers, blending different polymers, copolymerization and crosslink. 

However, the Li dendrite problem has only been alleviated to a certain extent, and is 

still not solved. Thus, development of novel SPEs remains extremely urgent and 
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important, especially new-type salts, additives, and combination of polymer groups. 

Moreover, it must be pointed out that the selection of solutions usually requires multiple 

considerations.  

1.3.2 Compatibility with anode 

Ideally, the SPEs should be thermodynamically stable against anode and cathode. As 

shown in Figure 1.5a[152], the potential range of electrodes is from μa to μc, and the 

energy gap (Eg) between the lowest unoccupied molecular orbital (LUMO) and the 

highest occupied molecular orbital (HOMO) is defined as the electrochemical window 

of SPEs. In order to avoid the electrochemical reactions between the SPE and electrodes, 

the potential range of electrodes should be within Eg. The electrochemical windows of 

several representative SPEs and inorganic electrolytes are summarized in Figure 

1.5b[153]. 

 

Figure 1.5 a) Relation between energy gap (μa-μc) and the LUMO-HOMO window of 

an SSE[152]. b) Electrochemical windows of various electrolytes[153]. 

PEO based electrolytes have been reported to be stable even at 4.2 V[154], however, 

the upper limit of its electrochemical window may be overestimated due to the 
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imperfect contact between electrolyte and cathode, and testing methods also make a 

great difference[155]. Thus, an accurate and unified testing method is needed. Apart 

from the electrochemical stability of SPEs contacted with cathode materials, the contact 

property between SPEs and electrode is also significant for the improvement of 

ASSLMBs.  

Actually, the traditional cathode is designed for LIBs using liquid electrolyte. 

However, when the liquid electrolyte is changed to SPEs, the contact problem appears 

due to the strong mechanical strength of SPEs. Thus, a new cathode which possesses 

high ionic conductivity is urgently needed for the application of ASSLMBs. Ye et al. 

[156] prepared the LiCoO2-Li6.6La3Zr1.6Ta0.4O12 (LCO-LLZTO) composite cathode 

with a high areal capacity (>3.0 mAh cm-2) through a water-based method, and high 

specific capacity (~120 mAh g-1) is realized at the current density of 0.05 mA cm-2 and 

60 °C. However, specific capacity of the full cell decreases rapidly to lower than 70 

mAh g-1 only 11 cycles later, and the mechanism is still unclear. In addition, Ihrig et al. 

[49] tried to enhance the contact between electrolyte and cathode by infiltration of SPE 

into LiFePO4-Li1.5Al0.5Ti1.5(PO4)3 (LFP-LATP) composite cathode. The cycling 

performance of the full cell assembled with this cathode shows a high specific capacity 

(>160 mAh g-1) after 8 cycles, which reveals that the cathode and SPE is fully contacted, 

but during the first 8 cycles. Moreover, the contact between cathode and SPE is 

improved gradually, which demonstrates that the interface is not perfect at the first cycle. 

Additionally, the specific capacity begins to decrease after 30 cycles, and the 

mechanism is still unlear. Based on the aforementioned analysis, there are still many 

obstacles for the application of ASSLMBs, especially for the high-loading cathode 

batteries. It should be pointed out that the application of ASSLMBs is the first step even 

in a low current density and high temperature.  
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1.4 Preparation methods of SPEs  

Generally, the properties of SPEs are closely related to the preparation method and 

fabrication process. Solution casting, electrospinning, and phase inversion are several 

popular methods for the SPE preparation. Among all the mentioned methods, the 

solution casting is the most conventional and easy way. At first, the solution containing 

both polymer and salts is casted onto a suitable substrate. Then, the solvent is 

evaporated at RT or elevated temperature in an oven. Sometimes, the casting procedure 

is also conducted in a glovebox. After drying, the as-prepared SPE can be used directly. 

As for the electrospinning method, it can be used to produce films with a fiber 

morphology. And the thermal stability of electrospinning films is much better than that 

prepared by solution-casting method. However, many parameters relating to the 

preparation such as solution viscosity, surface tension, and polymer molecular weight 

need to be optimized in the electrospinning process. In addition, the setup conditions 

(e.g., flow rate, applied voltage) of electrospinning are also very complex.  

The phase inversion technique is suitable to prepare SPEs with porous structure. 

Solangi et al.[157] prepared the PVDF-HFP based SPEs by using this method. Herein, 

firstly, the solution containing PVDF-HFP, CeO2 and N-Methylpyrrolidone (NMP) 

solvent was stirred for 24 h, and then coated onto the glass-plate. Hereafter, it was 

immersed in water for solvent extraction and then soaked in LiClO4 solution for 6 h. 

Finally, the as-prepared SPE possessed a conductivity of 2.5×10−5 S cm−1 at 25 °C. 

While, dry-mixing is a new way to prepare SPEs without using solvent, which is usually 

combined with the hot-pressing. The PEO-based SPE has been prepared with this 

method with a ionic conductivity of 10−5 S cm−1 at RT[158]. As stated above, the 

solution casting should be more convenient than the electrospinning, dry-mixing and 

phase inversion techniques for SPE preparation. 
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1.5 Objective of this study 

Normally, excellent long-cycle performance, rate performance, and temperature 

properties are the basis for ASSLMBs application. As reviewed above, there are still 

several obstacles on the road of ASSLMBs` industrial application, especially with the 

SPEs. Li dendrite growth during the charge-discarge process is thought as the main 

problem, especially at high current density, which really restricts the rate performance 

of ASSLMBs. Besides, after the continues stripping and plating process, the interface 

between LMA and SPEs degradates gradually, which directly results in the growth of 

Li dendrite, increase of interface resistance, continous growth of SEI layer and “dead 

Li” phenomenon. The objectives of this study are to develop new SPEs, which possess 

acceptable ion conductivity, a wide electrochemical stability window, high mechanical 

strength and good Li dendrite suppression ability even combined with the high-loading 

cathode. Furthermore, the mechanism behind the excellent battery performance will be 

discussed based on the experimental and calculation results. 

1.6 Scope of this dessertation  

The introduction is considered as Chapter 1, in which the progress of ASSLMBs, 

preparation of SPEs, and mechanisms relating to the lithium ion transfer in the SPEs 

are reviewed and discussed. 

Chapter 2 presents the preparation process of PEBA 2533 based electrolyte with 

LiTFSI as the Li salt and the cycling performance of the full battery assembled with 

LMA and LiFePO4 cathode. The thermal stability, electrochemical stability and 

crystalline property are all investigated. In addition, the formation mechanism of LiF-

enriched SEI layer is also studied based on the DFT calculation results. 

Chapter 3 presents the effects of Al2O3 nanoparticles on the properties of PEBA2533 

based SPE and the performance of ASSLMBs assembled with the improved SPE. 
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Besides, by comparing the cycling performance of ASSLMB and the plating and 

stripping performance, the cause of increased interface resistance is analyzed. More 

importantly, the differences of PA segments distribution on the surface and inside the 

membrane are characterized by XPS technique.  

Chapter 4 focus on the verification of Li dendrite suppression ability of PEBA 4033 

based SPEs according to the cycling performance of ASSLMBs assembled with high-

loading cathode, and the effects of SPEs preparation temperature on battery 

performance are also investigated. Furthermore, the effects of LiTFSI content and 

solvent evaporation temperature on crystal behavior of PA 12 are investigated. 

Finally, general conclusions of this research and suggestions for future work are 

summarized in Chapter 5. 
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CHAPTER 2 A poly(ether block amide) based solid polymer 

electrolyte for solid-state lithium metal batteries 

2.1. Introduction 

Li-ion batteries (LIBs) are recognized as the most widely used electrochemical 

devices for energy storage and electric vehicle development[1-4]. With the rapid 

development of electrified society, huge progress has been made in almost each 

component of the batteries[5-8]. However, as the main deficiencies of LIBs, energy 

density and safety are still need to be tackled[9,10]. Continued growth in demand for 

high-energy-density LIBs urges the utilization of Li metal anode (LMA) owing to its 

high theoretical specific capacity (3680 mAh g−1) and low reduction potential (-3.04 V 

vs standard hydrogen electrode)[11]. However, in this case, during the Li plating and 

stripping process, Li dendrite is always formed to deteriorate interface and cause battery 

short-circuiting[12-16]. Therefore, more understanding the Li dendrite growth process 

and promoting uniform Li plating are vital for application of Li metal batteries (LMBs). 

Application of solid-state electrolytes (SSEs) is a promising solution for the 

aforementioned concerns[17-19]. To date, various SSE materials have been 

investigated for LMBs[20,21], which can be mainly divided into three categories: 

inorganic solid electrolytes[22-24], solid polymer electrolytes (SPEs)[25-29], and their 

hybrids[30,31]. In addition, gel polymer electrolyte (GPE) is considered a fourth class 

of SSEs that combines the high ionic conductivity of liquid electrolytes with the high 

mechanical strength of polymer electrolytes[32]. The inorganic SSEs with high ionic 

conductivity are generally too brittle to process into ultrathin slices (<100 μm), which 

greatly restricts their practical applications, especially in electrical vehicles. The SPEs 

as the alternative have the advantages of high flexibility, light weight, and low cost. 
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However, they always have moderate ionic conductivity and soft intrinsic properties, 

which hinders their use in ASSLMBs[33,34]. Especially, a series of problems could be 

originated from Li dendrites when they are combined with LMA. Polyethylene oxide 

(PEO), polyacrylonitrile (PAN), and poly(vinylidenefluoride) (PVDF) based 

electrolytes are the representatives of SPEs[35-37], by which the Li dendrite issue has 

not been well solved so that the battery cycle stability and capacity retention properties 

are still not satisfied. Considering the effects of electrolyte module and surface tension 

on Li deposition kinetics, Newman and Monroe[38] predicted that Li dendrite growth 

could be well suppressed when those SPEs with a high shear modulus (G´>7 GPa) are 

used. To achieve it, hybrid electrolytes have been extensively studied due to their ability 

to simultaneously improve the ionic conductivity and shear modulus of SPEs[39-47]. 

In this case, continuous fast Li-ion conduction pathways can be formed by blending 

PEO with some fillers such as those three-dimensional (3D) garnet frameworks. As 

such, the enhanced Li-ion conductivity (e.g., 1.2×10−4 S cm−1 at 30 °C), excellent 

thermal, mechanical, and electrochemical stabilities can be achieved[39]. It is reported 

that the hybrid electrolytes fabricated by blending electrospun Li7La3Zr2O12 (LLZO) 

fibers and Li6.25Ga0.25La3Zr2O12 (Ga-LLZO) nanoparticles with PEO exhibited 

enhanced Li-ion conductivities of 1.59×10−4 S cm−1 and 7.2×10−5 S cm−1 at ambient 

temperature, respectively[40,43]. While, the cross-linked SPEs are also found to have 

enhanced ionic conductivity with the suppressing ability to the Li dendrite growth[48-

51]. For example, the cross-linked polyethylene (PE)/PEO electrolytes even with low-

modulus (G´≈1.0×105 Pa at 90 °C) also exhibited excellent Li dendrite suppression 

ability with a high ionic conductivity (>1.0×10−4 S cm−1 at 25 °C)[48]. Thus, the high 

modulus is not essential for suppressing Li dendrites. Although considerable progresses 

have been achieved in improving Li-ion conductivity as well as full cell performance, 
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for the hybrid and cross-linked electrolytes, the manufacturing process is always too 

complex. Especially, even so, the Li dendrite growth phenomenon still exists [16]. 

While, the less satisfactory Li-ion conductivity and high operating temperature still 

hinder their application. As a solution, block copolymer based electrolytes are also 

considered[52-57]. For instance, it is found that by using polystyrene-block-

polyethylene oxide (SEO) block copolymer electrolytes, excellent Li dendrite 

suppression ability is demonstrated[52]. Thus, the block copolymer based electrolytes 

with excellent mechanical property and abundant special chemical groups could be also 

promising candidates for the ASSLMBs.  

In this study, a block copolymer named as PEBA 2533 and LiTFSI are used to 

fabricate novel SPEs and then, Li/PEBA 2533-20% LiTFSI/LiFePO4 ASSLMBs are 

assembled and tested. As a result, an excellent battery performance with high-capacity 

retention and a long-cycle life is realized. In addition, charge distributions of ether 

group and amide group in PEBA 2533 are calculated, which indicates that the amide 

group has stronger electron donating ability. Moreover, the effect of extra electrons on 

TFSI- anions is also investigated. Based on the calculated results, it is inferred that an 

SEI with enriched LiF should be formed for the rapid Li+ transfer and Li dendrite 

suppression. 

2.2 Experimental section 

2.2.1 Preparation of electrolytes 

PEBA 2533 was purchased from Arkema Inc., France. LiTFSI (>99.0%) and super 

dehydrated N, N-dimethylacetamide (DMAc) (99.5%) was purchased from Wako, 

Japan. All chemicals were used as received without further purification. Cathode foil 

and Li metal foil were purchased from Hohsen Corp., Japan and Honjo Chemical Corp. 

