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Abstract: 

Upcycling plastic waste into value-added products helps to generate cost-effective and 

sustainable resources towards a circular materials economy and safer ecosystem. The 

conversion of polyethylene terephthalate (PET) municipal waste via the carbonization process 

into hard carbon (WPET-HC) delivers a high-performing, low-cost, sustainable anode material 

for sodium-ion batteries (SIBs). To further optimize the anode, electrolytes and interfacial 

chemistry are critical in improving cycling stability and rate capability. Herein, cyclopentyl 

methyl ether (CPME), a weakly solvating and a wide temperature solvent, is used as an 

alternative co-solvent to ethylene carbonate (EC) to deliver a high initial coulombic efficiency 

(ICE) up to 75%. The larger interlayer spacing, low surface area, and slit-shaped micro and 

mesoporous presence in the WPET-HC structure enhance the low potential plateau capacity to 

68%, showing a more battery-type anode material from plastic trash. The WPET-HC delivered 

the excellent reversible capacity of 356 mAh g-1 at the current density of 30 mA g-1 with 

superior cycling of 91% after 100 cycles using CPME-PC-based electrolyte. The reduction of 

CPME co-solvent forms a more inorganic SEI than EC-generated SEI, providing a stable and 

thin SEI layer boosting the ICE and cycling stability of the anode. The low-temperature battery 

metric for CPME-PC-based electrolytes showed ~30% added capacity and improved ICE  

value compared to EC-PC-based electrolytes. The CPME-PC-based electrolyte maintained the 

higher capacity retention of 88% and 74% at 10℃ and 0℃, respectively, with a coulombic 

efficiency of 100%, revealing the excellent stability of the electrolyte with the HC anode. The 

work provides an eco-friendly approach to developing hard carbons from plastic trash and 

reports for the first time the use of greener, low-solvating CPME in improving the reversible 

capacity and ICE for low-temperature applications of SIBs.  

Keywords: sodium-ion batteries; upscaled PET plastic waste; hard carbon anode; plateau 

capacity; cyclopentyl methyl ether; SEI design. 
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Introduction: 

Sodium-ion batteries (SIBs) have gained much attention as alternative candidates for large-

scale stationary energy storage due to the abundance of sodium resources. The design of low-

cost, high-performance electrode materials is a key to endorsing their future commercialization. 

Fortunately, several excellent performing cathode materials have been reported, such as layered 

oxides,1,2 phosphates,3 sulfates4, and Prussian blue analogs.5 However, the demand and 

optimization of anode materials remain a significant challenge for commercialization.6 Alloy-

based anodes suffer from massive volume expansion during metal ion insertion, leading to fast 

capacity decay. In contrast, organic compounds have poor electronic conductivity resulting in 

low initial Coulombic efficiency and poor capacity retention.7 Graphite is the commercial 

choice for the anode in LIBs. However, it is unsuitable for commercial sodium storage due to 

the thermodynamic instability of GICs.8,9 The most investigated anode for SIBs is hard carbon 

(HC), also known as non-graphitizable carbon,10 delivers a specific capacity  >300 mAh g-1 

with superior rate capability and cycling stability.11,12 The diverse precursors used to synthesize 

low-cost HC anode are sugar, biomass, and organic polymers.12,13  

Alternatively, the state-of-the-art approaches for recycling plastic waste into hard carbon as 

value-added materials help to generate new resources and reduce environmental pollution. The 

global consumption statistics show that the volume of plastic production exceeded 368 million 

metric tons with an annual CAGR of ≈ 5%, thus leading to massive plastic waste and generating 

enormous amounts of greenhouse gases (GHGs).14 Carbonization, gasification, and catalytic 

pyrolysis hydrogenation are the economic techniques for using waste plastic for many 

applications, such as adsorbent for water purification, hydrogen storage, and energy storage 

devices.15–19  
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Besides the material designs, electrolyte compatibility was crucial in enhancing 

electrochemical performance. Conventional carbonate-based esters such as ethylene carbonate 

(EC), propylene carbonate (PC), diethyl carbonate (DEC), and dimethyl carbonate (DMC) are 

widely used organic solvents for SIBs.20 EC is a go-to solvent/co-solvent due to the high 

polarity and dielectric constant (~90 at 40°C), ensuring complete salt dissociation. But the 

unstable (dissolving), richer organic SEI layer results in poor initial Coulombic efficiency 

(ICE) and capacity decay during cycling.20,21 The low-temperature performance of EC is worse 

(liquid temperature range is poor) and is used in combination with other co-solvents for low-

temperature battery applications. Recently, CPME-based solvents were reported for low-

temperature Li-ion and ambient Li-metal batteries. The eco-friendly green CPME is a weakly 

solvating solvent with a wide liquid-phase temperature range of -140 ℃ to 106 ℃.21,22 No such 

reports are available for Na-ion batteries.  

