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Abstract 

Selecting the appropriate polymer structure for use as both a solid electrolyte and catholyte 

is essential for enhancing the electrochemical performance of all-solid-state lithium metal 

batteries. In this study, we are pioneering the customization of solid electrolyte and catholyte 

synthesis based on novel polyrotaxane (PRX)-containing polymer networks by altering the length 

of the polyether crosslinkers to tune the properties to meet specific needs of different components. 

On one hand, the modified PRX polymer networks based on the shorter crosslinker show good 

mechanical strength, high ionic conductivity (7.25×10−4 S cm−1) and high lithium ions transference 

number (0.54) at 60 ℃, allowing their use as solid polymer electrolyte (SPE) self-supporting 

membranes. On the other hand, all-solid-state lithium-ion batteries with this SPE demonstrate a 

much higher initial capacity (above 160 mAh g−1 using LiFePO4 as active material at the cathode 

and lithium metal as anode), and better cycling performance when paired with longer cross-linked 

PRX as catholytes than the other non-customized combinations all solid lithium-ion batteries. 

Moreover, the cycling performance of the full cell can be further improved by incorporating 

different lithium salts in the electrolyte (LiTFSI) and cathode (LiClO4). This work highlights that 

the customized design of solid electrolytes and catholytes based on polymer networks is an 

efficient strategy to obtain high-performance all-solid-state lithium metal batteries. 
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1. Introduction 

Lithium-ion batteries (LIBs) have been considered as one of the most important energy 

storage systems since being introduced into the marketplace by Sony in 1991, which enable 

portable electronics, household appliances and electric mobility.[1] However, poor thermal 

stability, flammability, leakage and limited energy density have gradually become the bottlenecks 

for development of LIBs based on traditional liquid electrolytes.[2] Compared to conventional 

liquid electrolytes, solid electrolytes are safer and more compatible with high-voltage cathode 

materials and lithium metal anode.[3-5]  The current research efforts on solid electrolytes are 

mainly focused on inorganic materials, polymer materials and composite systems.[6-8]  

Compared to inorganic electrolytes, solid polymer electrolytes (SPEs) have outstanding 

advantages such as high flexibility and processing easiness.[9-11] Moreover, their structure can be 

easily tuned thanks to macromolecular design to satisfy performance requirements for all-solid-

state lithium metal battery. However, the limited ionic conductivity at room temperature restricts 

the application of SPEs in all-solid-state lithium metal batteries.[12]  

Among the different available families of polymer materials, polyrotaxanes (PRXs) belong to 

mechanically interlocked architectures and consist of a linear (polymer) chain on which is 

threaded a given amount of small cyclic molecules which can slide and rotate freely along the 

linear thread without chemical bonding restrictions. The cyclic molecules are prevented from de-

threading by two bulky groups on the ends of the polymer thread.[13] Such mechanically 

interlocked architectures can restrict the crystallization of the polymer thread as well as promote 

the overall internal mobility in the material. At the same time, functional groups (if any) on the 

cyclic molecules provide interesting possibilities for further chemical modification. Those unique 
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features have motivated researchers to consider PRXs in SPEs. In this respect, Chen and coworkers 

first proposed SPEs based on PRXs composed of multiple α-cyclodextrins (α-CDs) cyclic molecules 

threaded on a linear poly(ethylene glycol) (PEG) chain. Due to this interlocked structure, the α-

CDs effectively inhibited the crystallization of PEG. They also demonstrated that the 

nanochannels formed by α-CDs provided pathways for the directional motion of Li+ and prevented 

the access of the anions by size exclusion, which could facilitate the Li+ transport and improve the 

conductivity (10−6 S cm−1 at room temperature).[14] In order to improve the ionic conductivity in 

SPEs, other methods were used to modify PRXs such as grafting linear poly (ε-caprolactone) (PCL) 

side chains,[15] crosslinking[16] and combining poly(vinylidene fluoride-co-

hexafluoropropylene)-grafted PRXs with nano-Al2O3 particles.[17] 

In addition to the solid electrolytes, the performance of all-solid-state batteries is also affected 

by the utilization of active materials in the cathode. Indeed, without the infiltration of liquid 

electrolytes, wetting of the cathode active material by the so-called catholyte is required in order 

to obtain physical contact between the different components in the cathode and allow Li+ transport 

inside the cathode and at the interface between the cathode and the solid electrolyte.[18] 

However, the research field on catholytes for all-solid-state lithium metal batteries is still in its 

infancy. At present, the most commonly used method is incorporating PEO based catholyte into 

the cathode, the amount of PEO based catholyte is around 40 %.[19-23] 

Selecting the suitable polymer material to be used both as SPE and catholyte is crucial for 

improving the electrochemical performance of all-solid-state lithium-ion batteries.[24] In this 

contribution, we propose a novel PRX-based polymer network whose structural parameters could 

be easily varied in order to meet requirements of both the SPE and catholyte for further utilization 
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in an all-solid-state lithium metal battery. Our design is based on a PRX consisting of a PEG chain 

and threaded α-CDs rings. The novel polymer network is further formed by reacting the hydroxyl 

groups on the α-CDs rings with epoxy groups of PEG diglycidyl ethers of different chain lengths. 

This strategy allows the formation of a polymer network in which the crosslinking nodes are not 

immobilized but can move along with the rings.[25, 26] Such an approach, beside the tunability 

due to the variation of the length of the PEG diglycidyl ether crosslinker, is believed to limit the 

crystallization behavior of PEG and to increase the mobility of Li+ ions because of the continuous 

reconfiguration of the network due to the α-CDs rings. The corresponding SPE based on modified 

PRX polymer network exhibits good mechanical strength, high ionic conductivity (7.25×10−4 S 

cm−1) and wide electrochemical stability window as well as high lithium ions transference number 

(0.54) at 60 ℃. Moreover, compared with traditional PEO based catholyte, the all-solid lithium-

ion batteries with longer cross-linking PRX as catholyte significantly improves the initial 

discharge capacity and achieves 98.7 % of theoretical capacity as well as good long stability at 

60 ℃. More importantly, selecting different types of lithium salts based on the distinct 

performance requirements of the electrolyte (LiTFSI) and cathode (LiClO4) can significantly 

improve long-term cycling stability under varying rate conditions (0.1C and 0.2C alternating 

cycling), even though the initial capacity may slightly decrease. 