(diameter: 12 mm, thickness: 100 μm), respectively.  
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PEBA 2533 based SPE was fabricated through a casting method. Firstly, PEBA 2533 

and LiTFSI were weighted in a mass ratio of 4:1 and dissolved in DMAc. Then, the 

resulting solution was placed in an oven at 60 °C for 5 h to remove the generated 

bubbles in the solution. Thereafter, it was casted on a polytetrafluoroethylene (PTFE) 

plate followed with a standing period of 2 h before the vacuum drying at 80 °C for 24 

h. Finally, the SPE containing 20wt% LiTFSI was punched into a circle-shape sheet 

with a diameter of 12 mm for battery assembling. Thickness of the SPE was adjusted 

by an applicator. All these procedures were operated inside an Argon gas filled glove 

box (Miwa, Japan), where H2O and O2 concentration levels were maintained below 0.1 

ppm. For a more intuitive understanding of this electrolyte, the schematic of preparation 

process is shown in Figure 2.1.  

 

Figure 2.1 Preparation process of PEBA electrolyte and battery assembly procedures. 

2.2.2 Characterizations 

Morphologies and elemental ratios of the prepared SPEs were examined using a 

scanning electron microscopy (SEM, Hitachi SU8010) system equipped with a Horiba 

scientific energy dispersive spectrometer (EDS). Crystal structures of SPEs were 

determined by an X-ray diffraction machine (XRD, Rigaku Smart Lab X-Ray 

Diffractometer) using a Cu-Kα (λ=1.5405 Å) radiation source in a 2θ range of 10-90°. 
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Thermo gravimetric analysis (TGA) curves of SPEs were obtained under N2 

atmosphere by a TGA instrument (DTG-60H) with a heating rate of 10 °C min-1 from 

25 to 800 °C. Fourier transform infrared spectrum (FT-IR) (FT/IR-4200, JASCO, 

Japan) spectra of LiTFSI, PEBA2533 and SPEs were analyzed in the range of 500-4000 

cm-1. 

2.2.3 Electrode preparation and battery assembly  

LiFePO4 (Toshima Manufacturing Co. Ltd.), Super P (Alfa Aesar), and PVDF (MTI 

Co. Ltd.) as the cathode material, conductive material and binders respectively were 

weighed in a mass ratio of 8:1:1 and blended with a certain amount of N-methyl-2-

pyrrolidone (Wako) to get a homogenous slurry. Thereafter, the slurry was coated on an 

aluminum current collector (10 μm thickness), and dried in a vacuum oven at 100 ℃ 

for 12 h. Finally, the cathode plate was punched into a circle shape with a diameter of 

12 mm. 

For the cell assembly, the obtained SPE circle plate with a diameter of 12 mm was 

sandwiched between the prepared LiFePO4 based cathode (diameter: 12 mm) and a Li 

foil (diameter: 12 mm). Then, they were placed into a CR2025-type coin cell and 

pressed with a pressure of 750 psi. The assembled coin cell was measured with an SD8 

data testing system (Hokuto Denko Corporation Co., Ltd. Japan). In this study, all the 

ASSLMBs were assembled without using a separator or additional liquid electrolyte in 

the Ar-filled glove box as indicated above. 

2.2.4 Electrochemical characterizations 

Simultaneously, the cell with the stainless steel blocking electrodes was also 

assembled to test the ionic conductivity of electrolyte at temperatures ranged from 25 

to 60 °C on a Princeton electrochemical station VersaSTAT 4 by using the 

electrochemical impedance spectroscopy (EIS) technique with an AC amplitude of 5 
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mV in the frequency range of 1 MHz-0.1 Hz. Herein, the ionic conductivity σ was 

calculated by the following equation S1: 

𝜎 =
𝑅

𝐿 · 𝑆
                                            (𝑆1) 

where R represents the obtained resistance measured by the EIS technique, L is the 

thickness of electrolyte, and S stands for the electrolyte effective area. 

Based on the ionic conductivity data at different temperatures, the activation energy 

(Ea) of the electrolyte was obtained from the Arrhenius Eq. S2: 

σ = Aexp (
−𝐸𝑎

𝐾𝐵𝑇
)                                   (𝑆2) 

where A is a pre-exponential factor, T is the absolute temperature, and kB is the 

Boltzmann constant. 

Li-ion transference number (tLi+) of the electrolyte was measured in a symmetric 

Li/SPE/Li cell with a DC polarization voltage of 10 mV associated with the AC 

impedance measurement, and then calculated by the following equation S3, where the 

initial (I0) and steady (Iss) currents were obtained from the DC polarization test. R0 and 

Rss were obtained from the AC impedance measurements with a frequency range 

between 1 MHz and 0.01 Hz. 

                  𝑡𝐿𝑖+ =
𝐼𝑠𝑠(𝛥𝑣 − 𝐼0𝑅0)

𝐼0(𝛥𝑣 − 𝐼𝑆𝑆𝑅𝑆𝑆)
                                               (𝑆3)  

where ΔV is the voltage polarization applied, Iss and Rss are the steady current and 

resistance, respectively, I0 and R0 are the initial current and resistance, respectively. 

Linear sweep voltammetry (LSV) measurement was used to evaluate the 

electrochemical stability window of the SPE in a potential range from 3.0 to 6.0 V at a 

scanning rate of 1 mV s–1 with a stainless steel working electrode and a Li metal sheet 

as the reference and counter electrodes, respectively. 

The performance of ASSLMB assembled with the LiFePO4 as the cathode and Li 
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metal as the anode was evaluated at a voltage range of 2.5~4.0 V with a charge-

discharge rate of 0.5 C at 60 °C. 

2.2.5 DFT calculation 

The amide group and ether group models were constructed by connecting two amide 

12 molecules and two ethylene oxide molecules, respectively, at first. Then, geometry 

optimization was conducted to get the reasonable structure of these two models with 

the Dmol3 module included in the Accelrys Material Studio software package. In 

addition, TFSI- model was also constructed and optimized with the same method.  

For comparing electronegativity of amide group and ether group, charge distributions 

of them were calculated with the Dmol3 module included in the Accelrys Material 

Studio software package, in which the charge distribution was partitioned by the 

Hirshfeld method. Additionally, in order to demonstrate the activation of TFSI- by 

electrons, the bond lengths of TFSI- and TFSI-+e- were also calculated with the Dmol3 

module. It should be noted that TFSI-+e- refers to TFSI- with an additional e- applied to 

it during the calculation procedure. 

2.3. Results and discission 

As a popular elastomer, PEBA 2533 comprises a regular chain of rigid polyamide, in 

which nylon12 (PA12), as the hard segment, is interspaced with flexible polyether, and 

poly-(tetramethylene glycol) (PTMG) serves as the soft segment[58]. Unique 

mechanical properties derived from the combination of soft and hard segments could 

make it one of the options for inhibiting Li dendrite growth when used as the SPE 

material. Figures 2.2(A) and (B) show the cross-section and surface morphologies of 

the as-prepared PEBA 2533 based SPE (PEBA 2533-20% LiTFSI electrolyte), 

respectively. One can see that it has a very dense structure without any defects and 

displays a smooth surface. 
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Figure 2.2 (A) Cross-section and (B) surface SEM images of PEBA 2533-20% LiTFSI 

electrolyte; (C) TGA curves of PEBA 2533, LiTFSI, and PEBA 2533-20% LiTFSI SPE. 

Thermal behavior was evaluated by the TGA technique. As shown in Figure 2.2(C), 

both pure PEBA 2533 and LiTFSI maintain stable at a temperature below 360 °C, and 

almost completely decomposed at 475 °C with a total weight loss of 99.15% and 

90.35% respectively. In comparison, the PEBA 2533-20% LiTFSI SPE has a weight 

loss of 10.12% below 250 °C, which can be contributed to the residue of solvent. With 

the further increase of temperature, the PEBA 2533 based SPE begins to decompose 

and leave a 2.45% residue after 475 °C. It demonstrates that the thermal stability of 

PEBA 2533 is weakened by the addition of LiTFSI. Nevertheless, it should be noted 

that the thermal stability at a temperature below 250 °C of the SPE still meets the 

requirements of ASSLMBs. 



53 
 

 
Figure 2.3 (A) LSV curve of the prepared PEBA 2533-20wt% LiTFSI SPE with a 

electrochemical stable window in a potential range of 3.0-6.0 V; (B) XRD patterns of 

the pure PEBA 2533 and SPE samples; (C) Ionic conductivities of SPEs vs. temperature 

in the range of 25-60; (D) DC polarization curve for Li/PEBA 2533-20wt% LiTFSI/Li 

cell under a polarization voltage of 10 mV (The inset shows the EISs before and after 

the polarization). 

Ideally, the SPEs should be highly ionic conductive, mechanically strong, nonvolatile, 

non-flammable and chemically/electrochemically stable within the battery operation 

window. Herein, the electrochemical window is closely related to the choice of cathode 

material. Figure 2.3(A) shows LSV of the PEBA 2533-20% LiTFSI SPE. One can see 

that the SPE begins to decompose until ~4.2 V with a current of 4.7 µA, indicating its 

good electrochemical stability at this voltage window, which is suitable for the 

ASSLMBs. It should be pointed out that the voltage corresponding to the intersection 

of the two tangent lines in Figure 2.3(A) is considered to be the decomposition voltage 
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of the electrolyte. Additionally, the LSV curves of SPEs with 10wt%, 15wt%, and 

20wt% LiTFSI content were also compared and shown in Figure 2.4. It is easy to find 

that the electrochemical stability of SPEs increase with the decrease of LiTFSI content. 

It is mostly caused by the mechanical strength differences of SPEs, which can result in 

interface contact difference and further change the current signals. Thus, the 

electrochemical stability of PEBA 2533-20% LiTFSI SPE is more credible. 

 

Figure 2.4 LSV curves of the prepared SPEs with a electrochemical stable window in 

a potential range of 2.0-5.0 V. 

Figure 2.3(B) shows XRD patterns of the pure PEBA 2533 and SPE samples, in 

which the peaks at 2θ near 24° and 20° correspond to the (110) and (020) reflections of 

PTMG crystalline phase. The small peak at 2θ near 21° could be attributed to the PA12 

crystalline reflection. However, it should be noted that it is close to the maximum of the 

amorphous halo of the glassy phase so that it is hard to be distinguished clearly[59]. 

From the peak at 2θ near 24°, the effect of LiTFSI content on polymer crystallization 
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behavior can be observed. One can see that the peak intensity decreases gradually with 

the increase of LiTFSI content, indicating an increase in amorphous regions, which are 

available for Li ion migration. It also suggests an interaction between LiTFSI and 

abundant functional groups inside PEBA 2533. The FT-IR spectra of the SPEs are 

displayed in Figure 2.5, which reveal characteristic peaks corresponding to PEBA2533 

for all of the SPEs. The peak at 3299 cm−1 is attributed to the amide -N-H stretching 

vibration, while the band at 1735 cm−1 is assigned to the -C=O stretching vibration of 

the carboxylic acid [60]. The absorption peak at 1639 cm−1 is attributed to the out-of-

plane H-N-C=O vibration of the amide, and the peak at 1111 cm−1 is ascribed to the 

polyether C-O-C stretching vibration, while the band at 1367 cm−1 is associated with 

the amide C-N stretching mode [61]. The absorption peaks at 1639 cm−1 and 1367 cm−1 

were blue and red shifted respectively with the increase of LiTFSI content. Additionally, 

The FT-IR spectra of LiTFSI is also displayed in Figure 2.5, the peak at 1062 cm−1 is 

attributed to the S-N-S asymmetric stretching mode, while the band at 1201 cm−1 is 

assigned to the -CF3 symmetric stretching mode[62]. The absorption peaks at 1201 cm−1 

was blue shifted. Therefore, the interaction between amide group and LiTFSI is proved. 
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Figure 2.5 Fourier transform infrared spectra of pure LiTFSI, pure PEBA 2533 and 

SPEs. 

Figure 2.3(C) shows ionic conductivities of the as-prepared various SPEs including 

PEBA 2533-5wt% LiTFSI, PEBA 2533-10wt% LiTFSI, PEBA 2533-15wt% LiTFSI, 

and PEBA 2533-20wt% LiTFSI ones tested at a temperature range of 25-60 °C. Herein, 

the PEBA 2533-20wt% LiTFSI SPE exhibits ionic conductivities of 3.16×10−5 S cm−1 

at 25℃ and 1.66×10−4 S cm−1 at 60 ℃, which are comparable to the traditional 

PEO/LiTFSI electrolyte (4.17×10−5 S cm−1 at 25 ℃)[46]. While, it should be noted that 

the ionic conductivity of PEBA based SPE can be enhanced with the increase of LiTFSI 

content while the Li dendrite suppression problem should be balanced. The mechanical 

strength of electrolyte decreases with the increase of LiTFSI content, which weaks the 

ability of Li dendrite suppression, and makes the coin cell easy to be short circuit 

because of ultrothin electrolyte under assembly pressure. Considering the limitations of 

experimental conditions and the convenience of cell assembly, in the following study, 

the PEBA 2533-20wt% LiTFSI SPE was chosen. Herein, the activation energy (Ea) of 

it is only ca. 0.158 eV, indicating the easiness of Li ion migration in this SPE. 
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Figure 2.6 DC polarization curve for Li/PEBA 2533-10wt% LiTFSI/Li cell under a 

polarization voltage of 10 mV (The inset shows the EISs before and after the 

polarization). 