As an alternative to EC, the low-solvating cyclopentyl methyl ether (CPME) in combination 

with PC was studied to improve the anode characteristics of WPET-HC for SIBs. Herein, the 

WPET-HC with CPME-PC-based electrolyte shows a high reversible capacity of 356 mAh g-1 

with high ICE of 74.5%. The changes in reversible capacity and ICE while switching from EC 

to CPME were similar at ambient and higher temperatures (~ 40℃). However, performance 

improves by more than 30% at a lower temperature (~ 0℃) with excellent cycling stability. In 

addition, the larger interlayer spacing, low surface area, and slit-shaped micro and mesoporous 

presence in the HC structure enhance the low potential plateau capacity to 68%, providing a 

more battery-type anode material from plastic trash.  

Experimental Section: 

Synthesis of Hard Carbon: PET-based plastic waste (packaged drinking water bottles 

supplied by railways) was used without further purification to synthesize hard carbon by direct 

pyrolysis. The carbonization was done using a quartz tube furnace at 1000℃ for two hours in 
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the N2 atmosphere at a heating rate of 4℃ min-1. The obtained HCs product was ground 

manually and denoted as WPET-HC.  

Material Characterization: The morphology and microstructure of the HCs were investigated 

by field-emission gun-scanning electron microscopy (FEG-SEM, ZEISS Sigma 300) and 

analytical transmission electron microscopy (Technai G2-20 TEM). X-ray diffraction (XRD) 

was conducted on Bruker-D2 Phaser instrument with Cu Kα (λ = 1.5418 Ǻ) radiation to 

calculate the graphene bilayer spacing and crystallite size using the Bragg equation and 

Scherrer equation. Raman spectra were carried out between 1000 cm-1 to 2000 cm-1 on a Horiba 

T6400 with a 514.5 nm Ar-Krypton mixed ion gas laser. Further, Fourier transforms infrared 

spectrometer (FT-IR) was carried out on Thermo Fisher Scientific Instruments to investigate 

the available functional groups. The Brunauer-Emmett-Teller (BET) surface area and pore-size 

distribution of the WPET-HC were analyzed using an N2 adsorption isotherm at 77 K with an 

outgassing temperature of 250 ℃ (Autosorb IQ instrument). X-ray photoelectron spectroscopy 

(XPS) measurement was performed on PHI 5000 VERSA PROBE III (ULVAC PHI(Physical 

Electronics), USA) using a monochromatic Al Kα X-Ray Source. The SAXS experiment was 

performed using a XENOCS SAS instrument using synchrotron radiation as the X-ray source 

(30 W Cu tube with 50KV, 0.6 mA). 

Electrochemical Characterization: The PET-based hard carbon anode was prepared by a 

homogeneous mixture of active material, Super-P black carbon, and polyvinylidene difluoride 

(PVDF) in the ratio of 80:10:10 with N-methyl-2-pyrrolidone solvent using THINKY mixer 

instrument. The obtained slurry was uniformly coated onto a copper (Cu) foil with an anode 

mass loading of ~ 2 mg cm-2 and dried at 80℃ for 12 h in a vacuum oven. Further, the CR-

2032 coin cell was fabricated inside the Ar-filled glovebox (M-Braun, H2O < 0.5 ppm; O2 < 

0.5 ppm), using sodium metal as the counter electrode and Whatman glass fiber membrane 

(GF/C) as the separator between two electrodes. The carbonate ester-based electrolyte used 
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was 1M NaClO4 in a binary mixture of ethylene carbonate (EC) and propylene carbonate (PC) 

(1:1, v/v) for Na cells. In addition, the EC was replaced by cyclopentyl methyl ether (CPME), 

and a mixture ether/ester solvent as CPME: PC (1:1, v/v) with 1M NaClO4 salt was used as 

electrolyte. The galvanostatic discharge-charge (GCD) cycling at different current densities 

and cyclic voltammetry (CV) measurement at different scan rates were tested on a Bio-Logic 

instrument in the potential range of 1.5 to 0.005V. The GITT technique was performed at the 

second cycle by applying a pulse current of 30 mA g-1 for 30 min with an intermittent 

equilibrium of 1 hour. The sodium-ion diffusion coefficients (DNa
+) were estimated by solving 

Fick's second law23,24 using the simplified equation (1).  