2. Experimental section 

2.1 Materials 

Poly(ethylene glycol) (PEG, Mn=35000 g mol−1), Poly(ethylene oxide) (PEO, Mv=200000 and 

600000 g mol−1), Poly(ethylene glycol) diglycidyl ether (PEGDE, Mn=500 and 2000 g mol−1), 
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dimethyl sulfoxide (DMSO, 99.5+%, for analysis) and 2,2,6,6-tetramethylpiperidine 1-oxyl 

(TEMPO) were purchased from Sigma-Aldrich. α-Cyclodextrin (α-CD content > 98.0%) was 

supplied by TCI Chemicals. Adamantan-1-amine and benzotriazol-1-

yloxytris(dimethylamino)phosphonium hexafluorophosphate (BOP) were bought from 

Fluorochem. Sodium hydroxide and acetonitrile (ACN) were supplied by VWR. Lithium 

bis(trifluoromethanesulfonyl)imide (LiTFSI) and lithium perchlorate (LiClO4) were purchased 

from Sigma-Aldrich. Lithium iron phosphate (LiFePO4), multi-walled carbon nanotubes and 

super-p were acquired from TOB. N-methyl-2-pyrrolidone (NMP) was purchased from Fisher 

chemical. The chemicals used for synthesizing the polymers were reagent grade and the chemicals 

used for preparing the batteries were battery grade, all were used without further purification. 

2.2 Synthesis of crosslinked polyrotaxanes 

In a first step, a PRX based on PEG and α-CDs was prepared according to the literature.[27] 

Briefly, α-CDs were threaded on an α,w-dicarboxylic acid functionalized PEG that was obtained 

by TEMPO oxidation of α,w-dihydroxy PEG (see Figure 1a). Adamantamine stoppers were then 

grafted via a peptidic coupling reaction using BOP as coupling agent on the terminal carboxylic 

acid groups of the PEG thread to obtain the desired PRX. In a second step, crosslinked PRXs (CPRs) 

were prepared by reacting, in basic medium, hydroxyl groups on the α-CDs of the PRX with a 

α,w-diepoxy functionalized PEG (PEGDE, see Figure 1a). As a typical example, 500 mg PRX were 

dissolved in 50 mL of 1 M aqueous NaOH. 14.5 mL PEGDE (Mn=500 g mol−1, PEGDE: α-CDs=85:1 

mol/mol) were dropwise added to the above solution, and the mixture was stirred at 50 ℃ for 20 

h. Then, the mixture was dialyzed against Milli-Q water in a cellulose bag (MWCO = 13~14 kDa) 
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for 5 days and the Milli-Q water was changed 5 times. Then the mixture was freeze-dried to 

recover the CPR (designated as CPR500 because PEGDE with Mn=500 g mol−1 was used here). 3.6 

PEGDE500 are attached on each α-CD when the ratio of PEGDE and α-CDs is 85:1. For the 

synthesis of CPR2000, 20 mg PRX were reacted with 300 mg PEGDE (Mn=2000 g mol−1, PEGDE: 

α-CDs=10:1 mol/mol) in 2 mL of 1 M aqueous NaOH at 50 ℃ for 20 h. The purification process of 

CPR2000 is the same as that of CPR500.  

2.3 Preparation of solid polymer electrolytes 

Solid polymer electrolytes (SPEs) were obtained by mixing predetermined amounts of 

CPR500 or CPR2000 with LiClO4 in order to obtain 8:1, 10:1,15:1 and 20:1 ether (EO) unit/Li+ 

molar ratios, in which EO is from the PRX and PEGDE. For the typical example of the CPR500-

LiClO4 SPE with 10:1 EO/Li+ molar ratio, 400 mg CPR500 and 52 mg LiClO4 were separately 

dissolved in 3 and 1.5 mL DMSO under stirring for 24 h, respectively. Then, the two solutions 

were mixed for 48 h to prepare a homogeneous mixture at room temperature. The mixture was 

cast in a Teflon mold and dried under vacuum at room temperature for 5 days to remove most of 

the DMSO. Lastly, the sample was dried in a vacuum oven at 100 ℃ for 24 h to obtain the CPR500-

LiClO4 SPE with 10:1 EO/Li+ molar ratio. The synthesis of CPR500-LiTFSI SPEs with 10:1 EO/Li+ 

molar ratio is as same as that of CPR500-LiClO4 ones. The synthesis of CPR2000-LiClO4 SPEs is 

different from that of CPR500-LiClO4 ones since a solvent-free approach was used. In a typical 

example, 30 mg CPR2000 and 4.32 mg LiClO4 were mixed at 80 ℃ with no solvent for 1 h to obtain 

the CPR2000-LiClO4 SPE with 15:1 EO/Li+ molar ratio. PEO-based SPEs were also prepared as 

reference samples for comparison purpose. For the synthesis of the PEO-LiClO4 SPE with 10:1 
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EO/Li+ molar ratio, 500 mg PEO (Mv=200000 g mol−1) and 120 mg LiClO4 were dissolved in 2.5 and 

1 mL ACN, respectively. After mixing the two solutions and further stirring for 24 h, the resulting 

solution was poured in a Teflon mold and most of solvent was removed at room temperature by 

evaporation. Then, the PEO-LiClO4 SPE with 10:1 EO/Li+ molar ratio was further dried in the 

oven at 80 ℃ for 24 h. 

2.4 Preparation of the cathodes and cell assembling 

The cathodes, designated as LFP2000 and LFP500, were made of 30 wt% LiFePO4 (LFP), 20 

wt% Super-P (SP), 10 wt% multi-walled carbon nanotubes (CNT) and 40 wt% CPR2000-LiClO4 

or CPR500-LiClO4 as catholyte (the ratio based on the reported results in the literatures from Table 

S1 in the supporting information), respectively. The LFP2000-LiTFSI cathode was made of 30 wt% 

LFP, 20 wt% SP, 10 wt% CNT and 40 wt% CPR2000-LiTFSI as catholyte. A slurry was prepared 

by mixing at 2000 rpm for 30 min, in which 100 mg cathode components dispersed in 0.6 mL 

NMP, then the slurry was coated on a carbon-coated aluminum foil with a thickness of 100 mm 

and dried in a dynamic vacuum oven at 100 °C for 24 h. As a reference, PEO (Mv=600000 g mol−1) 

is used in the LFP600K cathode. CR2032-type coin cells were assembled with LFP2000 (LFP500 

or LFP600K) disks (diameter=10mm) as cathodes, CPR500-LiClO4 as SPE and polished lithium 

metal foil as anode. CR2032-type coin cells were also assembled with LFP2000 (or LFP2000-LiTFSI) 

cathode (diameter=10mm), CPR500-LiTFSI as SPE and polished lithium metal foil as anode.  

