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Abstract 

Toward a more sustainable energy storage system, greener battery components were developed using lignin 

(LSE) and cellulose (CP), extracted from poplar wood and pistachio shells, respectively. Deep eutectic solvents 

(DESs) were employed as eco-friendly extraction media for the extraction of CP, owing to their low toxicity, 

simple preparation, recyclability, and cost-effectiveness, while a traditional steam explosion method was used 

for LSE extraction. The extracted LSE was used to synthesize hard carbon anode material, delivering stable 

capacity values exceeding 330 mAh g−1 over 200 cycles. On the other hand, CP was evaluated as a binder 

substituting sodium carboxymethyl cellulose (CMC) in aqueous LiNi0.5Mn1.5O4 (LNMO)-based cathode slurries. 

Electrochemical performance in Li-metal cells demonstrated that CP provided enhanced long-term cycling 

stability, while CMC showed superior rate capability. 
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Introduction 

The transition away from fossil fuels for electric power generation systems is a critical step toward the 

goals outlined in 'The European Green Deal', which aims for net-zero greenhouse gas emissions by 2050 [1,2]. 

Alkali-metal or alkali-ion batteries such as Li-metal batteries (LMBs) and Li-ion batteries (LIBs) represent the 

state-of-the-art energy storage technologies owing to their high energy densities. These battery performances 

are typically evaluated using several key metrics, including specific energy (Wh kg−1), energy density (Wh L−1), 

specific power (W kg−1), power density (W L−1), safety, cycle life, calendar life, and charging time (i.e., fast 

charging ability) [3]. More recently, considerations of cost and environmental sustainability are becoming 

essential for progressing toward a more sustainable energy future [4,5]. 

At the stage of material synthesis, the development of more sustainable LIBs requires prioritizing raw-

material accessibility, synthesis simplicity, and ease of material handling. Several commonly used battery 

components, such as cobalt, fluorspar, lithium, magnesium, and natural graphite, are classified as critical raw 

materials (CRMs) that are economically indispensable but are at risk of supply disruption and depletion [6]. The 

use of naturally occurring materials offers a promising strategy to reduce both environmental impact and 

geopolitical supply risks. Among them, biomasses composed of cellulose, hemicellulose, and lignin, have 

garnered significant attention as an abundant and renewable feedstock. The direct utilization of biomass-derived 

materials, if feasible, could contribute to minimizing energy consumption, chemical waste, and production costs, 

thereby contributing to more sustainable and scalable battery technologies. 
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In the field of batteries, cellulose derivatives, most notably sodium carboxymethyl cellulose (CMC), 

are commonly used as binders for electrodes or separators [7,8], together with other bio-derived polymers such 

as guar gum, chitosan, and alginate [9]. The use of these binders in electrode formulations enables the use of 

water to prepare electrode slurries, effectively replacing harmful organic solvents such as N-methyl pyrrolidone 

(NMP) [10]. This shift not only lowers production costs but also significantly reduces environmental footprint, 

paving the way for greener and safer battery manufacturing [11]. However, aqueous processing poses challenges 

for high-voltage cathode due to lithium leaching and concurrent pH increase, which lead to corrosion of 

aluminum current collectors. To mitigate these issues, recent strategies have focused on pH adjustment using 

mild acids (e.g., citric acid, acetic acid, phosphoric acid, poly(acrylic acid)) [12] or CO2 [13], alongside the 

formation of protective coatings on active material particles or aluminum foil [14].  

In contrast, lignin is primarily recognized as a carbon-rich feedstock and is mainly utilized as a 

precursor for carbon materials in battery applications [7,15]. The properties of biomass-derived carbon materials 

vary depending on the chemical composition of the precursor, the pre-treatment and activation methods, and 

the carbonization temperature and atmosphere. Among these, hard carbon (HC) is one of the promising anode 

materials due to its disordered and porous structure, providing additional site for lithium intercalation [16]. The 

pyrolysis temperature is a critical factor in determining the crystalline structure of the resulting material, with 

lower temperatures favoring the formation of amorphous HC and higher temperatures promoting the 

development of crystalline, graphite-like carbons [17,18]. In addition, hydrothermal treatment with acids can 
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significantly increase the surface area and porosity of HC, therefore improving metal-ion diffusion and storage 

capacity. [19,20]. 

Regarding biomass treatment, a wide range of methods has been developed to efficiently fractionate 

biomass into its main components, i.e., cellulose, hemicellulose, and lignin, and to enable their subsequent 

recycling and valorization, such as steam explosion, dilute acid treatment, alkaline treatment, Kraft pulping, and 

organosolv treatments [21,22]. Despite their widespread use, these conventional pretreatment technologies have 

several limitations such as energy consumption related to high temperature and high pressure treatments, 

degradation of the monosaccharides into other byproducts, and corrosion of equipment related to the use of acid. 

For example, in the steam explosion method, biomass is heated to 160–260 °C under high pressure (7–50 bar), 

followed by rapid depressurization that disrupts the cell structure. Dilute acid pretreatment is typically 

conducted with sulfuric acid (<5 wt%) at relatively high temperatures (120–160 °C). Recently, deep eutectic 

solvents (DESs), including low transition temperature mixtures (LTTMs) in the broad sense, are recognized as 

a novel class of solvents for biomass processing. They are engineered through the complexation of Lewis or 

Brønsted acids and bases [23,24]. More specifically, they typically formed by the complexation of a quaternary 

ammonium salt acting as a hydrogen bond acceptor (HBA) with a metal salt or hydrogen bond donor (HBD), 

such as phenolic derivatives. These solvents possess a unique set of properties that make them promising 

alternatives to conventional organic solvents, such as negligible vapor pressure, non-flammability, a wide liquid-

phase temperature range, high thermal and chemical stability, moisture tolerance, environmental friendliness, 
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and easy biodegradability [25]. Their tunable composition allows for designed interaction with biomass 

components like lignin and cellulose, offering a selective and efficient pretreatment strategy.  