 

Figure 2.7 DC polarization curve for Li/PEBA 2533-15wt% LiTFSI/Li cell under a 

polarization voltage of 10 mV (The inset shows the EISs before and after the 

polarization). 
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Generally, the SPE should be also a dual-ion conductor, by which the Li ion and its 

counter anion can both easily move in it, causing a low tLi+. In order to evaluate the 

contribution of Li ions to the ionic conductivity of the PEBA 2533-20wt% LiTFSI SPE, 

a steady-state current method was adopted to determine the tLi+ based on a symmetrical 

Li/SPE/Li cell. As shown in Figure 2.3(D), the initial current before the polarization 

and the steady current after the polarization are 27.65 and 16.91 μA, respectively, with 

a DC voltage of 10 mV. While, the resistance increases from 261.89 to 299.22 Ω after 

the polarization. Therefore, the tLi+ of PEBA 2533-20wt% LiTFSI SPE can be 

calculated to be 0.303, which is higher than that of the traditional PEO/LiTFSI 

SPE(~0.21). Such a high tLi+ could also enable dendrite-free Li deposition[63]. In 

addition, tLi+ of PEBA 2533-10wt% LiTFSI (0.339) and PEBA 2533-15wt% LiTFSI 

(0.324) were also calculated and shown in Figure 2.6 and Figure 2.7. With the decrease 

of LiTFSI content, the tLi+ of SPEs increase slightly. It may be caused by the stronger 

limitation of TFSI- by the polymer matrix with the decrease of LiTFSI content. 
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Figure 2.8 (A) Rate performance and (B) charge-discharge voltage profiles of the 

Li/PEBA 2533-20wt% LiTFSI/LiFePO4 full cell at different current densities; (C) 

cycling performance and (D) charge-discharge voltage profiles of the Li/PEBA 2533-

20wt% LiTFSI/LiFePO4 full cell (a real capacity: 0.15 mAh cm-2); (E) Long-term 

cycling performance of Li/PEBA 2533-20wt% LiTFSI/LiFePO4 full cell. 

Along with the improvement of the ionic conductivity of SPEs, it should consider 

the interface compatibility in the ASSLMBs [64-67]. To verify the practicality of PEBA 

based SPEs in ASSLMBs, the PEBA 2533-20wt% LiTFSI SPE was also used to 
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assemble the cell with LiFePO4 as the cathode material. As shown in Figure 2.8(A), the 

cell offers high discharge capacities of 151.9, 142.4, 103.2 and 62.6 mAh g-1 at rates of 

0.1, 0.2, 0.5 and 1 C, respectively. Meanwhile, with the cycling rate decreasing from 1 

to 0.1 C, the discharge capacity is recovered to 143.1 mAh g-1 (94.2% of the initial 

discharge capacity), proving that the PEBA 2533-20wt% LiTFSI SPE is stable during 

the charge-discharge process at different current densities. While, Figure 2.8(B) shows 

the charge-discharge voltage profiles of Li/SPE/LiFePO4 cell tested at 60 ℃. It can be 

clearly observed that the potential plateau during the charging process rises with the 

increase of charge-discharge rate, indicating that the insufficient ionic conductivity 

occurs with the increase of current density, and the charge-discharge capacity is 

decreased to a great extent. 

 
Figure 2.9 Cycling performance of the Li/PEBA 2533-10wt% LiTFSI/LiFePO4 full cell 

at the rate of 0.5 C (areal capacity: 0.15 mAh cm-2). 
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Figure 2.10 Cycling performance of the Li/PEBA 2533-15wt% LiTFSI/LiFePO4 full 

cell at the rate of 0.5 C (areal capacity: 0.15 mAh cm-2). 

Figure 2.8(C) shows the performance of the Li/SPE/LiFePO4 cell assembled with the 

as-prepared PEBA 2533-20wt% LiTFSI SPE. One can see that this cell possesses a high 

specific capacity of 149.4 mAh g-1 at the rate of 0.1 C and 60 ℃. While, it also shows 

very stable cycling for 200 cycles and remains 94% of its maximum capacity (127.4 

mAh g−1) at the rate of 0.5 C and 60 ℃ with a high average coulomb efficiency (CE) 

of 99.92%. Such an excellent cycling performance of the battery reveals that the PEBA 

based SPE possesses unique Li dendrite suppression properties. That is, by application 

of it, both of the dead-Li layer and continuous growth of SEI can be avoided to some 

extent since they are usually considered to be the main reasons for the attenuation of 

specific capacity[16]. In addition, the performances of the Li/SPE/LiFePO4 cells 

assembled with the as-prepared PEBA 2533-10wt% LiTFSI and PEBA 2533-15wt% 

LiTFSI SPEs were also tested and shown in Figure 2.9 and Figure 2.10 respectively. 

Both of them exhibit excellent cycling stability without even capacity fading. It should 

be point out that as the LiTFSI content is reduced to 15wt%, the specific capacity 

decreased slightly. However, as the LiTFSI content is reduced to 10wt%, the specific 

capacity decreased obviously due to the decrease of ionic conductivity. While, the 



62 
 

mechanical strength of SPEs related to LiTFSI content also make a great difference on 

the interface contact and further affect the performance of battery. Figure 2.8(D) shows 

the voltage profiles of the as-prepared ASSLMB at the 10th, 50th, 100th, and 200th cycles, 

which reveals that the polarization phenomenon occurs during the cycling process, 

which should be the main reason for the slight decline of charge-discharge capacity. 

Actually, if the charge-discharge cut-off voltage is widened, the attenuation of specific 

capacity will be even more slightly. It also indicates that the Li-ion migration resistance 

could be increased during the charge-discharge process. As shown in the early stage of 

charge-discharge process, the voltage increases rapidly and then keep stable. Thus, it 

can be considered that the SEI layer could be not punctured but damaged, which will 

be analyzed in details in the following. Additionally, in order to evaluate long-term 

cycling stability of PEBA based SPE, another Li/SPE/LiFePO4 cell was assembled and 

tested at the rate of 0.5 C and 60 ℃. As shown in Figure 2.8(E), the cell cycles maintain 

stably for almost 1000 cycles with an average CE of 99.83%, and 69% of its maximum 

capacity (115.3 mAh g−1) is retained after the 1000 cycles, indicating that the PEBA 

2533-20wt% LiTFSI SPE possesses excellent chemical stability and mechanical 

resilience. Li et al.[68] designed self-assembled monolayers with polar carboxyl groups 

linked to aluminum oxide-coated separator and proved that the chemical groups with 

strong dipole moments can offer excess electrons to accelerate the degradation 

dynamics of carbon-fluorine bond cleavage in LiTFSI. As such, the SEI with enriched 

LiF could be generated to suppress dendritic Li growth. Similarly, the PEBA based 

electrolytes with abundant amide groups could also accelerate the degradation 

dynamics of carbon-fluorine bond cleavage in LiTFSI, which should also increase the 

LiF content in the SEI layer for the further suppressing the growth of Li dendrite. In 

order to demonstrate it, electronegativity of amide and ether group were calculated by 
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density functional theory (DFT). Herein, for demonstrating the activation of TFSI- by 

electrons, the bond lengths of TFSI- and TFSI-+e- were also calculated with the Dmol3 

module.  

 

Figure 2.11 (A) Charge distributions of ether and amide group; (B) effect of extra 

electrons on the bond length of TFSI-; (C) schematic diagram of SEI with enriched LiF. 

Based on the calculations with Dmol 3 module by Hirshfeld method, as shown in 

Figure 2.11(A), the charge of ether oxygen is -0.1397 |e|. However, the charge of amide 

oxygen is -0.3035 |e|, which is higher than the ether oxygen. It demonstrates that the 

amide group has stronger electron donating ability. In order to evaluate the effect of 

electrons on TFSI-, the lengths of chemical bonds were calculated for TFSI- and TFSI-

+e-. As shown in Figure 2.11(B), the lengths of C-F and S-C bonds are 1.341 and 1.848 

Å, respectively, for the TFSI- anion. However, when an extra electron is endowed to 

TFSI-, the lengths of C-F and S-C bonds are changed to 1.375 and 1.864 Å, respectively, 
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proving that the TFSI- can be activated by extra electrons. Based on these results, a 

mechanism is proposed as shown Figure 2.11(C), in which TFSI- is activated with the 

attack of electrons from both the amide groups and the Li anode during the charging 

process. Due to the carbon-fluorine bond cleavage in LiTFSI, the generation of LiF 

could result in formation of the LiF enriched SEI layer with strong Li dendrites 

suppression ability, which is expected to improve battery performance with a higher 

capacity retention and a longer cycle life. 

 

 

Figure 2.12 (A) Galvanostatic cycling curves of the Li/PEBA 2533-20wt% LiTFSI/Li 

symmetric cells at different current densities; (B) Schematic diagram of SEI destruction 

process. 
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Figure 2.13 EIS plots of Li-Li symmetry battery by employing PEBA2533-20wt% 

LiTFSI as electrolyte. 

 

Figure 2.14 Galvanostatic cycling curves of the Li/PEBA 2533-20wt% LiTFSI/Li 

symmetric cells at different current densities. 

However, there are still some issues existed from a full battery point of view. As 

illustrated in Figure 2.8(D), the voltage polarization is getting worse during the cycling 

process. To better understand anode interface behavior, a symmetrical Li/SPE/Li cell 
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was assembled and tested. Figure 2.12(A) shows the voltage profile of the cell cycled 

at current densities of 0.1 mA cm-2 and 0.2 mA cm-2, respectively. One can see that the 

symmetrical cell shows outstanding cycling stability for more than 600 h without short 

circuiting. During the first 100 cycles, it shows excellent Li dendrite suppression 

property at a current density of 0.1 mA cm-2. However, continuous voltage polarization 

occurs at the current density of 0.2 mA cm-2, which is consistent with the voltage 

polarization phenomenon observed in Figure 2.8(D). It confirms that the interface 

between Li metal and SPE should be damaged gradually during the cycling process. 

Additionally, EIS of a symmetrical Li/SPE/Li cell is also tested at the current density 

of 0.2 mA cm-2 and shown in Figure 2.13. Increased impedance is observed obviously, 

which corresponds to the deterioration of interface contact with the increase of cycle 

numbers. However, it is critical to gain insight into the causes of interface deterioration 

and thus, the situation of SEI layer as a key factor in determining battery performance 

is worth studying. According to the aforementioned analyses, an SEI damage 

mechanism accounting for the voltage polarization is proposed as illustrated in Figure 

2.12(B). Herein, at a low current density, the SEI layer always maintain excellent Li 

dendrite suppression performance since the SEI layer can keep stable during the cycling 

at this condition. In contrast, the SEI layer always cannot hinder the growth of Li 

dendrites at a high current density, and it will be damaged during the cycling process. 

As such, a resulting rough surface could be formed at the same charge-discharge rate in 

this case. That is the reason why the voltage polarizations appear in both Figures 2.8(D) 

and 2.12(A). Additionally, critical current density (CCD) as a main factor for assessing 

Li dendrite suppression ability is also measured and shown in Figure 2.14. But, the 

symmetric cell failed before the CCD value since the protection voltage is triggered. As 

we know, under the condition of constant time, the amount of lithium stripping will 
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increase with the increase of current density. It means that new Li metal stripping 

happened in the latter part of higher current density, which corresponding to smaller 

contact area between Li metal and electrolyte, and further result in an rapid increase of 

voltage. However, It reveals that the CCD value is higher than 0.4 mA cm-2 at least. To 

sum up, improving interface contact and cycling at limited current density should be 

two effective solutions for battery performance improving. 