2.5 Material characterization 



 

9 

Nuclear magnetic resonance (NMR) spectroscopy was performed on a Bruker 300 UltraShield 

spectrometer with d6-DMSO as solvent. Fourier transform infrared spectroscopy (FTIR) was 

conducted on an Agilent Technologies Cary 630 FTIR with a Nicolet iN10 spectrometer using 

transmission mode method at room temperature in the range of 610~4000 cm−1 with a resolution 

of 4 cm−1 with 64 scans. Thermogravimetric analysis (TGA) of polymers was conducted on a 

Netzsch STA 449F3 with the heating rate of 10 °C min−1 from 30 °C to 800 °C. Differential scanning 

calorimetry (DSC) was performed with a Mettler Toledo DSC1 equipped with STARe software and 

the temperature was varied from −80 to 120 °C with a heating rate of 10 °C min−1 under nitrogen 

atmosphere. Small amplitude oscillatory shear (SAOS) measurements were carried out by using a 

MCR-301 (Anton Paar) rheometer. Samples were placed between stainless steel parallel plates 

with a diameter of 8 mm. The samples were equilibrated on the rheometer at 100 °C for 30 min 

under nitrogen atmosphere, and normal forces were checked to be relaxed prior to any 

measurement. Dynamic frequency sweep measurements were performed at different temperatures 

in the range from 0.1 to 100 rad s−1. All dynamic measurements were performed in the linear 

viscoelastic region, which was determined from dynamic strain sweep tests. The surface 

morphology of the LiFeO4 cathodes and Li anodes was examined by a Zeiss Auriga focused ion 

beam scanning electron microscope (FIB-SEM). Dynamic mechanical analysis (DMA) was 

performed on Mettler Toledo DMA/SDTA861 by the shear deformation mode, in which the 

viscoelasticity response of a sample under oscillating load was monitored over temperatures. A 

tube furnace (Nabertherm R 50/250/13 with Controller C450) was applied to calcine samples. X-

ray photoelectron spectroscopy (XPS) was carried out using the SSI X-Probe (SSX 100/206) 
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photoelectron spectrometer from FISONS equipped with a monochromatized microfocus Al-Ka 

X-ray source.  

2.6 Electrochemical measurements 

Electrochemical impedance spectroscopy (EIS) was obtained at a voltage amplitude of 10 mV 

and frequency range from 7 MHz to 100 mHz. All the measurements were carried out from 90 to 

20 °C by a programmed instruction on a Bio-Logic VMP-300 potentiostat. Linear sweep 

voltammetry (LSV) was measured on a Bio-Logic VMP-300 potentiostat with a scan rate of 1 mV 

s−1 at 60 °C. Lithium-ion transference number (tLi+) determination was carried out with an applied 

potential of 50 mV in a symmetric Li||CPR500-LiClO4||Li cell on a Bio-Logic VMP-300 

potentiostat. The galvanostatic cycling experiments were used to investigate the interface stability 

between the solid polymer electrolyte and the lithium metal anode. The symmetrical Li||CPR500-

LiClO4||Li and Li||PEO-LiClO4||Li cells were charged and discharged repeatedly for 1 h with a 

constant current density of 0.025 mA cm−2 at 60 °C using a NEWARE battery testing system. The 

galvanostatic cycling experiments at different current densities from 0.01 to 0.10 mA cm−2 at 60 °C 

were also realized. Galvanostatic intermittent titration technique (GITT) measurements were 

performed on a NEWARE battery testing system. The cells were set to relax for 2 hours after every 

30 min for discharging and charging at 0.1 C at 60 ℃. The charge and discharge tests were carried 

on a NEWARE battery test system. The C-rate of LFP2000 (LFP500 or LFP600K)||CPR500-

LiClO4||Li was varied from 0.1 to 0.2, 0.5, 1 C and then back to 0.1 C at 60 °C. The long-term 

cycling stability test of LFP2000-LiClO4||CPR500-LiClO4||Li was performed at 0.1 C for 90 cycles 

at 60 °C. The cycling stability test of LFP2000-LiTFSI||CPR500-LiTFSI||Li was performed at 0.1 C 
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and 0.2 C for 55 cycles at 60 °C. The cycling stability test of LFP2000-LiClO4||CPR500-LiTFSI||Li 

was performed at 0.1 C and 0.2 C for 90 cycles at 60 °C. The potential window was ranged from 

3.0 to 3.8 V (vs. Li/Li+). Charge and discharge rates were calculated based on the theoretical 

capacity of LFP (C=170 mA g−1). 

3. Results and discussion 

Figure 1a schematically depicts the synthesis of novel designed polymer networks based on 

PRX. Firstly, a polyrotaxane is prepared, in which α-CDs rings are threaded onto a PEG linear 

chain end-capped at both ends with adamantan-1-amine stoppers. As evidenced in Figure S1, all 

characteristic peaks of the protons on PEG and α-CD from the inclusion complex (α-CDs/PEG-

COOH) and the synthesized polyrotaxane were confirmed by 1H NMR analysis. The signal peak 

around 3.51 ppm was attributed to the methylene of PEG. The chemical shifts of protons on α-CD 

appeared at 5.52 ppm (O2H), 5.45 ppm (O3H), 4.49 ppm (O6H), 4.80 (H1) and 3.85–3.20 ppm 

(H2,3,4,5,6). [28] Besides the characteristic peaks of PEO and α-CD, peaks at 2.01, 1.94, and 1.62 

ppm were attributed to the protons of the carbon skeleton in adamantamine for polyrotaxane. [29] 

The comparison of the integrations of the characteristic peaks related to PEO and adamantamine 

reveals that the yield of the end-capping reaction is close to 100%, clearly demonstrating the 

successful formation of the PRX. According to the 1H NMR spectrum shown in Figure S1, around 