D = 
4

𝜋𝜏
(
𝑚𝐵𝑉𝐵

𝑀𝐵𝑆
)
2

(
∆𝐸𝑠

∆𝐸𝜏
)
2

   (1) 

where MB and mB are the molar mass of hard carbon and the mass of the electrode material, 

respectively. VB is the molar volume; S is the active surface area of the electrode material, 𝜏 is 

the pulse duration; ∆ES and ∆E𝜏 can be obtained from the GITT curve. Electrochemical 

impedance spectroscopy (EIS) measurements were performed in a frequency range from 10 

mHz to 10 kHz. GCD profiles and CV from 0℃ to 40℃ were carried out for temperature-

dependent studies for electrolyte systems at different current densities. 

Results and Discussion 

Material Characterization: Hard carbon was synthesized by direct pyrolysis of waste PET 

under the N2 atmosphere. The proposed synthesis pathway of PET-based carbonized hard 

carbon is illustrated in Figure S1. The cross-linked PET undergoes chain scission, 

decarbonylation, and condensation/dehydrogenation reactions during carbonization.16,25 The 

chain scission of the C-O bond on the ester group through decarbonylation to release CO/CO2 

is associated with the materialization of cross-linking to form high carbon content solid hydro 

char. Figure S2 shows the FT-IR spectra, and the presence of the carbonyl ester group (C=O) 
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at wave number ~1740 cm-1 (position: 4) confirms the C-O bond scission into ester groups and 

further decarbonylation to hydro char from PET.26,27  

The peak at ~2922 cm-1 corresponds to –CH and the peaks between 1550 to 1650 cm-1 belonged 

to the C=C of the benzene ring to support the presence of benzenoid compounds.28 The peak 

near 1200 cm-1 is ascribed to the terephthalate group (OOCC6H4-COO) due to the cross-linking 

of PET during carbonization.29,30 Table S1 details the IR peaks observed with the functional 

group moieties on hard carbon obtained from WPET carbonized at 1000℃. The observations 

lead to the proposed scheme (S1) of  PET conversion to HCs containing O-based functional 

groups at the surface.  

FEG-SEM and analytical TEM examined the morphology and microstructure of the HC. The 

WPET-HC has bulky micro-stone-chips-like morphology (Figure 1a) with a particle size >30 

µm. Interestingly, the morphology of raw WPET (Figure S3) has a homogeneous and smooth 

fractured surface that follows a decarbonylation reaction during the carbonization process and 

forms stone-chip morphology-based hydro char. The TEM image (Figure S4a) shows the 

highly dense carbon with a particle size in the micro-scale range. The turbostratic curves with 

randomly oriented graphene platelets were observed in HR-TEM images (Figure S4b,c). In 

addition, the SAED pattern of WPET-HC shows the dispersive diffraction ring, which confirms 

the amorphous nature (Figure S4d). The XRD pattern further confirmed the disordered 

structure shows two broad peaks near 23⁰ and 43⁰ corresponding to (002) and (100) planes, 

respectively (Figure 1b). The (002) peak of HCs is broader, but the peak position of WPET-

HC was at a lower angle, signifying larger interlayer spacing of 0.379 nm, and are larger than 

that of graphite (∼0.340 nm). The interlayer spacing is found to be pretty similar to that 

obtained from HR-TEM micrographs. Figure 1c shows the Raman spectra of the WPET-HC, 

revealing the graphitic characterization by estimating the two broad peaks at ~ 1350 cm-1 and 

1590 cm-1, corresponding to D-band and G-band, respectively.31 The relative integrated 



8 
 

intensity ratio of the D (defects) and G (graphitic) bands is directly proportional to the defect 

concentration in the HCs. The ID/IG ratio of WPET-HC at 1000℃ is low compared to the 

WPET-HC samples carbonized at low temperature (800℃), as shown in Table S2, confirming 

more ordering of graphitic domains and less defect concentration at higher carbonization 

temperature.  