2.4 Conclusions 

In summary, the PEBA based SPEs with LiTFSI as the Li salt was successfully 

fabricated through a solution casting method. Thereafter, the PEBA 2533-20% LiTFSI 

with an ionic conductivity of 3.0×10−5 S cm−1 at 25 ℃ was adopted to assemble the 

ASSLMBs with the LiFePO4 cathode. Electrochemical performance tests of 

Li/SPE/LiFePO4 cell showed that the battery remained 94% of its maximum capacity 

(127.5 mAh g−1) at the rate of 0.5 C and 60 ℃ after 200 cycles. However, the voltage 

polarization was getting worse during the cycling process. Based on the calculations, it 

is found that the amide group in the PEBA has stronger electron donating ability than 

the ether group. Moreover, the effect of extra electrons on TFSI- anions was also 

investigated, and it is proved that TFSI- anion can be activated with the existence of 

extra electrons by comparing the bond lengths of TFSI- and TFSI-+e-. As such, a 

mechanism was proposed, in which TFSI- can be activated with the attack of electrons 

from both the amide groups and the Li anode during the charging process with the 

generation of LiF enriched SEI layer. In addition, the voltage polarization was also 

observed in a symmetrical Li/SSE/Li cell at the current density of 0.2 mA cm-2. Thus, 

an SEI damage mechanism accounting for the voltage polarization was also proposed. 

It is considered that improving interface contact and cycling at limited current density 

should be two effective solutions for battery performance improving.  
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CHAPTER 3 Effect of nano Al2O3 addition on cycling 

performance of poly(ether block amide) based solid-state 

lithium metal batteries  

3.1 Introduction 

Realizing of electrochemical energy storage with high energy density, high security 

and low cost has received increasing attention in both research and industrial fields [1-

4]. With their rapid application in electrical vehicles and portable electronic machines, 

lithium-ion batteries (LIBs) are still not catching up to the expectations either in security 

or energy density [5-8]. Therefore, it is urgent to develop the next-generation advanced-

batteries [9]. Li metal is commonly considered as an alternative anode material because 

of its highly theoretical capacity (3860 mAh⋅g-1) and low reduction potential (-3.04 V 

versus the standard hydrogen electrode (SHE)) [10-14]. However, Li metal anode 

(LMA) has poor cyclability in liquid electrolytes due to its high reactivity and rapid 

dendrite growth during the charging and discharging process [15-21]. Additionally, 

those liquid electrolytes with flammable organics may incur serious safety issue [22,23]. 

Therefore, various solid-state electrolytes (SSEs) such as solid sulfide electrolytes [24-

29], solid oxide electrolytes [30-34] and solid-state polymer electrolytes (SPEs) [35-

40] have received extensive researches.  

Solid-state-electrolytes with increased chemical stability and Li dendrite suppression 

ability potentially offer a solution to those issues existed in the LIBs containing liquid-

electrolytes [41]. Nevertheless, some unresolved issues primarily including chemical 

degradation, mechanical fracture and loss-of-contact still hinder the application of all 

solid-state lithium metal batteries (ASSLMBs) [42]. Unlike brittle inorganic 

electrolytes, SPEs are more economical, easier to manufacture, and more highly flexible 
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to fit the battery shape. However, in the application of SPEs-based ASSLMBs, there are 

at least three main issues, i.e., (1) limited ionic conductivity restricted by the low 

mobility of polymer segments at room temperature (RT); (2) uncontrolled Li dendrite 

growth during the plating and stripping process; (3) contact degradation between the 

SPE and electrodes due to the volume variation. All these issues are still needed to be 

addressed. 

In recent years, enormous works have been conducted to address these issues. For 

example, to obtain SPEs with high ionic conductivity, various polymers such as 

poly(ethylene oxide) (PEO), poly(methyl methacrylate) (PMMA), polyacrylonitrile 

(PAN), and poly(vinylidenefluoride) (PVDF) have been used [43-45]. Among them, 

PEO-based electrolytes with low ion conductivities (10−6-10−8 S cm−1) at room 

temperature have received the most attention due to the effective interaction between 

ether oxygens and cations by using it [46-48]. While, the addition of nano-inorganic 

particles as the solid plasticizer has been proved to suitably decrease the crystallinity of 

PEO, thereby promoting the ion conductivity [49]. In addition, it is also found that the 

doping of some inorganic solid electrolytes with high ion conductivity can improve the 

ionic conductivity of those PEO-based electrolytes [50]. For example, by adopting 

Li7La3Zr2O12 (LLZO) as the filler, the Li-ion conductivity of PEO-based electrolyte can 

be enhanced to 5.5×10−4 S cm−1 at 30 °C with improved electrochemical, mechanical 

and thermal stability [51]. However, the uncontrollable Li dendrite growth and other 

problems, especially, the generation of “dead Li” and voids on LMA during the charging 

and discharging process, are still the obstacle for the application of PEO-based SPEs in 

ASSLMBs [52-56]. Several models such as heterogeneous nucleation model, surface 

nucleating and diffusion model and space-charge model have been constructed to study 

the effect of initial nucleation of Li metal on the deposition behavior for the growth of 
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Li dendrites, and considerable efforts have been dedicated to realizing the uniform 

plating and stripping of LMA [57-60]. For example, three-dimensional (3D) current 

collector with submicron skeleton and porous structure was adopted for Li dendrite 

growth suppression and a high coulomb efficiency (CE) at a reasonable current density 

was achieved [61]. While, construction of an artificial protection layer as another 

effective solution for Li dendrite suppression has been also extensively studied. It is 

proved that by using various fillers such as metal oxides [62], nitrides [63], sulfides 

[64], and metal fluorides [65] to enhance artificial solid-electrolyte interphase (SEI) can 

effectively suppress Li dendrites. However, neither the 3D current collector nor the 

artificial SEIs can support the ultra-long cycling of ASSLMBs due to the mechanically 

fragile property of SEIs under vigorous volume changes during the charging and 

discharging process [66]. In addition, it is difficult to ensure the stability and uniformity 

of SEIs at a nanoscale in mass production. Apart from the Li anode side, loss of contact 

between SPEs and cathode side is another key factor in battery cycling degradation. 

With the increase of cycle number, the polarization caused by contact loss always 

becomes more and more serious [40]. Thus, the robust interfacial contact should be one 

of the key factors to achieve ultra-long cycling life of SPEs-based ASSLMBs. 

In this study, Al2O3 nanoparticles (~50 nm) were adopted with lithium (Li) bis-

(trifluoromethanesulfonyl)imide (LiTFSI) salt as the filler to fabricate poly(ether block 

amide) (PEBA)-based SPEs for ASSLMBs. Based on the preliminary experiments, a 

Li/PEBA 2533-20wt% LiTFSI-3wt% Al2O3/ LiFePO4 ASSLMB was assembled and 

tested, which exhibited a high-capacity retention ability and a long-cycle life. While, a 

Li/PEBA 2533-20wt% LiTFSI-3wt% Al2O3/Li symmetry cell was also fabricated, 

which showed excellent stability at 0.1, 0.2, and 0.3 mA cm-2 during the plating and 

stripping process. Based on X-ray photoelectron spectroscope (XPS) analysis, a self-
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aggregation layer (SAL) of polyamide 12 (PA12) of PEBA 253 was discovered, which 

should contribute to promoting the formation of lithium fluoride (LiF) enriched SEI 

layer, accounting for the excellent battery performance. Moreover, the effect of Al2O3 

nanoparticle addition amount on the battery performance was also investigated. In 

addition, it is found that the slight capacity degradation should be attributed to the 

contact loss between the SPE and cathode. 

3.2 Experimental section 

3.2.1 SPE preparation 

PEBA 2533 was provided from Arkema Inc., France. LiTFSI (>99.0%), Al2O3 

nanoparticles, N, N-dimethylacetamide (DMAc, dehydrated, 99.5%), and N-methyl-2-

pyrrolidone (>99.0%) were purchased from Wako, Japan and used directly. Li metal 

disk (12 mm in diameter with a thickness of 100 μm) was provided from Hohsen Corp., 

Japan. LiFePO4 (Toshima Manufacturing Co. Ltd., Japan), Super P (Alfa Aesar, USA), 

and PVDF (MTI Co. Ltd. Japan) were also used as received. 

PEBA 2533-based SPE was prepared via a casting method. Briefly, PEBA 2533 and 

LiTFSI were dissolved in DMAc with a mass ratio of 4:1 at first and then, Al2O3 

nanoparticles were added and stirred. After the above slurry was heated at 60 °C for 2 

hours for the removal of those generated bubbles, it was casted on a 

polytetrafluoroethylene (PTFE) plate. Thereafter, the slurry-casted plate was dried in a 

vacuum oven at 70 °C for 36 hours. Finally, the dried SPE film was punched into several 

circle-shape sheets (12 mm in diameter) and their thicknesses were adjusted using an 

applicator. While, pure PEBA2533 film was prepared through the same procedure. The 

above operations were performed in an Argon glove box (Miwa, Japan), in which the 

concentrations of moisture and oxygen were lower than 0.1 ppm.  
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3.2.2 Characterizations of samples 

Morphology of the sample was characterized by a scanning electron microscopy 

(SEM, Hitachi SU8010). Crystalline structure was determined by a Rigaku Smart Lab 

X-Ray Diffractometer (XRD, Japan). Thermo gravimetric analysis (TGA) was 

performed in a nitrogen gas flow with a DTG-60H machine (Shimadzu, Japan). Fourier 

transform infrared (FT-IR) spectrum in the range of 500-4000 cm-1 was obtained on a 

JASCO FT/IR-4200 (Japan) equipment. Surface compositions were measured by an X-

ray photoelectron spectroscope (XPS, XI 250 ESCALAB system) with 200 W 

monochromatized Al Kα radiation as the X-ray source, and the atom ratio of C, N and 

O on the surface of pure PEBA 2533 was evaluated by fitting the XPS spectra using a 

CasaXPS software. 

3.2.3 Electrode and battery fabrications 

LiFePO4, Super P and PVDF with a mass ratio of 8:1:1 were mixed with N-methyl-

2-pyrrolidone under stirring until a homogenous slurry was obtained. Then, it was 

casted on an aluminum current collector, and vacuum-dried at 80 ℃ for 24 hours. 

Afterwards, the dried sheet was punched into several circle-shape ones (12 mm in 

diameter, areal capacity: 0.15 mAh cm-2). 

To fabricate battery cell, the prepared circle-shape SPE was sandwiched between the 

Li sheet and the LiFePO4-based cathode sheet, and then put into a CR2032-type coin 

cell, which was pressed under a 750 psi pressure. Herein, all the full batteries were 

assembled with the PTFE side of SPE in contact with the Li sheet. The performance of 

this coin cell was evaluated with a battery testing machine (SD8, Hokuto Denko Co. 

Ltd., Japan). Herein, neither separator nor additional liquid electrolyte was used in the 

battery cell. 
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3.2.4 Electrochemical performance test 

Ionic conductivity (σ) of the obtained SPE was measured by assembling of a cell 

with stainless steel (SS) blocking electrodes at a temperature range of 25-60 °C. 

Electrochemical impedance spectroscopy (EIS) was determined on an electrochemical 

station (VersaSTAT 4, Princeton, USA) in frequencies ranged from 106 Hz to 0.1 Hz 

(AC amplitude: 10 mV). Herein, the σ was calculated by Eq. 1: 

𝜎 = 𝐿 (𝑅 · 𝑆)⁄                                          (1) 

where, L (cm) is the electrolyte thickness, R (Ω) the resistance measured, and S (cm2) 

the effective area of SPE. 

Activation energy (Ea) of the SPE was evaluated by Eq. 2: 

𝜎(𝑇) = 𝐴𝑒𝑥𝑝[−𝐸𝑎 (𝐾𝐵𝑇)⁄ ]                                   (2) 

where A is the pre-exponential parameter, T Kalvin temperature, and kB Boltzmann 

constant. 

Li-ion transference number (tLi+) in the SPE was analyzed with the AC impedance 

method by using a symmetric Li/SPE/Li cell with a DC polarization voltage of 10 mV. 

Herein, Eq. 3 was used, in which the initial (I0) and steady (Iss) currents were determined 

by the DC polarization measurement. R0 and Rss were determined via the AC impedance 

measurement (106 Hz-0.01 Hz, AC amplitude: 10 mV). 

                  𝑡𝐿𝑖+ = [𝐼𝑠𝑠(𝛥𝑣 − 𝐼0𝑅0)] [𝐼0(𝛥𝑣 − 𝐼𝑆𝑆𝑅𝑆𝑆)]⁄                                             (3)  

Electrochemical stability of the prepared SPE was evaluated by using Linear sweep 

voltammetry (LSV) analysis in a potential range of 2.0-6.0 V at 1 mV s–1, in which a Li 

foil and a SS sheet served as the reference and counter electrodes, respectively. 

For the ASSLMB with LiFePO4-based cathode and LMA, the performance was 

examined at voltages ranged from 2.5 to 4.0 V with a charging/discharging current 

density of 0.1 mA cm-2 at 60 °C. 
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3.3 Results and discussion 

3.3.1 Morphologies and crystallinity of SPE 

PEBA 2533 contains a rigid polyamide chain with flexible polyethers, in which poly-

(tetramethylene glycol) (PTMG) and PA12 are the soft and hard segments respectively 

[67]. These two segments endow the PEBA 2533 to have unique mechanical property. 