100 α-CDs are threaded on the PEG main chain of PRX, which corresponds to the result reported 

in the literature.[27] Then, two novel crosslinked polyrotaxanes, namely CPR500 and CPR2000, 

are formed by using a,w-diepoxy PEG chains (PEGDEs with Mn=500 and 2000, respectively) as 

crosslinkers. The PEGDE crosslinking chains are reacted with the hydroxyl groups of α-CDs rings 
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on the PRX in basic medium in order to confer segmental mobility to the accordingly obtained 

networks (Figure 1a). The chemical shifts of PRX, CPR500 and CPR2000 were investigated by 

1H NMR analysis. As evidenced in Figure S2, strong NMR resonance peaks appeared in the range 

of 3.3 to 6.0 ppm, which were ascribed to the proton signals of α-CDs and ether functions for 

CPR500 and CPR2000.[30] A new signal (H7) with the chemical shift of 4.60 ppm was observed 

in both CPR500 and CPR2000 spectra, which results from the reaction between the epoxy rings 

of PEGDE and the hydroxyl groups (O2H, O3H and O6H) of the α-CDs rings on the PRX.[30, 31, 

32, 33] The peaks of O2H and O3H of α-CDs became weaker and broader, and O6H experienced 

a small upfield shift (from 4.49 to 4.45 ppm), as compared with that in pure PRX. These results 

clearly demonstrated that the epoxy group of PEGDE interacts with hydroxyl group in the outer 

cavity of α-CDs. In addition, the characteristic signal of epoxy groups in the FTIR spectra, which 

can be observed at 912 cm−1 for PEGDE, disappears for CPR500 and CPR2000, further confirming 

the opening of the epoxy groups during the crosslinking reaction (Figure 1b).[34] In a further step, 

small amplitude oscillatory shear measurements have been performed in order to assess the 

mechanical properties of the formed CPR networks. Figure 1c compares the storage modulus (G′) 

and loss modulus (G″) measured at 60 °C for CPR500 and CPR2000, respectively. Both samples 

show a rubber-like viscoelastic behavior with G′ always superior to G″ in the investigated angular 

frequencies, suggesting that the targeted polyrotaxane-based networks were successfully formed. 

The values measured for G′ are proportional to the stiffness of the material.[35] The elastic 

modulus of CPR500 is higher compared to that of CPR2000, indicating a stiffer network for 

CPR500. This was also confirmed by frequency sweep tests for the CPR500 and CPR2000 networks 

at different temperatures as shown in Figure S3. Those results are not surprising since the 
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crosslinking density of the CPR500 network is expected to be larger than the one of the CPR2000 

network, in direct relation to the length and amount of the PEGDE crosslinker. This explains why 

a stiffer network is observed for CPR500 compared to CPR2000.  

 

Figure 1. (a) Synthesis of polyrotaxane (PRX) and novel crosslinked polyrotaxanes (CPR500 and CPR2000) with 

PEGDE (Mn=500 or 2000) as crosslinker. (b) FTIR spectra of PEGDE, CPR500 and CPR2000. (c) Dynamic 
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frequency sweep curves of CPR500 and CPR2000 at 60 ℃. (d) TGA of PRX, CPR500 and CPR2000. (e) DSC 

curves of CPR500, CPR500-LiClO4 (EO: Li+=10:1), CPR2000 and CPR2000-LiClO4 (EO: Li+=15:1). 

TGA and DSC measurements were used to investigate thermal properties of novel polymer 

networks based on polyrotaxane. As shown in Figure 1d, the starting PRX, CPR500 and CPR2000 

exhibit high thermal stability with degradation occurring around 200 ℃. DSC thermograms are 

plotted in Figure 1e and allow the determination of the glass transition (Tg) and melting 

temperature (Tm) of the networks. In our networks, crystallinity is solely originating from the PEG 

segments of the crosslinker since the PRX does not show a melting peak (Figure S4). Therefore, 

the crystallinity degree of the networks has been determined by integrating the melting peak and 

comparing the obtained value to the melting enthalpy of pure PEG crystalline domains (△Hm = 

202.41 J g−1).[36] As expected, with the increasing chain length of the PEGDE crosslinker, the 

crystallinity of the networks increased (0% for PRX, 2.1% for CPR500 and 86.0% for CPR2000, 

Figure S4 and Figure 1e). Crystallinity has a detrimental effect on the mobility of Li+ ions but can 

be also strongly influenced by the addition of salt, being either decreased or increased depending 

on the salt loading and salt nature.[37] In this respect, the crystallinity degree has been also 

measured for CPR networks loaded with LiClO4 salt, including CPR500-LiClO4 (EO: Li+=10:1) and 

CPR2000-LiClO4 (EO: Li+=15:1) (Figure 1e), which are the samples showing the highest 

conductivity (see below). Obviously, the presence of LiClO4 into the networks at these salt 

loadings inhibits the crystallization in CPR500 and CPR2000 (0% for CPR500-LiClO4 and 34.7% 

for CPR2000-LiClO4). The Tm of CPR500 and CPR2000 are 57.6 and 54.8 ℃, while CPR500-LiClO4 

does not show a melting peak and CPR2000-LiClO4 shows a Tm of 37.2 ℃. Finally, low Tg values 

of −48.1 ℃ and −49.6 ℃ have been measured for the CPR500 and CPR2000 networks, respectively, 
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in coherence with the high flexibility of PEG.[38] Low Tg values are also observed for the salt-

loaded CPR500-LiClO4 and CPR2000-LiClO4 samples, although higher than for the samples 

without LiClO4. Low crystallinity and low Tg values in lithium salt loaded CPR networks are very 

positive for the further utilization of those samples as SPEs and catholytes. The mechanical 

properties of solid polymer electrolyte CPR500-LiClO4 (EO: Li+=10:1) and the polymer CPR500 

were studied by linear shear rheology. Typically, the mechanical properties of solid polymer 

electrolytes decrease with the addition of lithium salts because the salt acts as a plasticizer for the 

polymers.[39] Figure S5a-c shows the rheological data obtained for CPR500 and CPR500-LiClO4. 