XPS was used to gain insight into the functional substituents in the hard carbon synthesized at 

different temperatures. The turbostratic curve of HC has many defects and includes oxygen 

elements due to impurities in the precursor. The C1s deconvoluted XPS spectra (Figure 1d and 

S5) revealed the carbon and oxygen content in the WPET-HC. The oxygen content (at.%) 

decreases from 37.52% to 16.86% when the carbonization temperature increases from 800℃ 

to 1000℃. The deconvolution of the C1s peaks of XPS spectra show four separated peaks 

centered at 284.2, 285.1, 286, and 286.78 eV corresponding to sp2 hybridized carbon, sp3 

hybridized carbon (defected/amorphous carbon), carbon-oxygen linkage (C-O), and C=O, 

respectively.32–34 The reduction of sp3 hybrid carbon (C-C) and carbon-oxygen (C-O, C=O) 

linkages33 with the temperature rise suggests more graphitization and less defect for WPET-

HC, as supported by XRD and RAMAN analysis. 
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Figure 1: Morphology and structural features of WPET-HC: (a) FEG-SEM image (b) XRD 

pattern, (c) Raman spectra, (d) Deconvolution of the C1s peaks of XPS spectra (e) N2 

adsorption isotherm (inset: Pore size distribution:), and (f) SAXS pattern. 

The turbostratic (non-periodic stacking) curved hard carbon generates many differently sized 

open and closed pores. Figure 1e shows the nitrogen-adsorbed isotherm profile. WPET-HC 
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shows Type-II isotherm at high pressure with type-H4 hysteresis due to capillary condensation, 

commonly associated with partially closed slit-shaped pores35 lying in the 

microporous/mesoporous region. The low BET surface area (SA) of WPET-HC is 205 m2 g-1 

(pore volume of 0.186 cm3 g-1) is beneficial for less decomposition of electrolytes during initial 

cycles and stable solid electrolyte interface (SEI) layer formation. The pore-size distribution 

revealed the presence of both micro and mesopores in the structure, as shown in Figure 1e 

(inset). Besides, the micropore volume of WPET-HC is 3 × 10-2 cm3 g-1, which concludes that 

84% of mesoporosity results in a hierarchical and continuous network of micro- and 

mesopores, improving the ion diffusion channels within the HC structure. The presence of more 

mesopores can contribute to additional charge storage from the pore-filling at the confined slit-

shaped nanopores. In addition, SAXS was used to investigate the pore structure further, as the 

gas adsorption studies were sensitive to the surface open pores. Figure 1f shows the typical 

SAXS profile with the fitted curve at low and high scattering vector regions. At low q region 

(0.01-0.05 Ǻ-1), the intensity drops as q-α, where α is 3.74, close to 4, typical for sharp interfaces 

of larger objects (macro and mesopores) with almost spherical in morphology. Further, at the 

intermediate q region (0.07-0.2 Ǻ-1), the intensity evolution shows a plateau followed by a kink, 

indicating the presence of micropores.36 Later, the Guinier analysis and Porod's law method 

were used to quantify the porous characterization of the WPET-HC (see supporting 

information for more detail).37,38 Using the Porod method (Figure S6), the total surface area 

(SASAXS) was estimated as 575 m2 g-1, signifying more closed SA of 370 m2 g-1 than the open 

SA. Furthermore, the average pore diameter was estimated to be ~1.25 nm. In contrast, the gas 

isotherm method measured the pore diameter to be ~3.78 nm, suggesting the dominance of 

larger open and smaller-sized closed pores. Figure S7 shows the structural schematic of a 

WPET-derived hard carbon particle comprised of randomly aligned stacked graphene sheets 

with slit-shaped open pores.  
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Electrochemical Characterization: The galvanostatic discharge/ charge profile of WPET-HC 

anode vs. Na/Na+ half cells using NaClO4 salt in EC-PC and CPME-PC binary solvent are 

shown in Figure 2a-b. Using an EC-PC-based electrolyte, WPET-HC delivered the reversible 

capacity to 337 mAh g-1 with an initial coulombic efficiency (ICE) of 66%. In contrast, using 

a CPME-PC-based electrolyte as an EC-free solvent, WPET-HC significantly enhanced the 