In this study, it is expected to use it as the SPE matrix for the improvement of CE of 

ASSLMBs. As shown in Figure 3.1(A), the prepared PEBA 2533-20wt% LiTFSI-3wt% 

Al2O3 SPE has a smooth surface, in which no agglomerated Al2O3 nanoparticles are 

observed. Meanwhile, uniform and dense cross-section morphology (Figure 3.1(B)) is 

also achieved. 

 

Figure 3.1 (A) Surface and (B) cross-section SEM images of PEBA 2533-20wt% 

LiTFSI-3wt% Al2O3 SPE. 

Figure 3.2(A) displays XRD profiles of Al2O3 nanoparticles, pure PEBA 2533 and 

PEBA 2533-3wt% Al2O3, in which the peaks corresponding to Al2O3 can be observed 

in the XRD pattern of PEBA 2533-3wt% Al2O3. In order to understand the effect of 

Al2O3 nanoparticle addition on the crystalline property of PEBA 2533, the XRD 

patterns of pure PEBA 2533 and PEBA 2533-3wt% Al2O3 are carefully compared. On 

the XRD pattern of pure PEBA 2533, the characteristic peaks at 2θ near 20° and 24° 

are the reflections of (110) and (020) planes of crystalline PTMG phase whereas a weak 
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peak at 2θ near 21° corresponds to the reflection of crystalline PA12. Nevertheless, it is 

worth noting that the reflection of crystalline PA12 is very close to the maximal 

amorphous halo of glassy phase so that it is not so easy to be observed [68]. Therefore, 

the influence of Al2O3 nanoparticle addition on the crystalline change of PEBA 2533 

could be distinguished by observation of the peak variation at 2θ near 24°. As shown in 

Figure 3.2(A), the intensity of this peak is not obviously decreased after the addition of 

Al2O3 nanoparticles, suggesting that no more amorphous phases have been generated 

in this case.  

3.3.2 Thermal stability and FT-IR characterizations  

Figure 3.2(B) shows thermal stability change after the addition of Al2O3 

nanoparticles and/or LiTFSI salt. It can be seen that either LiTFSI salt or pure PEBA 

2533 keep stable when the temperature is increased to ~370 °C, but they are almost 

decomposed completely as the temperature is increased to 475 °C. In contrast, the 

starting temperature for the decomposition of PEBA 2533-20% LiTFSI SPE is about 

260 °C. It should be noted that there is negligible loss of mass before 260 °C, revealing 

that no solvent residue exists inside the SPE. As the temperature is further increased, 

the decomposition occurs and finally ends at 475 °C, revealing that LiTFSI addition 

can weaken PEBA 2533`s thermal stability. Thermal behaviors of SPEs with various 

Al2O3 contents were also investigated. It is observed that the decomposition 

temperature (~240 °C) decreases with the increase of Al2O3 content, demonstrating that 

the addition of Al2O3 nanoparticles can reduce the thermal stability of PEBA 2533-

based SPEs. This should be attributed to the enhanced dispersion of polymer segments 

in the presence of Al2O3 nanoparticles. However, it is worth noting that the thermal 

stability at ~240 °C of the present SPEs still meets the requirements of ASSLMBs. 
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Figure 3.2 (A) XRD patterns of Al2O3 nanoparticles, pure PEBA 2533 and PEBA 2533-

3wt% Al2O3; (B) TGA curves of PEBA 2533, LiTFSI, and SPE samples; (C) FT-IR 

spectra of Al2O3 nanoparticles, pure PEBA2533, and PEBA 2533-1wt% Al2O3; (D) FT-

IR spectra of pure LiTFSI, PEBA 2533-20wt% LiTFSI and PEBA 2533-20wt% 

LiTFSI-3wt% Al2O3. 

As shown in Figure 3.2(C), the peaks at 1735 and 3299 cm−1 are attributed to the -

C=O and the stretching vibrations of -N-H of the amide, respectively [69]. The 

absorption peaks at 1111 and 1639 cm−1 are assigned to the stretching vibration of C-

O-C of polyether and the out-of-plane vibration of H-N-C=O, respectively. The peak at 

1367 cm−1 corresponds to the stretching mode of amide C-N [70]. Compared with the 

absorption peaks of pure PEBA 2533, for the PEBA 2533-1wt% Al2O3, all these 

absorption peaks have no shift. Figure 3.2(D) shows the FT-IR spectrum of LiTFSI, in 

which the peaks at 1062 and 1201 cm−1 are assigned to the asymmetric stretching mode 

of S- N-S and the symmetric stretching mode of -CF3, respectively [71]. One can see 
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that there is no shift for the absorption peaks of LiTFSI in the SPE. Therefore, the 

addition of Al2O3 nanoparticles has no great effect on the changing of FT-IR spectra of 

either PEBA 2533 or LiTFSI. That is why no obvious crystallinity variation can be 

observed in Figure 3.2(A) after the addition of Al2O3 nanoparticles. 

 

 

Figure 3.3 (A) LSV curves of the prepared various; (B) Ionic conductivities of SPEs 

vs. temperature; (C) DC polarization curve for Li/PEBA 2533-20wt% LiTFSI-3wt% 

Al2O3/Li cell under a polarization voltage of 10 mV (The inset shows the EISs before 

and after the polarization); (D) Galvanostatic cycling curves of the Li/PEBA 2533-

20wt% LiTFSI-3wt% Al2O3/Li symmetric cell at different current densities. 

3.3.3 Electrochemical stability window and ionic conductivity 

For an ideal SPE, it should have strong mechanical strength, high ionic conductivity 

and electrochemical stability within the operation window. Figure 3.3(A) shows LSV 
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curves of the SPEs with 0, 1, 3 and 5wt% Al2O3 nanoparticles respectively. One can see 

that the decomposition of both SPEs without and with 1 wt% of Al2O3 nanoparticles 

begins at ~4.2 V, suggesting that they have excellent electrochemical stability, which 

should fit to the LiFePO4 cathode. Herein, the decomposition voltage of a SPE can be 

determined at a current of above 5 µA. While, with the increase in the addition amount 

of Al2O3 nanoparticles, the electrochemical stability increases, which should be resulted 

from the increase in the mechanical strength since it can change the interface contact 

resistance and further decrease the current intensity. According to the FT-IR analysis, 

since the addition of Al2O3 nanoparticles has no great effect on the changing of FT-IR 

spectra of either PEBA 2533 or LiTFSI, the electrochemical stability of SPE should 

have no significant change. Thus, the mechanical strength of SPE should be the main 

reason for the electrochemical stability increasing. 

Figure 3.3(B) displays ionic conductivities of the fabricated PEBA 2533-20wt% 

LiTFSI-based SPEs with three different addition amounts of Al2O3 nanoparticles 

measured at different temperatures ranged from 25 to 60 °C. One can see that the SPE 

with 3wt% Al2O3 nanoparticles shows ionic conductivities of 3.57×10−5 and 2.5×10−4 

S cm−1 at 25 and 60 ℃, respectively, which are comparable to those of the SPEs without 

Al2O3 nanoparticles (e.g., 3.0×10−5 S cm−1 at 25 ℃) [40]. In addition, the ion 

conductivity is also compared with the data reported in other works (Table 3.1), which 

shows that the present SPE possesses a moderate ion conductivity. 
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Table 3.1 Ionic conductivities of SPEs with various active fillers 

Polymer 

matrix 
Additive 

Ion conductivity 

(S cm-1) 

Temperature  

(℃) 
Ref. 

PEO 40wt% LLZTO particles 1.1×10-5 25 [72] 

PEO 70wt% LGPS particles 2.2×10-4 25 [73] 

PEO 15wt% AlF3 nanofibers 1.58×10-4 30 [74] 

PAN 15wt% LLTO particles 3.2×10-5 25 [75] 

PAN 5wt% LLZO nanowires 1.31×10-4 20 [76] 

PVDF 10wt% LLZTO particles 5.0×10-4 25 [77] 

PEBA 2533 3wt% Al2O3 particles 3.57×10-5 25 This 
work 

 

Herein, it is worth noting that the ionic conductivity increases with the increase in 

Al2O3 content from 1 to 3wt% and then decreases with the further increase from 3 to 

5wt%, and the Ea of SPE with 3wt% Al2O3 nanoparticles is only ca. 0.47 eV. 

Considering that no more amorphous phases have been generated after the addition of 

Al2O3, the slight increase of ionic conductivity should be attributed to the plasticization 

of polymer by the addition of nanoparticles. More precisely, the added Al2O3 

nanoparticles work as the plasticizer for PA 12 segment but have opposite effect on 

PTMG segment. Herein, it should be noted that the addition of LiTFSI has decreased 

the crystallinity of PTMG [40]. Thus, addition of Al2O3 particles can not decrease the 

crystallinity of PTMG segment further, and otherwise it will hinder the mobility of 

PTMG segment. That is why the ionic conductivity increases with the increase in Al2O3 

content from 1 to 3 wt% and then decreases with the further increase from 3 to 5wt%. 

3.3.4 Li+ ion transference number and cycle stability 

The tLi+ of PEBA 2533-20wt% LiTFSI-3wt% Al2O3 SPE was measured using a 

Li/SPE/Li cell. As displayed in Figure 3.3(C), as the DC voltage is 10 mV, the initial 

and steady currents before and after the polarization are 54.11 and 19.21 μA, 
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respectively. Meanwhile, after the polarization, it can be seen that the resistance is 

increased to 35.39 Ω from 34.26 Ω. As such, the calculated tLi+ of this SPE is 0.31, 

which is even the same as that of SPE without Al2O3 nanoparticles (0.303). This result 

is consistent with the FT-IR analysis, that is, the addition of Al2O3 nanoparticles has no 

great effect on the changing of FT-IR spectra of either PEBA 2533 or LiTFSI. 

The Li symmetrical cell was also used to explore the anode interface behavior during 

the depositing-stripping process. Figure 3.3(D) displays the battery voltage profile 

cycled at different current densities, i.e., 0.1, 0.2, 0.3 and 0.4 mA cm-2. Obviously, the 

symmetrical cell can cycle stably for about 50 h without short circuiting at various 

current densities, demonstrating the stable interface. In addition, the decrease of cycle 

voltage with the increase of cycle number reveals that the interface contact can be 

improved after the cycling. While, in contrast to the decrease of voltage at the current 

densities from 0.1 to 0.3 mA cm-2, a continuous voltage polarization takes place at 0.4 

mA cm-2, suggesting that the interfaces between the electrode and electrolyte should be 

gradually damaged during the cycling. Even though, the Li/SPE/Li cell with the SPE 

containing 3wt% Al2O3 nanoparticles has an improved performance compared with that 

without Al2O3 nanoparticle addition, in which the voltage polarization happens at 0.2 

mA cm-2 [40]. Considering the deteriorating interface contact with the possible 

following with the short-circuit of the cell, the value of 0.4 mA cm-2 can be thought as 

the critical current density (CCD) of SPE with 3wt% Al2O3 content. 



89 
 

  

Figure 3.4 (A) Galvanostatic cycling curve of the Li/PEBA 2533-20wt% LiTFSI-3wt% 

Al2O3/Li symmetrical cell at 0.1 mA cm-2 and 60 ℃; (B) Long-term cycling 

performances of Li/PEBA 2533-20wt% LiTFSI-3wt% Al2O3/LiFePO4 full cell at 

different current densities and 60 ℃. 

Generally, excellent plating and stripping performance of Li/SPE/Li cell is necessary 

for the running of ASSLMBs. Thus, the stability of Li/SPE/Li cell with PEBA 2533-

20wt% LiTFSI-3wt% Al2O3 SPE was tested at 0.1 mA cm-2. As displayed in Figure 

3.4(A), the voltage platform decreases from 0.125 V at the first cycle to 0.056 V at the 

1000th cycle. It is consistent with the aforementioned analyses of electrochemical 

stability and surface morphology of electrolyte. In addition, the Arc-shaped voltage 

profiles of the cycles at beginning and the final are also compared and shown in the 

inset of Figure 3.4(A). It also reveals that the interface resistance of the Li symmetrical 

cell decreases gradually with the increase of cycle number. Additionally, it should be 

noted that a higher current density was not adopted for the testing of cycling stability 
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since the protection voltage is easy to be triggered at the first several cycles. Herein, the 

excellent cycling stability of the Li symmetrical cell with the SPE containing 3wt% 

Al2O3 is demonstrated at 0.1 mA cm-2 and 60 ℃, but similar performance is also 

expected at 0.2 and 0.3 mA cm-2 if considering the result shown in Figure 3.3(D). 

However, the performance of ASSLMB is always affected by numerous factors. 