Frequency sweeps have been measured for two samples in the temperature range from 100 to 60 

°C in the linear viscoelastic regime. It is clearly observed that G′ decreases when LiClO4 is added 

to CPR500, confirming the plasticizing effect of LiClO4. Furthermore, this leads to a significant 

decrease in the crystallinity of the CPR500-LiClO4, which is evidenced from the DSC curves in 

Figure S5d. The storage modulus of CPR500 and CPR500-LiClO4 decreases with increasing 

temperature, which can be attributed to the higher mobility of polymer chain segments and the 

dynamic hopping of ions between polymer chains. [40, 41]. The mechanical properties of the 

electrolyte have been studied by DMA in the shear deformation mode, as shown in Figure S6. In 

the low-temperature region (up to about -20°), the solid polymer electrolyte CPR500-LiClO4 (EO: 

Li+=10:1) shows high shear storage modulus around 106 Pa. Above room temperature, the modulus 

of the electrolyte still remains around 105 Pa. In the next step, the ionic conductivity in those 

samples will be assessed (Figure 2).  

Ionic conductivity is an important parameter for selecting solid polymer electrolytes with 

superior electrochemical performance for all-solid-state lithium battery. As shown in Figure 2a, 
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the ionic conductivities of CPR500-LiClO4 samples with various EO/Li+ molar ratios were explored 

via electrochemical impedance spectroscopy at temperatures ranging from 90 to 20 ℃. The 

variation of the ionic conductivity is mainly due to the varying amount of the charge carrying 

ions.[16]  In this respect, the best performance has been observed with the EO/Li+ molar ratio of 

10:1, with conductivities of 2.60×10−3 and 7.25×10−4 S cm−1 at 90 and 60 °C, respectively. This 

optimal EO/Li+ molar ratio is in agreement with previously published results for PEO-based 

SPEs.[42] At room temperature, the CPR500-LiClO4 sample with an EO/Li+ ratio of 10:1 also shows 

a higher ionic conductivity (1.88×10−5 S cm−1) than that of PEO-LiClO4 sample (1.60×10−8 S 

cm−1).[43] It is generally acknowledged that high amounts of added lithium salts lead to salt clusters 

which are detrimental to the ionic conductivity.[44, 45] Table S2 summarizes the electrochemical 

performance of solid electrolytes based on the (pseudo)polyrotaxanes, including ionic conductivity 

(σ), lithium ion transference number (tLi+) and electrochemical stability window (ESW). The 

dissociation of the lithium salt in the solid polymer electrolyte is critical for its performance in all-

solid-state batteries, and can be visualized here by the interaction between lithium ions and the 

ether groups (EO, C-O-C).[46] However, lithium ions could also interact with ether oxygens in 

the glucose unit of α-CDs which renders the quantification of the Li+/EO groups interactions 

difficult in our samples because of wide peaks in the corresponding regions of the FTIR spectra 

(Figure 2b).[47] Besides the signals assigned to Li+/EO groups, FTIR peaks associated to the ClO4− 

anions are also sensitive to their dissociation degree. In this respect, perchlorate anions are 

expected to interact with the hydroxyl groups of α-CDs through hydrogen bonding, further 

promoting the dissociation of lithium salts and freeing more Li+ ions.[47] Therefore, the local 

environment of ClO4− in the CPR500-LiClO4 SPE with different EO/Li+ molar ratios has been 
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investigated by FTIR spectroscopy. In FTIR spectra, the dissociation of LiClO4 is visible in the 

wavenumber range of 610−650 cm−1. Specifically, the peak at ∼624 cm−1 is assigned to the 

dissociated free ClO4− anion and the peak around ∼635 cm−1 corresponds to the contact Li+ClO4− 

ion pair.[48] The comparison between these two peaks allows the determination of the dissociation 

ratio of LiClO4 salt in the SPE. The Gaussian−Lorentzian fitting results for CPR500-LiClO4 FTIR 

spectra with different EO/Li+ molar ratios are shown in Figure 2c and Table S3 summarizes the 

simulated dissociation ratios for the CPR500-LiClO4 sample. The dissociation ratio (84.2%) at 10:1 

EO/Li+ molar ratio is higher than that of other ratios.  

 

Figure 2. (a) Arrhenius plots of the ionic conductivity for CPR500-LiClO4. (b) FTIR spectra of CPR500 and 

CPR500-LiClO4 in the range of 610−4000 cm−1. (c) FTIR spectra at 610−645 cm−1 and corresponding 
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Gaussian−Lorentzian fitting of the ClO4− absorbance for CPR500-LiClO4. (d) Polarization curve, initial (in black) 

and steady state (in green) impedance diagram (inset) for CPR500-LiClO4 (10:1) at 60 °C. 

To confirm the hydrogen bonding interactions between ClO4− anions and hydroxyl groups in 

the investigated SPEs and their beneficial effect of lithium salt dissociation and Li+ mobility, the 

ionic conductivities of CPR500 loaded with LiClO4 and LiTFSI at the same EO/Li+ molar ratio have 

been compared. In Figure 3a, the ionic conductivity of CPR500-LiClO4 is higher than that of 

CPR500-LiTFSI at 10:1 EO/Li+ molar ratio, which could result from the strong hydrogen bonding 

between hydroxyl groups of α-CDs and ClO4−. The associated high binding energy is related to the 

salt dissociation, which results in a large amount of free Li+ ions.[47] Figure 3b shows the VFT 

plots of CPR500-LiClO4 and CPR500-LiTFSI at 10:1 EO/Li+ molar ratio. The activation energy of 

CPR500-LiClO4 is lower than that of CPR500-LiTFSI, which leads to higher ionic mobility and 

conductivity. This last measurement definitely confirms that ClO4− anions are strongly interacting 

with hydroxyl groups in the CPR samples, further freeing Li+ ions at the benefit of the overall ionic 

conductivity. Finally, an optimal EO/Li+ molar ratio of 10:1 has been determined for CPR500-

LiClO4. The lithium-ion transference number (tLi+) is another crucial parameter to characterize the 

electrolyte performance. Figure 2d shows the time-dependent response of a Li||CPR500-LiClO4||Li 

symmetric cell and the inset depicts the electrochemical impedance spectroscopy (EIS) signal in 

the initial state and steady state. Due to a large amount of free Li+ ions, the tLi+ for the CPR500-

LiClO4 is calculated to be 0.54 at 60 °C, which exceeds that of linear PEO-LiClO4 electrolytes 

(tLi+=0.1~0.3) [49, 50], and confirms that strong interactions between perchlorate anions and 

hydroxyl groups in the investigated SPEs are able to free Li+ ions and make them available for 

transport through the electrolyte membrane. 
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As shown in Figure S6, the ionic conductivities of CPR2000-LiClO4 SPEs with different molar 

ratios of EO and Li+ have been also studied. The CPR2000-LiClO4 sample shows ionic conductivity 

values of 7.31×10−4 and 3.13×10−4 S cm-1 at 90 and 60 °C at 15:1 EO/Li+ molar ratio, respectively, 

which are lower than that of CPR500-LiClO4 with the 10:1 EO/Li+ molar ratio (see Figure 3c). This 

could be related to the crystallinity of CPR2000-LiClO4 compared to the almost fully amorphous 