ICE value to 74.5% with a reversible capacity of 356 mAh g-1. The CPME (ether) solvent 

mixture with PC induces lower desolvation energy, which is attributed to faster charge-transfer 

kinetic and is partially responsible for excellent performance.21,22 The charge/discharge profile 

shows that the WPET-HC exhibits a greater plateau region, significantly below 0.1 V, 

indicating intercalation followed by closed-pore filling. To quantify the maximum plateau-

based capacity for WPET-based HC, typical derivative capacity (dQ/dV) curves were analyzed, 

as shown in Figure 2c. The WPET-HC using EC-PC/ CPME-PC-based electrolyte, exhibits 

strong sodiation and desodiation peaks at 0.0511/ 0.0548 and 0.0913/ 0.0845 V, respectively. 

As reported, these peaks correspond to the defect-assisted insertion/pore filling in the hard 

carbon anodes.11,39 After that, the first reversible capacity was spitted into the sloping and 

plateau capacity based on the sodiation peaks at a lower potential, as shown in Figure 2c (inset). 

The surface adsorption-based sloping capacity (SRC) is marginally better for CPME-PC, and 

PRC contributions were similar for both systems. The better SRC can also be due to the faster 

charge transfer kinetic using the ether/ester combination.22,40,41 The capacitive and diffusion 

contribution was quantified using the CV curve, as shown in Figure S8. The capacitive 

contribution for CPME-PC-based electrolytes is marginally better than EC-PC-based 

electrolytes and increases with the scan rate to support the better SRC value. However, the 

WPET-HC, with its more hierarchical porosity distribution, favors more nanopore-filling and 

promotes a significantly higher plateau capacity of 68%, suggesting typical battery type, lower 

insertion potential, and sustainable anode material from PET plastic waste for SIBs. Table S3 
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summarizes the reported plastic-waste and biomass precursor-based HC and their comparative 

electrochemical properties for SIBs. The HC anode WPET-HC shows the best reversible 

capacity with maximum plateau capacity contribution for sodium-ion batteries signifying a 

promising battery-type anode for SIBs.  

 

Figure 2: Discharge-charge profile at 0.1C rate of WPET-HC in (a) EC-PC, (b) CPME-PC 

system. (c) Differential capacity-voltage curve (inset: plateau and sloping capacity distribution. 

(d) Rate performance, and (e) Long cycle stability at 0.1C rate. (f) GITT curve and diffusion 

coefficient as a function of potential. 

The superior rate performance of WPET-HC electrodes at various current rates is shown in 

Figure 2d. The specific discharge capacities of 337/356, 298/326, 239/272, 180/202, 125/150, 

75/94, and 46/67 mAh g-1 are recorded at 0.1C, 0.2C, 0.5C, 1C, 2C, 5C, and 10C rates, 

respectively for EC-PC and CPME-PC-based electrolyte. The reversible capacity retention of 

91.5% and 93.2% was achieved after 35 cycles of the rate test for EC-PC and CPME-PC, 

respectively, signifying excellent electrode stability and supporting the long cycle data at a 

0.1C rate. The WPET-HC anodes demonstrated highly reversible and repeatable voltage 
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profiles. Figure 2e confirms that the WPET-HC electrodes exhibit excellent reversible capacity 

retention of 88% (EC:PC) and 91% (CPME:PC) between the 2nd and 100th cycles. Also, the 

stability of SEI is reflected by achieving almost 100% Coulombic efficiency after the initial 

cycle.  

GITT was used to calculate the diffusion coefficient and to explore the ion kinetics and storage 

mechanism in the WPET-HC anode. As shown in Figure 2f, during the sodiation process, the 

DNa
+ decreases slowly (1.2-0.2 V:), followed by a sharp decline to ~0.08 V (DNa

+: 4.5 × 10-10 

cm2 s-1 for EC-PC and 1.64 × 10-9 cm2 s-1 for CPME-PC). Further, the DNa
+ recovers increases 

sharply and then drops till the cut-off potential (0.005 V). In the potential range of 1.2-0.2 V, 

the slow decline of DNa
+ is associated with the sizeable repulsive force generated among Na-

ion adsorbed in the active sites,42,43 then sharp decline (0.2-0.08 V) is due to unstable Na-rich 

graphitic intercalation compound.8,44 The lowest DNa
+, mainly concentrated in the plateau 

region, indicates a sluggish electrochemical reaction. Here, the DNa
+ of CPME-PC is more than 