Herein, excellent plating and stripping performance of Li/SPE/Li cell is only one of the 

necessary conditions for the running of ASSLMBs. Thus, to further evaluate the 

performance of ASSLMBs using the present SPE, a Li/PEBA 2533-20wt% LiTFSI-

3wt% Al2O3/LiFePO4 cell was also fabricated and its performance was evaluated at 

60 ℃. As displayed in Figure 3.4(B), the cell exhibits large discharge capacities of 

133.9 and 111.4 mAh g-1 at 0.1 and 0.2 mA cm-2, respectively. While, with the 

decreasing of current density from 0.2 to 0.1 mA cm-2, the recovery of discharge 

capacity to 133.7 mAh g-1 (99.85% of the initial discharge capacity) occurs, identifying 

that this SPE can maintain stably during the charging and discharging processes at 

various current densities. When the cell continues to cycle at 0.1 mA cm-2, which 

remains stably during the cycling for 650 cycles and maintains 94.9% of its maximal 

capacity (133.9 mAh g−1) at 60 ℃ with a high average CE of 99.84%.  
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Figure 3.5 Cycling performances of Li/SPE/ LiFePO4 full cells with (A) PEBA 2533-

20wt% LiTFSI-1wt% Al2O3, (B) PEBA 2533-20wt% LiTFSI-2wt% Al2O3, (C) PEBA 

2533-20wt% LiTFSI-4wt% Al2O3 and (D) PEBA 2533-20wt% LiTFSI-5wt% Al2O3 

SPEs at 60 ℃ with the current density of 0.1 mA cm-2. 

Additionally, cycling performances of the ASSLMBs assembled with PEBA 2533-

20wt% LiTFSI-1wt% Al2O3, PEBA 2533-20wt% LiTFSI-2wt% Al2O3, PEBA 2533-

20wt% LiTFSI-4wt% Al2O3, and PEBA 2533-20wt% LiTFSI-5wt% Al2O3 SPEs were 

all evaluated at 60 ℃ with 0.1 mA cm-2 (Figure 3.5). It is found that all the batteries 

demonstrate excellent performance. After further comparation, the batteries assembled 

with PEBA 2533-20wt% LiTFSI-2wt% Al2O3 and PEBA 2533-20wt% LiTFSI-3wt% 

Al2O3 possess higher capacity retentions than others. It proves that the mechanical 

strength of SPEs with 2wt% and 3wt% Al2O3 nanoparticle additions are more suitable 

for the formation of good cathode structure. Additionally, the continuous increase of 

specific capacity shown in Figure 3.5(D) proves that the SPE with 5wt% Al2O3 addition 
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is difficult to immerse into cathode structure so that its performance becomes worse, 

which is consistent with the LSV result. While, the voltage profile of Li/PEBA 2533-

20wt% LiTFSI-3wt% Al2O3/LiFePO4 battery was also analyzed. As shown in Figure 

3.6, the voltage plateau increases with the increasing of cycle number in the charging 

process, suggesting that the resistance increases with the proceeding of this process. 

However, it should be noted that the resistance is decreased for the Li/SPE/Li cell with 

the increasing of cycle number (Figure 3.4(A)). Therefore, the increase of potential 

plateau in the Li/SPE/LiFePO4 cell should be attributed to the degradation of interface 

between SPE and cathode, and the disruption of the electron conducting network under 

the volume change condition is another possible reason. Comparing with our previous 

work (200 cycles, 94% retention) [40], the Li/SPE/LiFePO4 battery with the 3wt% 

Al2O3 dopped SPE shows obviously improved capacity retention as well as cycle life. 

Therefore, the performance of ASSLMB can be improved further by adjusting the 

mechanical strength of SPEs or enhancing the robustness of cathode structure.  

 
Figure 3.6 Charge-discharge voltage profiles of the Li/PEBA 2533-20wt% LiTFSI-

3wt% Al2O3/ LiFePO4 full cell (areal capacity: 0.15 mAh cm-2). 
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3.3.5 Mechanism analysis of dendrite suppression 

The PEBA 2533-based SPE with Al2O3 additive also possesses unique Li dendrite 

suppression property, which avoids the specific capacity attenuation greatly. In general, 

it is difficult to explore the causes of stable cycling of an ASSLMB. In our previous 

work [40], it is demonstrated that the amide group could activate TFSI- anions and  

 

Figure 3.7 XPS survey spectra of (A) surface contacted with PTFE plate, (B) Cross 

section and (C) surface contacted with air of pure PEBA 2533; (D) Ratios of carbon to 

oxygen of two surfaces and the membrane cross section (A: the surface contacted with 

PTFE plate; B: cross section; C: the surface contacted with air). 

further enrich LiF additive content in the SEI layer, which endows the full-cell with 

enhanced cyclability. However, PEBA 2533 is composed of 20 wt% of PA 12 and 80 

wt% of PTMO [78]. It means that the available amide groups for TFSI- anion activation 

should be in a low ratio and distribute randomly on the interface between SPE and LMA, 
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which could not effectively contribute to the formation of uniform LiF enriched SEI 

layer. Thus, in order to further understand the excellent Li dendrite suppression ability 

of PEBA 2533-based SPEs, in this study, the difference of amide group contents on the 

surface of and inside the pure PEBA 2533 membrane was characterized by XPS 

analysis. Herein, the pure PEBA 2533 was used in order to avoid the effects of Li salt 

and Al2O3 nanoparticles. Figures 3.7(A) and (C) show the XPS survey spectra of the 

surface contacted with a PTFE plate and the surface contacted with air, respectively, 

and Figure 3.7(B) shows the XPS survey spectrum of the cross section of PEBA 2533 

membrane. A summary of the ratios of carbon to oxygen is shown in Figure 3.7(D). 

One can see that both the surface contacted with the PTFE plate and the surface 

contacted with air have higher carbon to oxygen ratios than that of the cross section, 

directly demonstrating that the PA12 segment of PEBA 2533 with a higher carbon to 

oxygen ratio rather than the PTMO segment should be accumulated on the surface of 

PEBA 2533 membrane. It can infer that this SAL of PA12 composed of abundant amide 

groups on the surface of SPE should contribute to promoting the robustness of LiF 

enriched SEI layer so that PEBA 2533-based SPEs exhibits excellent Li dendrite 

suppression ability. 

3.4 Conclusions 

In this study, the PEBA 2533-based SPE with LiTFSI as the Li salt and Al2O3 

nanoparticles as the solid plasticizer was prepared via a casting method. It is found that 

the obtained SPE with 3wt% Al2O3 dopped had an ionic conductivity of 3.57×10−5 S 

cm−1 at 25 ℃. When it was applied to fabricate ASSLMBs with the LiFePO4 based 

cathode, the obtained optimal Li/SPE/LiFePO4 cell remained 94.9% of its maximal 

capacity (133.9 mAh g−1) at 60 ℃ with 0.1 mA cm-2 even after 650 cycles and the CE 

was also as high as 99.84%. In addition, the fabricated Li/ PEBA 2533-20% LiTFSI-



95 
 

3wt% Al2O3/Li symmetrical cell also showed excellent cycling stability (1000 h). By 

comparing the voltage profiles of Li symmetrical battery and the full battery, it is found 

that the interface contact degradation should be the cause of voltage polarization. In 

addition, by XPS characterizations, SAL of PA12 was discovered, which should 

contribute to promoting the robustness of LiF enriched SEI layer so that PEBA 2533-

based SPEs exhibit excellent Li dendrite suppression ability. Thus, the PEBA based 

SPEs have potential for the application of it in ASSLMBs.  
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CHAPTER 4 Performance enhancement of all-solid-state 

lithium metal batteries by adopting poly(ether block amide) 

4033 based electrolyte 

4.1 Introduction 

All solid-state Li metal batteries (ASSLMBs) are promising in energy storage field 

and critical for the advent of clean energy era[1,2], in which Li metal with high 

theoretical capacity (3860 mAh⋅g-1) and low reduction potential (-3.04 V versus the 

standard hydrogen electrode (SHE)) is used as the anode[3-7]. Development of safe and 

cheap electrochemical energy storage system has received ever-increasing attention in 

both research and industrial fields[8-11]. Solid-state polymer electrolyte (SPE) with 

many advantages, such as light weight, easy processing, excellent flexibility, and low 

cost is thought as a competitive option among numerous electrolytes after being 

proposed to use in ASSLMBs by Armand[12]. However, there are still several issues 

exist to hinder the industrial application of ASSLMBs, such as uncontrolled Li dendrite 

growth[13-17], contact degradation[18-20], and poor ion conductivity of SPEs[21]. 

Although enormous researches have been conducted for the improvement of ASSLMBs 

performance, more efforts are still needed for solving the safety issue and expanding 

the lifespan by hindering the continuous growth of Li dendrite, especially for the 

ASSLMBs assembled with the high-loading cathode. 

Huang et al. [22] fabricated the poly(ethylene oxide) (PEO)-Li6.4La3Zr1.4Ta0.6O12 

(LLZTO)-LiTFSI composite polymer electrolyte (CPE) modified with dopamine to 

improve the interface contact and used it to assemble the ASSLMBs with LiFePO4 

cathode. The result shows that improved cycling performance of cell is realized 

comparing with the CPE without dopamine. However, it can work for only 50 cycles 
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with a CE lower than 99.4%. Additionally, the loading amount of LiFePO4 cathode is 

also low (~1 mg cm-2). Li et al. [23] prepared the PEO based CPE with 

Li6.25Ga0.25La3Zr2O12 nanofibers as the fillers, by which a high ionic conductivity 

(3.2×10−4 S cm−1) was realized at room tempreature (RT). Thereafter, LiFePO4 cathode 

(2 mg cm-2) was adopted to fabricate the ASSLMBs and the interface between CPE and 

cathode is improved with ionic liquids (IL) based electrolyte. Moreover, the cell 

delivered a high capacity (158.0 mA h g−1) with significant capacity retention near 90% 

even after 800 cycles. However, the LiFePO4 loading amount is much lower than the 

industrial requirement. Therefore, improvement of ASSLMBs cycling performance and 

clearifying the battery failure mechanism is still urgent until now. 

Ye et al. [24] prepared the LiCoO2-Li6.6La3Zr1.6Ta0.4O12 (LCO-LLZTO) composite 

cathode with a high areal capacity (>3.0 mAh cm-2) through a water-based method, and 

high specific capacity (~120 mAh g-1) was realized at the current density of 0.05 mA 

cm-2 and 60 °C. However, the specific capacity of the full cell decreased rapidly to 

lower than 70 mAh g-1 in only 11 cycles later, and the mechanism is still unclear. In 

addition, Ihrig et al. [25] tried to enhance the contact between electrolyte and cathode 

by infiltration of SPE into LiFePO4-Li1.5Al0.5Ti1.5(PO4)3 (LFP-LATP) composite 

cathode (~19.6 mg cm-2). The cycling performance of the full cell assembled with this 

cathode showed a high specific capacity (>160 mAh g-1) after 8 cycles, which revealed 

that the cathode and SPE was fully contacted. However, during the first 8 cycles, the 

contact between cathode and SPE was improved gradually, which demonstrated that 

the interface should be not perfect at the first cycle. Additionally, the specific capacity 

began to decrease after 30 cycles, and the mechanism was also still unclear. Based on 

the aforementioned analysis, there are still many obstacles for the application of 

ASSLMBs, especially for the high-loading cathode batteries.  
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In our previous work[26], PEBA 2533 based SPE was prepared with LiTFSI as the 

Li salt, and the battery assembled with the as-prepared SPE and LiFePO4 cathode (0.15 

mAh cm-2) showed long lifespan over 1000 cycles. In addition, excellent cycle stability 

(94% capacity retention after 200 cycles) and high average CE (99.92%) were realized. 

However, it should be pointed out that the Li dendrite suppression ability of PEBA 

based electrolyte is still unknown when the high-loading cathode is adopted. In the 

present work, PEBA 4033 was adopted as the polymer matrix to combine with LiTFSI 

for the preparation of SPEs and then, ionic conductivities of SPEs with 20wt%, 30wt%, 

and 40wt% LiTFSI were tested. Moreover, effects of solvent evaporation temperature 

on battery performance were investigated based on PEBA 4033 based SPEs. 

4.2 Experimental section 

4.2.1 SPE fabrication 

PEBA 4033 was obtained from Arkema Inc., France. The chemicals used in this study, 

including LiTFSI (>99.0%), Al2O3 nanoparticles, and N, N-dimethylacetamide (DMAc, 

dehydrated, 99.5%), were purchased from Wako, Japan and employed without further 

purification. Li metal disks (diameter: 12 mm; thickness: 100 μm) and LiFePO4 

cathodes (1.5 mAh cm-2) were provided by Hohsen Corp., Japan. 