CPR500-LiClO4 sample. This is further confirmed by the change of slope in the ionic conductivity 

vs temperature curve noted around Tm (37.2 °C) for the CPR2000-LiClO4 sample in the range of 

30−60 °C. Obviously, conductivity values for CPR2000-LiClO4 are decreasing more sharply below 

Tm. However, the ionic conductivity of CPR2000-LiClO4 (8.53×10−5 S cm−1 at 30 °C) is much higher 

than that of PEO-LiClO4 (7.33×10−7 S cm−1 at 30 °C) at the same EO/Li+ molar ratio of 15:1,[51] 

clearly demonstrating the superiority of the polyrotaxane-based networks developed here. 

According to the literature, there should be two possible pathways for transferring lithium ions in 

our system, the nanochannels formed by self-assembly of PEO and α-CD and the side chains 

grafted on the α-CD.[14, 15] The lower ionic conductivity of CPR2000-LiClO4, compared with 

CPR500-LiClO4, results from the crystallization of the longer side chains, as indicated by DSC, 

which proves that the lithium ion transport mainly relies on the side chains. The fast molecular 

motion of short PEGDE side chains contributes to the high ionic conductivity. Linear sweep 

voltammetry was finally used to determine the electrochemical stability window of solid polymer 

electrolytes. As shown in Figure 3d, the CPR500-LiClO4 and CPR2000-LiClO4 show a wide 

electrochemical stability window from 1.6 to 4.8 V (vs. Li+/Li) with a scan rate of 1 mV s−1 at 60 ℃.  
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Figure 3. (a) Arrhenius plots of the ionic conductivity for CPR500-LiClO4 and CPR500-LiTFSI. (b) 

Vogel−Tammann−Fulcher (VFT) fitting plots for CPR500-LiClO4 and CPR500-LiTFSI. (c) Comparison of ionic 

conductivity of CPR500-LiClO4 (10:1) and CPR2000-LiClO4 (15:1). (d) Linear sweep voltammograms for 

CPR500-LiClO4 (10:1) and CPR2000-LiClO4 (15:1) at 60 °C with a scan rate of 1 mV s−1. 

Since the CPR500-LiClO4 sample with 10:1 EO/Li+ molar ratio was the sample exhibiting the 

best ionic conductivity whatever the temperature, it was further investigated for use as SPE in all-

solid-state battery prototypes. However, before performing battery testing, the interfacial stability 

between the CPR500-LiClO4 SPE and lithium metal needs to be tested by galvanostatic cycling 

experiments. Figure 4a shows the voltage profiles of Li||CPR500-LiClO4||Li and reference Li||PEO-

LiClO4||Li symmetrical cells at the current density of 0.025 mA cm−2 at 60 ℃. The Li||CPR500-

LiClO4||Li symmetric cell can run for 300 h, while the Li||PEO-LiClO4||Li symmetric cell suffers 
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from hard short after 165 h.[52] In comparison to the Li||PEO-LiClO4||Li symmetric cell, the 

Li||CPR500-LiClO4||Li cell shows lower initial and final overpotentials (38 mV and 52 mV), 

indicating a better interfacial stability between CPR500-LiClO4 and lithium metal compared to 

PEO-LiClO4. The cycling stabilities of Li||PEO-LiClO4||Li and Li||CPR500-LiClO4||Li cells at 

various current densities have been then studied. As illustrated in Figure 4b, the Li||PEO-

LiClO4||Li shows hard short when the current density is reaching 0.03 mA cm−2, while the 

Li||CPR500-LiClO4||Li cell exhibits stable overpotentials at current densities ranging from 0.01 to 

0.05 mA cm−2 for 50 h at 60 ℃. The Li||CPR500-LiClO4||Li cell exhibits lower overpotential than 

the Li||PEO-LiClO4||Li cell at same current densities, demonstrating that the CPR500-LiClO4 SPE 

shows a better interfacial stability with lithium metal. Impedance measurements of Li||CPR500-

LiClO4||Li cell at different current densities from 0.01 to 0.05 mA cm−2 at 60 ℃ have also been 

carried out, as shown in Figure 4c. The Li||CPR500-LiClO4||Li cell exhibits two semicircles. The 

first semicircle in the higher frequency range indicates the resistance of the solid polymer 

electrolyte while the second semicircle in the lower frequency range represents the charge transfer 

resistance (Rct) between the solid polymer electrolyte and the lithium metal.[53] The two 

resistances determined for this cell show a little change from 0.01 to 0.05 mA cm−2, which 

illustrates that the CPR500-LiClO4 has superior interfacial stability against lithium metal. Scanning 

electron microscopy (SEM) was used to further investigate the stability between CPR500-LiClO4 

and lithium metal. Figure 4d shows the surface morphologies of the fresh Li and the Li anodes 

from Li||PEO-LiClO4||Li and Li||CPR500-LiClO4||Li cells after running for 300 h at the current 

density of 0.025 mA cm−2. A smooth surface is observed for fresh lithium. The Li anode from the 

Li||PEO-LiClO4||Li cell exhibits massive lithium dendrites and non-uniform Li deposition, while a 



 

22 

flat surface is observed on the surface of the Li anode from Li||CPR500-LiClO4||Li cell. The above 

results clearly indicate that CPR500-LiClO4 exhibits a better interfacial stability with lithium 

metal than PEO-LiClO4. Therefore, the high ionic conductivity, high lithium-ion transference 

number, wide electrochemical stability window and better interfacial stability with lithium metal 

make CPR500-LiClO4 a suitable SPE for all-solid-state lithium batteries. 

 

Figure 4. Galvanostatic cycling curves of the Li||PEO-LiClO4||Li and Li||CPR500-LiClO4||Li cells at (a) the 

constant current density of 0.025 mA cm−2 and (b) different current densities from 0.01 to 0.05 mA cm−2 at 60 ℃. 