an order of magnitude higher than EC-PC, suggesting better reaction kinetic due to the low 

desolvation energy of CPME.45–48  

To gain insight into the evolution of SEI films and the kinetics difference of Na+ storage for 

different electrolytes, ex-situ XPS, FTIR, and XRD were employed. Figure 3a-c shows the 

systematic XPS analysis to investigate the surface chemistry of the cycled WPET-HC electrode 

at a current density of 30 mAh g-1 for EC-PC and CPME-PC-based electrolyte and their effects 

on the electrochemical performance. The C1s spectrum in both electrolyte display five peaks 

located at 283.6 eV (Nax-HC), 285.28 eV (C-C/C-H), 287.1 eV (C-O), 288.6 eV (C=O), and 

291.3 eV (CO3).
49,50 Notably, the SEI layer's organic content (–C=O, -C-O- ) is lower for the 

CPME-PC-based electrolyte. The CO3 species arise from the solvent-derived SEI components, 

which are significantly reduced for CPME-PC, and a salt-derived inorganic SEI is observed, 

as seen in the Cl-2p spectrum (Figure 3c).21 The higher Nax-HC and C-C peak intensity appears  
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Figure 3: XPS spectra for a cycled HC in EC-PC and CPME-PC-based electrolyte: (a) C 1s, 

(b) O 1s, and (c) Na 1s & Cl 2p  (d) SEI components (%) from XPS (e) FTIR spectrum of 

cycled HC anode (e) Nyquist plots of HC after the 1st and 10th cycle.  

in the C1s spectrum for CPME-PC-based electrolytes, indicating a thinner SEI film 

formation.49,50 The peaks at 198.9 eV and 200.5 eV in Cl 2p spectrum arise from the Na-Cl 

species in the SEI, whereas the peaks at higher binding energy indicate organic chlorine 
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covalently bonded to sp2-C or Cl-C=O bonds.51,52 In summary, the Na-containing inorganic 

components, especially Na2O and NaCl, are higher, but O-containing substituents are lower for 

CPME-EC-based electrolytes suggesting a more compact and stable SEI layer, which can 

restrict the continuous decomposition of electrolytes. The resulting thin SEI will effectively 

decrease the Na+ diffusion length and charge-transfer resistance and boost the electrochemical 

performance. The variation in SEI composition (%) for both the electrolyte system is shown in 

Figure 3d. To further explore the more organic species-based SEI components in EC-PC-based 

electrolytes, ex-situ FTIR was employed, as shown in Figure 3e. The peak characteristics of 

organic-based species of EC-PC-based electrolytes are stronger than CPME-PC-based 

electrolytes, which supports the XPS analysis of a thinner, more inorganic, and more stable 

SEI film formation for the CPME-PC system.  

The growth of SEI during cycling was investigated using EIS measurements. The EIS profiles 

at 0.1C display the one semicircle occurring at high/medium frequencies, representing the 

resistance due to SEI film (RSEI) and charge transfer (RCT) with Warburg impedance (W) 

originating from Na+ semi-infinite diffusion.53 As shown in Figure 3f, the electrolyte solution 

resistance (RS) is 21 Ω for CPME-PC, but ~ 34 Ω for EC-PC, indicating rapid migration of Na+ 

in ether-ester combination. Besides, for the EC-PC electrolyte system, the resistance (RSEI + 

RCT) is almost 40% higher than the CPME-PC electrolyte, suggesting a slower transfer kinetics 

from the higher desolvation energy of EC.54 In CPME-PC-based electrolyte, the resistance 

(RSEI + RCT) increase after ten cycles is 26% lower than that of EC-PC-based electrolyte, 

indicating stable, inorganic SEI film, which provides effective passivation for the HC-anode 

by reducing the anode polarization and improving cyclability.  

To gain insight into the amount of Na+ intercalation into HC with two different electrolytes, 

ex-situ XRD was performed on the discharged electrode. The broad (002) peak shifts to a lower 
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angle in the case of CPME-PC-based electrolyte, possibly due to the lower desolvation energy 

of the CPME.21,22  

 

Figure 4: (a) Charge-discharge profiles at 0.1C rate of WPET-based HC at different cell 

operating temperatures in (a) EC-PC, (b) CPME-PC system. (c) Reversible capacity and ICE 

(%) as a function of cell operating temperature. (d) Performance improvement from EC:PC to 

CPME:PC electrolyte system at 0.1C rate. (e) C-rate performance, and (f) Cycle stability for 

both electrolyte systems at different cell operating temperatures. 