A PEBA 4033-based SPE was prepared using a casting method. To do so, PEBA 

4033 and LiTFSI were dissolved in DMAc (mass ratio of 3:2) at 130°C, and Al2O3 

nanoparticles were stirred into the solution. The resulting mixture was cast onto a PTFE 

plate and dried in a vacuum oven (90°C, 24 hours). The dried SPE film was then cut 

into several circle-shaped sheets (12 mm in diameter). In parallel, a pure PEBA 4033 

sample was prepared using the same procedure. Both operations were carried out in an 

Argon glove box (Miwa, Japan) with less than 0.1 ppm of moisture and oxygen. 
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4.2.2 Sample characterizations 

The sample underwent various analyses using different instruments. Its morphology 

was examined via SEM (Hitachi SU8010), and its crystalline structure was determined 

by XRD analysis using a Rigaku Smart Lab instrument (Japan). TGA was also 

conducted on the sample in a nitrogen gas environment using a DTG-60H machine 

(Shimadzu, Japan) at a heating rate of 15 °C min-1. 

4.2.3 Electrode and battery fabrications 

A battery cell was fabricated by sandwiching the circle-shaped SPE between the Li 

sheet and the cathode sheet, and then placing it into a CR2032-type coin cell that was 

pressed under a 750 psi pressure. The performance of the coin cell was evaluated using 

a battery testing machine (SD8, Hokuto Denko Co. Ltd., Japan). It is worth noting that 

no separator or additional liquid electrolyte was used in the battery cell. 

4.2.4 Electrochemical performance test 

The SPE's ionic conductivity (σ) was measured by assembling a cell with stainless 

steel (SS) blocking electrodes in a temperature range of 25-60 °C. Electrochemical 

impedance spectroscopy (EIS) was then determined on an electrochemical station 

(VersaSTAT 4, Princeton, USA) using frequencies from 106 Hz to 0.1 Hz (AC 

amplitude: 10 mV). Herein, the σ was calculated by Eq. S1: 

𝜎 = 𝐿 (𝑅 · 𝑆)⁄                                          (𝑆1) 

where, L (cm) is the electrolyte thickness, R (Ω) the resistance measured, and S (cm2) 

the effective area of SPE. 

Activation energy (Ea) of the SPE was evaluated by Eq. S2: 

𝜎(𝑇) = 𝐴𝑒𝑥𝑝[−𝐸𝑎 (𝐾𝐵𝑇)⁄ ]                                  (𝑆2) 

where A is the pre-exponential parameter, T Kalvin temperature, and kB Boltzmann 
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constant. 

The SPE's electrochemical stability was assessed using linear sweep voltammetry 

(LSV) analysis with a potential range of 2.0-6.0 V and a scan rate of 1 mV s–1. The LSV 

analysis employed a Li foil as the reference electrode and a stainless steel (SS) sheet as 

the counter electrode. 

The ASSLMBs incorporating LiFePO4 cathode were tested for their performance in 

the voltage range of 2.5 to 4.0 V at a charging/discharging current density of 0.1 mA 

cm-2 and 60 °C. 

4.3 Results and discussion 

4.3.1 Crystallinity of SPE 

PEBA 4033 with nylon 12 (PA12) and poly-(tetramethylene glycol) (PTMG) as the 

hard and soft segments respectively possesses unique mechanical properties[27]. In this 

study, it is expected to improve the cycling performance of ASSLMBs assembled with 

high-loading cathode by using PEBA 4033 based SPE.  
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Figure 4.1 XRD patterns of pure PEBA 4033, and SPEs with various LiTFSI contents 

(solvent evaporation temperature: 90 °C). 

 

As shown in Figure 4.1, the distinct peaks in diffraction pattern of pure PEBA 4033 

at angles 2θ of near 21.4° and 22.3° correspond to the α phase and γ phase of PA12 

crystal separately[28-30]. In order to investigate the influence of LiTFSI contents, the 

XRD patterns of SPEs with 20wt% LiTFSI, 30wt% LiTFSI, and 40wt% LiTFSI 

addition were also tested and compared with that of pure PEBA 4033. It is found that 

with 20wt% LiTFSI added, both diffraction peaks were weakened. It proves that the 

crystallinity of PA12 decreases with the addition of LiTFSI. In addition, the relative 

intensities of diffraction peaks also changed with the increase of LiTFSI content. As 

shown in Figure 4.1, the peak correspond to α phase nearly disappered with the LiTFSI 

content increased from 20wt% to 30wt%. It means that the addition of LiTFSI is benefit 

for the formation of γ phase of PA12 and harmful for the existence of α phase, which 

should be caused by the interaction between Li ions and amide groups. However, with 
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the further increase of LiTFSI content to 40wt% content, the opposite phenomenon 

happened, that is, the diffraction peak of α phase appeared again and the diffraction 

peak of γ phase decreased obviously. In our opinion, it is caused by the annealing of 

SPE. In other words, the annealing can promote the conversion of PA12 crystal from γ 

phase to α phase. 

 

Figure 4.2 XRD patterns of CPEs with 40wt% LiTFSI and various Al2O3 contents 

(solvent evaporation temperature: 95 °C). 
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Figure 4.3 XRD patterns of PEBA 4033-3wt% Al2O3-40wt% LiTFSI CPE at different 

solvent evaporation temperatures. 

In order to improve the mechanical strength of the SPEs, composite polymer 

electrolytes (CPEs) with aluminum oxide (Al2O3) nanoparticles (~50 nm) were also 

prepared and characterized. Figure 4.2 displays the XRD patterns of CPEs with 1wt%, 

2wt%, and 3wt% Al2O3 addition, separately. It can be found that all of them had a 

significant diffraction peak of α phase and a weaken diffraction peak of γ phase, which 

should be caused by the high temperature (95 °C) during the solvent evaporation 

process. The high solvent evaporation temperature can accelerate the rearrangement of 

PA12 segments and further result in the conversion of crystal phases. To confirm this 

analysis, PEBA 4033-3wt% Al2O3-40wt% LiTFSI CPE was adopted to analyze the 

effects of solvent evaporation temperature on crystal phases. As shown in Figure 4.3, 

the diffraction peak of α phase is strong and the diffraction peak of γ phase is weakened 

with the solvent evaporation temperature at 90 °C. However, opposite phenomenon 
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happened when the solvent evaporation temperature was increased to 95 °C. It 

demonstarte that the solvent evaporation temperature has significant effect on the 

crystal phase of PA12. 

4.3.2 Morphologies and thermal stability characterizations 

Figure 4.4 shows the surface and cross-section morphologies of PEBA 4033-3wt% 

Al2O3-40wt% LiTFSI. It can be found that the surface of CPE is very smooth (Figure 

4.4 (A)), however, the cross-section looks rough with many bumps (Figure 4.4 (B)). 

Considering the uneven distribution of bumps and the low content of Al2O3 

nanoparticles, the rough morphology should be not caused by the agglomeration of 

Al2O3 nanoparticles but by the special mechanical strength and the cutting with scissors. 

In order to prove this analysis, the cross-section morphology of CPE broken by cooling 

in liquid nitrogen is shown in Figure 4.5, and rough but uniform morphology can be 

seen.  

 

 
Figure 4.4 (A) Surface SEM images and (B) cross-section image of PEBA 4033-3wt% 

Al2O3-40wt% LiTFSI electrolyte. 
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Figure 4.5 Cross-section image of PEBA 4033-3wt% Al2O3-40wt% LiTFSI electrolyte. 

Figure 4.6 shows the thermal stability change with the increase of LiTFSI content. It 

can be seen that LiTFSI salt and pure PEBA 4033 start to decompose when the 

temperature are increased to ~370 °C and ~400 °C respectively, but they are almost 

decomposed completely as the temperature is increased to 475 and 500 °C. In contrast, 

the SPEs with various LiTFSI contents start to decompose at the temperature of ~250 °C, 

and negligible loss of mass is observed before 250 °C, revealing that the addition of 

LiTFSI has a significant effect on the thermal stability of PEBA 4033 and no solvent 

residue exists inside the SPE. In addition, the mass loss rate difference of SPEs at the 

temperature over 250 °C reveals that the LiTFSI content also has great influence on the 

decomposition kinetics of SPEs. Furthermore, thermal behaviors of CPEs with various 

Al2O3 contents were also investigated based on the PEBA 4033-40wt% LiTFSI SPE. 

As shown in Figure 4.7, the mass loss ratio of CPEs before 250 °C is much higher than 

that of PEBA 4033-40wt% LiTFSI SPE. It seems to be due to the adsorption of solvent 

by Al2O3 nanoparticles. However, no obvious differences of mass loss ratio exist 

between SPEs. Therefore, in our opinion, the enhanced dispersion of polymer segments 

caused by Al2O3 nanoparticles should be the real cause of higher mass loss ratio of 

CPEs. In addition, effects of solvent evaporation temperature on thermal behaviors of 
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CPEs were also investigated based on PEBA 4033-3wt% Al2O3-40wt% LiTFSI 

electrolyte. As shown in Figure 4.8, the CPE with a solvent evaporation temperature of 

95 °C shows a lower mass loss ratio than the CPEs with the solvent evaporation 

temperatures of 80 and 90 °C. However, the CPE with a solvent evaporation 

temperature of 85 °C displays a similar mass loss ratio with the CPE prepared at 95 °C, 

which can be attributed to the electrolyte solution with a heating history, making the 

SPE annealing happened even at 85 °C. After annealing, α phase of PA12 is generated 

and accumulated, which should directly change the complete decomposition 

temperature from ~450 °C to ~465 °C. 

 

Figure 4.6 TGA curves of PEBA 4033, LiTFSI, and SPE samples (solvent evaporation 

temperature: 90 °C). 
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Figure 4.7 TGA curves of PEBA 4033-3wt% Al2O3-40wt% LiTFSI and CPE samples 

(solvent evaporation temperature: 95 °C).  

 

 
Figure 4.8 TGA curves of CPEs prepared at various solvent evaporation temperatures. 
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4.3.3 Electrochemical stability window and ionic conductivity 

For an ideal ASSLMB with higher power density and energy density, high 

electrochemical stability which determines adapted electrode materials is critical. 

Figure 4.9 shows LSV curves of the SPEs with 20, 30 and 40wt% LiTFSI contents 

respectively. One can see that all the SPEs can keep stable until ~4.5 V, suggesting the 

excellent electrochemical stability. Thus, most anode materials are optional, such as 

LiFePO4, LiCoO2, and LiNixMnyCozO2. Herein, the decomposition voltage of a SPE 

can be determined at a current of above 5 µA. In addition, with the increase of LiTFSI 

content, the electrochemical stability decreases slightly, which should be resulted from 

the variety of mechanical strength since it can change the interface contact resistance. 

The electrochemical stability of CPEs were also tested and shown in Figure 4.10. It can 

be found that the addition of Al2O3 nannoparticles has no effect on the electrochemical 

stability of these CPEs. 

 
Figure 4.9 LSV curves of the prepared SPEs with various LiTFSI contents (solvent 
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evaporation temperature: 90 °C). 

 

 

Figure 4.10 LSV curves of the prepared CPEs with various Al2O3 nanoparticle contents 

(solvent evaporation temperature: 95 °C). 

Figure 4.11 displays ion conductivities of the PEBA 4033 based SPEs with various 

LiTFSI contents at different temperatures ranged from 25 to 60 °C. The SPE with 

40wt% LiTFSI addition shows an ionic conductivity of 3.49×10−5 at 25℃, which is 

higher than that of the PEBA 2533 based SPE with 20wt% LiTFSI addition (e.g., 

3.0×10−5 S cm−1 at 25 ℃) [26]. It should be noted that higher ionic conductivity can be 

realized without sacrificing mechanical strength of SPEs by adopting different PEBA 

polymer matrixs. It means that the SPEs with higher ionic conductivity can be 

fabricated by adopting the higher mechanical strength of polymer matrix and much 

more LiTFSI additions. In addition, the Ea of PEBA 4033-40wt% LiTFSI SPE is ca. 

0.64 eV. In order to adjust the mehcanical properties of SPEs, Al2O3 nanoparticles were 



120 
 

adopted as the filler, and the ion conductivities of CPEs with 1 wt%, 2 wt%, and 3 wt% 

Al2O3 additions were tested. As shown in Figure 4.12, ionic conductivities of CPEs all 

decrease after the addition of Al2O3 nanoparticles comparing with that of PEBA 4033-

40wt% LiTFSI SPE. More precisely, the ionic conductivity of CPEs increases with the 

increase of Al2O3 content from 1 wt% to 2 wt%, and decreases when the Al2O3 content 

is further increased to 3 wt%. However, although the ionic conductivity varies with the 

increase of Al2O3 content, the change in ionic conductivity is slight. It means that the 

variation of ionic conductivity is possibly caused by the mechanical strength difference 

of CPEs. 

 

Figure 4.11 Ionic conductivities of SPEs vs. temperature (solvent evaporation 

temperature: 90 °C). 
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Figure 4.12 Ionic conductivities of CPEs vs. temperature (solvent evaporation 

temperature: 95 °C). 

4.3.4 Cycle stability of ASSLMBs 

Long-term cycling stability is critical for the industrial application of ASSLMBs. 