(c) The initial and final EIS curves at different current densities of Li||CPR500-LiClO4||Li cell at 60 ℃. (d) SEM 
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images of the fresh Li and Li anodes obtained from Li||PEO-LiClO4||Li and Li||CPR500-LiClO4||Li symmetric 

cells after running for 300 h at the current density of 0.025 mA cm−2.  

To assemble all-solid state lithium metal batteries, cathodes should be formulated with a 

catholyte to ensure ionic conduction inside the cathode materials and good interfacial contact with 

the SPE membranes. Therefore, CPR500-LiClO4 and CPR2000-LiClO4 as well as reference PEO-

LiClO4 have been investigated as potential catholytes for cathode fabrication together with LFP as 

electroactive cathode material and conducting carbon additives. This has led to three types of 

cathodes, namely LFP500, LFP2000 and LFP600K cathodes in which catholytes are CPR500-

LiClO4, CPR2000-LiClO4 and PEO-LiClO4, respectively. Figures 5a-c show the charge and 

discharge voltage profiles of cells with LFP600K, LFP500 and LFP2000 cathodes at various rates 

from 0.1 to 1 C in the voltage range from 3.0 to 3.8 V at 60 °C. For all the investigated cells, a 

CPR500-LiClO4 SPE membrane was used. The cells with LFP500 and LFP2000 cathodes exhibit 

flat charge and discharge platforms and the gaps between the charge and discharge platforms are 

small, indicating small voltage polarization. The small voltage polarization of the cell based on the 

LFP2000 cathode originates from the high lithium-ion diffusion coefficients, which is evidenced 

by the GITT test. Among the different cells, the cell with the LFP2000 cathode shows the highest 

initial discharge capacity at the same current density. As illustrated in Figure 5d, the LFP2000 

based cell shows the highest discharge capacities at different current densities with better cycling 

stability, which are 167.8, 144.2, 94.8 and 60.2 mAh g−1 at 0.1, 0.2, 0.5 and 1C.  
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Figure 5. (a-c) Charge and discharge voltage profiles of full cells with the LFP600K, LFP500 and LFP2000 

cathodes at various rates. (d) Rate performances of full cells with the LFP600K, LFP500 and LFP2000 cathodes. 

(e) EIS plots of full cells with LFP500 and LFP2000 cathodes after GITT test. (f) Overpotentials and (g) IR drops 

of full cells with LFP500 and LFP2000 cathodes calculated from GITT during the lithiation and delithiation 

processes, respectively. (h) Long cycling stability of full cells with LFP2000 cathodes and CPR500 SPEs. 

EIS was performed to evaluate the interface kinetics in the full cells with LFP500 and 

LFP2000 cathodes after GITT test. As shown in Figure 5e, the two cells with LFP500 and LFP2000 

cathodes exhibit two semicircles. The semicircles represent the bulk resistance of the solid polymer 

electrolyte in the higher frequency range and interfacial resistance in the lower frequency 

range.[54] Since CPR500-LiClO4 is used as SPE for the cells made of LFP500 and LFP2000 
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cathodes, both cells exhibit the bulk resistance of the CPR500-LiClO4 SPE. However, the 

interfacial resistance of the LFP2000 cell is much smaller than that of the LFP500 one, which could 

be due to a more effectively filling of the inter-particulate spaces, as shown in Figure S7, indicating 

a better binder behavior for CPR2000 compared to CPR500. This could be related to the 

mechanical properties of the CPR2000 and CPR500 which have revealed a stiffer network in case 

of CPR500, while a softer network was formed by CPR2000. This was attributed to the longer PEG 

segments found in CPR2000, which could promote in turn excellent flexibility and binder 

behavior to this sample. CPR2000 could connect LFP particles forming ion-conducting pathways, 

which can increase the bulk ionic conductivity of the LFP2000 cathode.[55] Therefore, the 

interfacial resistance of the cell made with LFP2000 is much smaller than that of LFP500. As 

shown in capacity versus cell voltage (dQm/dV) plots (Figures S8a-c), the variation of the redox 

potentials also confirms the small voltage polarization during the charge and discharge processes 

for LFP2000 cathodes.[56] In addition, the Li+ diffusion coefficients (DLi) in LFP500 and LFP2000 

cathodes were investigated through the GITT test. Figures S9a-b show GITT plots of cells with 

LFP500 and LFP2000 during the lithiation and delithiation processes. In Figure S9c, the calculated 

DLi of LFP2000 is 5.61×10−15 cm2 s−1 for both the lithiation and delithiation processes, which is a 

little higher than that of LFP500 (3.77×10−15 cm2 s−1). As shown in Figures 5f-g, the overpotential 

and IR drop (sudden voltage step owing to the current flux) of the cell with LFP2000 are also lower 

than that of LFP500, further suggesting the better electrochemical reaction kinetics of LFP2000 

cathode.[57, 58] Therefore, the small voltage polarization and better electrochemical reaction 

kinetics as well as high lithium-ion diffusion coefficients make LFP2000 a suitable cathode for all-

solid-state lithium metal batteries. As final experiment, the long-term cycling stability of the full 
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cell made with LFP2000-LiClO4 cathode and the CPR500-LiClO4 SPE was investigated as shown 

in Figure 5h. The initial discharge capacity is around 160 mAh g−1. After 90 cycles, this cell delivers 

a discharge capacity near to 90 mAh g−1 and displays a high coulombic efficiency of 98% at 0.1 C 

at 60 ℃. The 0.51% capacity loss per cycle is attributed to the unstable SEI formation on the 

lithium surface.   

XPS was carried out to study the chemical components on the surfaces of the lithium anode 

after cycling. Figure 6a show the XPS C1s spectrum recorded on the lithium anode surfaces for 

CPR500-LiClO4. The peak at 286.4 eV belongs to the −CH2−O− of PEO and the peak at 284.8 eV is 

attributed to -CH2–, which is consistent with the result of the literature.[59] The O1s spectrum in 

Figure 6b exhibits two peaks including −CH2−O− and Li2O at 532.8 and 530.5 eV, respectively.[60, 

61] The signal of Li2O was also found in the Li1s spectrum, which is shown in Figure 6c. As 

exhibited in Figure 6d, the peak at higher binding energy (206-211 eV) in the Cl2p spectrum 

indicates the presence of LiClO4 salt. However, in addition to LiClO4 salt, the Cl 2p peak at lower 

binding energy (196-202 eV) can be assigned to LiCl, suggesting that decomposition of LiClO4 was 

observed on the surface of the Li anode.[62] These results clearly demonstrate that the 

decomposition products of LiClO4 (Li2O and LiCl) in CPR500-LiClO4 electrolyte are present on 

the surface of lithium anode and these products constitute the solid electrolyte interface (SEI). 