Effect of Cell Operating Temperature: The evolution of  CPME co-solvent with temperature, 

the EC-free solvent was measured in a thermal chamber from 0℃ to 40℃. Figure 4a,b shows 

the GCD profiles at 0.1C rate. A comparable reversible capacity of 333 mAh g-1 (EC-PC) and 

353 mAh g-1 (CPME-PC) was achieved at 25℃. The reversible capacity, PRC, and ICE value 

followed a decreasing trend as the cell operating temperature dropped 0℃, as shown in Figure 

4c. In contrast, the reversible capacity, PRC, and ICE value of WPET-HC using CPME-PC 

outperform the EC-PC at cell operating temperatures of 10℃ and 0℃ due to the wider liquid 

range and better transport properties of CPME solvent. Excellent low-temperature performance 
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of 278/234 mAh g-1 and 185/130 mAh g-1 for CPME-PC/EC-PC-based electrolyte at cell 

operating temperatures of 10℃ and 0℃, respectively. 

Further, this improvement in the electrochemistry performance at 0.1C rate was analyzed at 

different operating temperatures, as displayed in Figure 4d. The changes in capacity and ICE, 

while switching from EC to CPME, are similar at 40℃, although the increment in performance 

is more than 30% at lower temperatures. CPME co-solvent achieves more favorable interfacial 

properties to show a high ICE value of up to 80% from its low solvating nature and the chemical 

stability of the cyclic alkyl group at lower temperatures.22 Figure 4e shows the rate performance 

of these electrolytes at different current rates. The capacities for CPME-PC-based electrolytes 

are higher till the 2C rate due to lower charge transfer resistance, faster desolvation process, 

and stable, robust SEI film formation. 

Interestingly, at the higher 5C rate, the difference in capacities for both electrolyte systems is 

negligible, as the capacitive storage mechanism becomes more dominant with increasing C-

rate. After 40 cycles, the EC-PC-based electrolyte showed a capacity retention of 77% (10℃), 

and 51% (0℃), whereas the CPME-PC-based electrolyte could maintain a high capacity 

retention of 88% and 74% at 10℃ and 0℃, respectively, with 100% Coulombic efficiency.  

Conclusion 

In summary, we report the upcycling of PET-based plastic waste for the high-performance 

anode in SIBs and explore the application of CPME solvent as an alternative to EC. The WPET-

HC delivered the excellent reversible capacity of 356 mAh g-1 at the current density of 30 mA 

g-1 with superior cycling of 91% after 100 cycles using CPME-PC-based electrolyte. The 

unique features of HC, such as larger interlayer spacing, low surface area, and slit-shaped micro 

and mesopores in the structure, enhance the low potential plateau capacity to 68%, indicating 

battery-type anode material from plastic trash. Further, we compared the performance 
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difference between the EC-PC (ester-ester) and CPME-PC (ether-ester)-based electrolyte 

through  XPS, FTIR, XRD, and EIS measurements during and after CD cycles. The Na-

containing inorganic components, especially Na2O and NaCl species, were higher, and O-

containing substituents were lower for CPME-EC-based electrolytes. The SEI film was more 

inorganic and stable, restricting the continuous dissolution of the SEI layer as found in organic-

rich SEI layers, thereby improving the ICE and cycling stability of the anode. A thinner SEI 

effectively decreases the Na+ diffusion length and charge-transfer resistance and further boosts 

the electrochemical kinetics. In addition, excellent low-temperature performance was observed 

for CPME-PC-based electrolytes with ~30%  added capacity and ICE value compared to EC-

PC-based electrolytes. The CPME-PC-based electrolyte maintained the higher capacity 

retention of 88% and 74% at 10℃ and 0℃, respectively, with the coulombic efficiency of 

100%, due to the robust SEI layer on the HC anode. This study paves the way for a less energy-

intensive approach for utilizing the waste PET conversion to HCs for sustainable anode 

material for sodium-ion batteries with distinct storage mechanisms. It offers a practical 

approach to designing co-solvents, especially for low-temperature applications for enhanced 

reversible capacity and high ICE for HC anodes in Na-ion batteries. 
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