Figure 4.13 shows the cycling performance of ASSLMB assembled with PEBA 4033-

40wt% LiTFSI SPE and LiFePO4 cathode (areal capacity: 1.5 mAh cm-2). As we can 

see, the capacity increases at first due to the enhancing contact between SPE and 

cathode, and then decreases due to the uncontrolled growth of Li dendrite with the 

increase of cycle number. Meanwhile, the increased voltage platform during charging 

process after 50th cycles shown in Figure 4.14 also proves the degradation of interface 

contact in anode side, which is consistent with the decreased CE. Here, mechanical 

strength of SPEs is thought as an important factor for the uniform deposition of Li, 

therefore, in order to improve the cycling performance of ASSLMBs, Al2O3 

nanoparticle was adopted as the filler to adjust the mechanical strength of SPEs. Figures 
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4.15 and 4.16 display the cycling performance and voltage profile of ASSLMB 

assembled with PEBA 4033-3wt% Al2O3-40wt% LiTFSI CPE separately. It is 

demonstrated that the cycling performance is enhanced after the addition of Al2O3 

nanoparticles. In addition, the Li symmetrical cell was also assembled to explore the 

anode interface contact bahavior during the plating and stripping process. It is found 

that the Li symmetrical cell can work stably over 200 h at 0.1 mA cm-2 and 60 ℃ as 

shown in Figure 4.17. In general, stable cycling of ASSLMB is realized by using PEBA 

4033-3wt% Al2O3-40wt% LiTFSI CPE, which proves the excellent Li dendrite 

suppression ability of PEBA 4033 based CPE even using high-loading cathode. 

 
Figure 4.13 Cycling performance of the Li/PEBA 4033-40wt% LiTFSI/LiFePO4 cell 

at 0.1 mA cm-2 and 60 ℃ (areal capacity: 1.5 mAh cm-2; solvent evaporation 

temperature: 70 ℃). 
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Figure 4.14 Voltage profile of the Li/PEBA 4033-40wt% LiTFSI/LiFePO4 full cell at 

the current density of 0.1 mA cm-2 and 60 ℃ (areal capacity: 1.5 mAh cm-2; solvent 

evaporation temperature: 70 ℃). 

 
Figure 4.15 Cycling performance of the Li/PEBA 4033-3wt% Al2O3-40wt% 

LiTFSI/LiFePO4 cell at 0.1 mA cm-2 and 60 ℃ (areal capacity: 1.5 mAh cm-2; solvent 

evaporation temperature: 70 ℃). 
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Figure 4.16 Voltage profile of the Li/PEBA 4033-3wt% Al2O3-40wt% 

LiTFSI/LiFePO4 full cell at the current density of 0.1 mA cm-2 and 60 ℃ (areal 

capacity: 1.5 mAh cm-2; solvent evaporation temperature: 70 ℃). 

 
Figure 4.17 Galvanostatic cycling curve of the Li/PEBA 4033-3wt% Al2O3-40% 

LiTFSI /Li symmetrical cell at 0.1 mA cm-2 and 60 ℃ (solvent evaporation temperature: 

70 ℃). 
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Although the cycling performances of ASSLMBs can be improved significantly with 

the addition of Al2O3 nanoparticles into PEBA 4033 based SPEs, but there are several 

obstacles still to hinder the application of ASSLMBs, such as rapid attenuation of 

capacity and low CE. Considering the close relationship between mechanical strength 

of SPEs and the heating history during the preparation process. Effects of solvent 

evaporation temperature during the CPEs preparation process on the battery cycling 

performance were also investigated for further enhancing the performance of 

ASSLMBs. Figures 4.18, 4.19 and 4.20 show the cycling performance of ASSLMBs 

assembled with PEBA 4033-3wt% Al2O3-40% LiTFSI CPEs, which were prepared at 

the solvent evaporation temperature of 80 ℃, 85 ℃ and 90 ℃, respectively. As shown 

in Figure 4.18, the CE is lower than 100%, which can be attributed to the chemical 

reaction in anode caused by the uncontrolled Li dendrite growth. After that, fast 

reduction of specific capacity happens. However, the specific capacity reduction of the 

ASSLMBs assembled with CPEs fabricated at the solvent evaporation temperature of 

85 and 90 ℃ are mitigated obviously. Moreover, the CE also increases with the increase 

of solvent evaporation temperature. It means that the chemical reactions are easier to 

occur at anode side and result in the reduction of specific capacity and CE when the 

CPE prepared at low solvent evaporation temperature was adopted. The mechanism is 

still unclear, and in our opinion, the mechanical strength determined by the heating 

history makes great effects on the Li dendrite suppression ability of CPEs and battery 

performance. 
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Figure 4.18 Cycling performance of the Li/PEBA 4033-3wt% Al2O3-40wt% 

LiTFSI/LiFePO4 cell at 0.1 mA cm-2 and 60 ℃ (areal capacity: 1.5 mAh cm-2; solvent 

evaporation temperature: 80 ℃). 

 
Figure 4.19 Cycling performance of the Li/PEBA 4033-3wt% Al2O3-40wt% 

LiTFSI/LiFePO4 cell at 0.1 mA cm-2 and 60 ℃ (areal capacity: 1.5 mAh cm-2; solvent 

evaporation temperature: 85 ℃). 
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Figure 4.20 Cycling performance of the Li/PEBA 4033-3wt% Al2O3-40wt% 

LiTFSI/LiFePO4 cell at 0.1 mA cm-2 and 60 ℃ (areal capacity: 1.5 mAh cm-2; solvent 

evaporation temperature: 90 ℃). 

4.4 Conclusions 

In this study, the PEBA 4033-based SPE with LiTFSI as the Li salt was fabricated 

via a casting method. By XRD characterizations, it is proved that the crystal phase of 

PA12 can transfer from α phase to γ phase with the increase of LiTFSI content, and 

transfer back to α phase with the increase of temperature. In addition, the obtained SPE 

with 40wt% LiTFSI dopped possesses an ionic conductivity of 3.49×10−5 S cm−1 at 

25 ℃. The performances of ASSLMBs assembled with PEBA 4033-40wt% LiTFSI 

SPE and PEBA 4033-3wt% Al2O3-40wt% LiTFSI CPE (LiFePO4 cathode: 1.5 mAh 

cm-2) were compared and enhanced battery performance was realized by using CPE. 

Moreover, effects of solvent evaporation temperature on battery performance were also 

investigated by using PEBA 4033-3wt% Al2O3-40wt% LiTFSI CPEs, and it is found 

that the CE of ASSLMB increases with the increase of solvent evaporation temperature 
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during the CPE preparation process at the range of 80-90 ℃. In addition, excellent Li 

plating and stripping performance of PEBA 4033-3wt% Al2O3-40wt% LiTFSI 

electrolyte was also proved based on the Li symmetrical battery. In general, the 

ASSLMBs assembled with PEBA 4033 based SPEs display excellent cycling 

performance even with high-loading cathode. 
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CHAPTER 5 Conclusions and Prospects 

5.1 Conclusions  

ASSLMBs assembled with LMA, SPEs and various cathode materials is one kind of 

electrochemical energy storage devices that outperform traditional LIBs assembled 

with liquid electrolytes and graphite anode materials, in terms of higher energy density, 

higher safety, and more environmental friendly. In this study, PEBA based SPEs were 

prepared with the casting method, and used to assemble the ASSLMBs. The 

performances of ASSLMBs assembled with PEBA 2533 based SPEs were tested and 

DFT calculation was conducted for revealing the mechanism behind the excellent 

battery performance. Furthermore, Al2O3 nanoparticles were adopted to improve the 

mechanical strength of PEBA 2533 based SPEs and enhanced cycling performance, 

which was realized with the low-loading cathode (0.15 mAh cm-2). Finally, PEBA 4033 

based SPEs were prepared and modified with Al2O3 nanoparticles to fabricate the 

ASSLMBs using the high-loading cathode (1.5 mAh cm-2). The main conclusions are 

summarized as follows: 

(1) The PEBA 2533-20% LiTFSI SPE with an ionic conductivity of 3.0×10−5 S 

cm−1 at 25 ℃ was adopted to assemble the ASSLMBs with the LiFePO4 cathode. 

Electrochemical performance tests of Li/SPE/LiFePO4 cell showed that the battery 

remained 94% of its maximum capacity (127.5 mAh g−1) at the rate of 0.5 C and 60 ℃ 

after 200 cycles. Based on the calculations, it is found that the amide group in the PEBA 

has stronger electron donating ability than the ether group. Moreover, the effect of extra 

electrons on TFSI- anions was also investigated, and it is proved that TFSI- anion can 

be activated with the existence of extra electrons by comparing the bond lengths of 

TFSI- and TFSI-+e-. As such, a mechanism was proposed, in which TFSI- can be 

activated with the attack of electrons from both the amide groups and the Li anode 
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during the charging process with the generation of LiF enriched SEI layer. In addition, 

the voltage polarization was observed in a symmetrical Li/SSE/Li cell at the current 

density of 0.2 mA cm-2. Thus, an SEI damage mechanism accounting for the voltage 

polarization was also proposed. It is considered that improving interface contact and 

cycling at limited current density should be two effective solutions for battery 

performance improving.  

(2) The PEBA 2533-based SPE with LiTFSI as the Li salt and Al2O3 nanoparticles 

as the solid plasticizer was prepared via a casting method. It is found that the obtained 

SPE with 3wt% Al2O3 dopped had an ionic conductivity of 3.57×10−5 S cm−1 at 25 ℃. 

When it was applied to fabricate ASSLMBs with the LiFePO4 based cathode, the 

obtained optimal Li/SPE/LiFePO4 cell remained 94.9% of its maximal capacity (133.9 

mAh g−1) at 60 ℃ with 0.1 mA cm-2 even after 650 cycles and the average CE was also 

as high as 99.84%. In addition, the fabricated Li/ PEBA 2533-20% LiTFSI-3wt% 

Al2O3/Li symmetrical cell also showed excellent cycling stability (1000 h). In addition, 

by XPS characterizations, self-aggregation layer (SAL) of PA12 was discovered, which 

should contribute to promoting the robustness of LiF enriched SEI layer so that PEBA 

2533-based SPEs exhibit excellent Li dendrite suppression ability. Thus, the PEBA 

based SPEs have potential for the application of it in ASSLMBs.  

(3) The PEBA 4033-based SPE with LiTFSI as the Li salt was fabricated via a 

casting method. By XRD characterizations, it is proved that the crystal phase of PA12 

can transfer from α phase to γ phase with the increase of LiTFSI content, and transfer 

back to α phase with the increase of temperature. In addition, the obtained SPE with 

40wt% LiTFSI dopped possessed an ionic conductivity of 3.49×10−5 S cm−1 at 25 ℃. 

The performances of ASSLMBs assembled with PEBA 4033-40wt% LiTFSI SPE and 

PEBA 4033-3wt% Al2O3-40wt% LiTFSI CPE (LiFePO4 cathode: 1.5 mAh cm-2) were 
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compared and it is found that the enhanced battery performance was realized by using 

CPE. Moreover, effects of solvent evaporation temperature on battery performance 

were also investigated by using PEBA 4033-3wt% Al2O3-40wt% LiTFSI CPEs, and it 

is known that the CE of ASSLMB increases with the increase of solvent evaporation 

temperature during the CPE preparation process at the range of 80 to 90 ℃. In addition, 

excellent Li plating and stripping performance of PEBA 4033-3wt% Al2O3-40wt% 

LiTFSI electrolyte was also proved based on the Li symmetrical battery. In general, the 

ASSLMBs assembled with PEBA 4033 based SPEs display excellent cycling 

performance even with high-loading cathode. 

5.2 Prospects 

Although significant efforts have been performed for the development of SPEs for 

the acceleration of industrial application of ASSLMBs, almost all the SPEs cannot meet 

the requirements of industrial application due to the limited ionic conductivity, 

uncontrolled Li dendrite growth, and robust suface contact. Thus, innonative solutions 

for solving these issues are still needed urgently. The following points should be 

considered for further development of SPEs to promote the scale up of ASSLMBs. 

1. Enhanced surface contact  

To date, Sufficient surface contact in the cathode side is still a problem when the SPE 

is used. Therefore, creative cathode structure design is needed to guarantee both the 

ionic conductivity and electron conductivity reliable. 

2. Ion conductivity of SPEs 

Considering the ion transfer mechanism of SPEs, high temperature is always 

necessary for the charging and diacharging of ASSLMBs. Thus, higher ionic 

conductivity at room temperature is expected. Addition of ceramic ion conductor which 

possesses higher ion conductivity at room temperature is one of the most promising 
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solutions. 

3. Li dendrite suppression 

The uncontrolled growth of Li dendrites as the main obstacle of ASSLMBs 

application is still unsolved. Construction of robust SEI layer is a promising solution 

for the Li dendrite suppression. Thus, the investigation of the formation mechanism of 

SEI is of great importance. 
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