According to XPS analysis, the decomposition of LiClO4 results in the unstable SEI on the lithium 

anodes, further leading to capacity decay of full cell. 
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Figure 6. (a) C 1s, (b) O 1s, (c) Li 1s and Cl 2p XPS spectra of the Li anodes using CPR500-LiClO4 membrane after 

cycling. 

The influence of lithium salts on the electrochemical performance of all solid-state lithium-

ion batteries has been investigated. As shown in Figure S11, compared to solid polymer electrolyte 

containing LiTFSI, the electrolyte containing LiClO4 exhibited significantly higher overpotential 

in Li-Li symmetric cells under higher current density conditions, and when the current density 

exceeds 0.05 mA cm−2, the battery failed due to excessive overpotential. This corresponds to the 

widening of the charge-discharge plateau separation during the full battery cycling process due to 

the polarization (Figure S12). In comparison with CPR500-LiClO4, thanks to the formation of more 

stable SEI layer, the CPR500-LiTFSI endures higher current density until 0.10 mA cm−2. Therefore, 

the CPR500-LiTFSI shows better stability with lithium metal because it can stand higher current 

density. The CPR500-LiTFSI was used as SPE in the full cell and the electrochemical performance 

was studied. Figure 5h also shows the long cycling stability of full cells with CPR500-LiTFSI SPE 



 

28 

at various rates at 60 °C. The full cell with LFP2000-LiTFSI cathode and CPR500-LiTFSI SPE shows 

the lowest discharge capacities of 124.1 and 118.4 mAh g−1 of 1st and 10th at 0.1C as well as 105.8, 

102.2, 101.4 and 100.1 mAh g−1 of 1st, 10th, 20th and 30th at 0.2 C compared with the other two 

compositions. However, the full cell with LFP2000-LiClO4 cathode and CPR500-LiTFSI SPE 

shows a higher discharge capacities of 152.6 and 143.9 mAh g−1 of 1st and 10th at 0.1C as well as 

119.5, 116.2, 114.6 and 113.0 mAh g−1 of 1st, 10th, 20th and 30th at 0.2 C. Moreover, after 55 cycles, 

the full cell with LFP2000-LiTFSI cathode and CPR500-LiTFSI SPE delivers a discharge capacity 

near to 120 mAh g−1 at 0.1 C, which is already higher than that of full cell with LFP2000-LiClO4 

cathode and the CPR500-LiClO4 SPE (113.5 mAh g−1) at the same rate. It is worth noting that the 

full cell with LFP2000-LiClO4 cathode and CPR500-LiTFSI SPE displays a discharge capacity near 

to 100 mAh g−1 when it backs to 0.2 C after 90 cycles, which is much higher than that of full cell 

with LFP2000-LiClO4 cathode and the CPR500-LiClO4 SPE (near to 90 mAh g−1) at 0.1C. 

Furthermore, this cycling performance was achieved under continuous alternating cycling 

conditions between 0.1C and 0.2C rates, without compromising cycling stability (the capacity 

decay of the full cell improves from 0.51 % per cycle at 0.1 C to 0.13 % per cycle at 0.2C), when 

the LiClO4 was changed by LiTFSI in the electrolyte. Nevertheless, due to the higher ionic 

conductivity and lower activation energy of the electrolyte when LiClO4 is used as the added 

lithium salt, the assembled full battery exhibits a higher initial capacity.  

4. Conclusions 

Novel modified polyrotaxane polymer networks, CPR500 and CPR2000, were prepared, in 

which poly(ethylene glycol) diglycidyl ethers with different molar masses (Mn=500 and 2000) were 
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used as crosslinkers. 1H NMR, FTIR and rheological tests confirmed the network structure for 

CPR500 and CPR2000. Both networks exhibit good thermal stability until 200 ℃. Crystallization 

is more pronounced in the CPR2000 sample because it contains longer PEG segments but is further 

decreased in both samples after addition of LiClO4. The CPR500 sample forms a stiffer network 

and, after loading with an optimal amount of LiClO4 with an EO/Li+ molar ratio of 10:1, showing 

a high ionic conductivity of 7.25×10−4 S cm−1, a lithium-ion transference number of 0.54 and a wide 

electrochemical stability window from 1.6 to 5.0 V (vs. Li+/Li) at 60 ℃. This further allows the use 

of CPR500-LiClO4 membranes as SPEs for all-solid-state lithium metal batteries. The CPR2000 

sample exhibits excellent binding properties and has been employed as catholytes for cathode 

fabrication. The LFP2000 cathode exhibits the smaller voltage polarization, the better 

electrochemical reaction kinetics as well as high lithium-ion diffusion coefficients allowing its use 

in an all-solid-state lithium battery. The accordingly prepared LFP2000||CPR500-LiClO4 ||Li cell 

can achieve a high discharge capacity over 160 mAh g−1 at 0.1 C at 60 ℃. The cell with CPR2000 

catholyte also exhibits much better cycling performance than the other combinations including 

PEO catholyte. When LiTFSI and LiClO4 are respectively chosen as lithium salt additives in the 

electrolyte and cathode, paired with different cross-linking structures of polymer matrices, the all-

solid-state battery exhibits a slight decrease in initial capacity and a significant improvement in 

cycling stability (alternating cycling between 0.1C and 0.2C rates, single-cycle capacity loss of 

0.13%). This work provides new polymer structure options for all-solid-state polymer batteries 

from catholytes to electrolytes. Furthermore, it validates the customization of designs tailored to 

the differing material properties required by the electrolyte and cathode, resulting in a significant 

enhancement in both capacity and cycling stability of the entire battery. 



 

30 

Supporting Information 

1H NMR spectra of α-CDs/PEG-COOH and PRX (d6-DMSO, 300 MHz); 1H NMR spectra of PRX, 

CPR500, CPR2000 and the partial enlargement of spectra (d6-DMSO, 300 MHz); Frequency sweep 

tests of CPR500 and CPR2000 at different temperatures; DSC curve of PRX; Dynamic frequency 

sweep curves of CPR500 and CPR500-LiClO4 at 60, 80 and 100 ℃; DSC curves of CPR500 and 
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