In this study, the extraction of cellulose and lignin from biomass using LTTMs was developed as a 

preliminary step toward the sustainable production of materials for LIBs. LTTMs were selected due to their 

more sustainable characteristics compared to conventional solvents [26] and their effective ability to disrupt the 

strong hydrogen bonding networks within lignocellulosic matrices [27–29]. To enhance extraction efficiency 

and preserve the structural integrity of the extracted materials, while avoiding undesirable side reactions such 

as hydroxylation, demethoxylation, condensation, and crosslinking formation [30], both the dissolution and 

precipitation procedures were optimized based on methodologies reported in the literature [31–33]. The 

resulting materials, along with lignin extracted via the conventional steam explosion method, were then utilized 

in the development of battery components. This work addresses sustainability comprehensively by applying 

green principles both in developing battery components and in extracting biomass, thereby establishing an 

integrated system aligned with the goals of sustainable energy storage system. 

 

Experimental section 

Materials 

Components of DES were purchased from Sigma Aldrich and utilized without further purification, such as 

resorcinol (99%), 4-methoxyphenonl (98%), 2-methoxyphenonl (99%), pyrogallol (98%), and choline chloride 

(ChCl, 98%) which was dried before use. For electrode preparation, commercially available LiNi0.5Mn1.5O4 
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(LNMO, from NEI Corporation), Super-P conductive carbon (SP, from Timcal), poly(vinylidene fluoride) 

Solef® 6020 (PVdF, from Solvay), and sodium carboxymethyl cellulose Mw ~700,000 (CMC, from Merck 

KGaA) were used. Prepared electrodes were examined using an electrolyte, namely 1 M LiPF6 in ethylene 

carbonate - dimethyl carbonate 1:1 v/v (LP30, from Merck KGaA). 

 

Preparation of DES 

DESs were synthesized by mixing ChCl with either resorcinol, 4-methoxyphenol, 2-methoxyphenol, or 

pyrogallol in precisely defined stoichiometric ratios, each in a separate preparation. Each binary mixture was 

heated at 80 °C under stirring until a visually transparent, homogeneous liquid was achieved. The molar ratios 

employed were as follows: ChCl : resorcinol 1:2, ChCl : 4-methoxyphenol 1:2, ChCl : 2-methoxyphenol 1:2, 

and ChCl : pyrogallol 1:1.  

 

Extraction of biomass 

Extraction of cellulose (CP) and lignin (LP) from pistachio shells was carried out as follows. To 2 g of the 

freshly prepared DES, 100 µL of H3PO4 aq. (85% v/v, diluted tenfold with deionized water) was added under 

stirring until a homogeneous mixture was obtained. Subsequently, 200 mg of fine powders from pistachio shells 

were added to the mixture and stirred at 100 °C for 72 hours. After mixing, a 1 M aqueous solution of NaOH 

was added dropwise to precipice biomass, primarily composed of cellulose, which was then collected by 

centrifugation at 5000 rpm for 5 minutes. A total of 120 mg of CP powder was obtained and washed three times 
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with 1 M NaOH, with gentle heating at 50 °C for 20 minutes, if necessary to facilitate dispersion. In contrast, 

the supernatant was neutralized by the addition of 1 M HCl and then diluted with chilled water (4 °C) to induce 

lignin precipitation, which was recovered by vacuum filtration, washed thoroughly with chilled water, and dried, 

yielding 60 mg of LP. Since the amount of obtained LP was insufficient for material development, lignin (LSE) 

was additionally extracted from poplar wood using the traditional steam explosion method [34]. The LSE was 

provided by the Trisaia Research Centre, Italian National Agency for New Technologies, Energy and 

Sustainable Economic Development (ENEA). 

 

Preparation of electrodes with hard carbon 

By using LSE, HC was synthesized according to the literature [35]. LSE, milli-Q water (18.2 MΩ cm−1 at 25 °C), 

and citric acid were mixed in a ratio of 8:20:0.1 in wt% and placed in a Teflon lined autoclave reactor, which 

was treated at 250 °C for 7.5 h to obtain hydrochar. After vacuum filtration of the obtained material to remove 

residual acid, it was pre-dried in an oven and then treated in a tube furnace at 600 °C for 2 hours with a heating 

ratio of 10 °C min−1, in Ar flow. To evaluate the effect of impurities resulting from the extraction procedure, 

the purification was performed three times after HC synthesis by mixing it with Milli-Q water, sonicating for 5 

min, and separating it with a centrifuge. 

The obtained HCs with and without purification were utilized as an active material of LIBs. Slurries 

containing 80wt% dried HC, 10wt% SP, and 10wt% binder (either PVdF or CMC) were prepared using N-

methylpyrrolidone or Milli-Q water as a solvent, which were applied on copper foils by using a doctor-blade. 
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The sheets were dried at 60 °C and cut into 1cm diameter disks. The cut electrodes were dried under vacuum at 

120 °C for overnight. 

 

Preparation of LNMO electrodes 

CP was purified in a similar manner for HC prior to its use. Electrode slurries were prepared by mixing 80wt% 

LNMO, 10wt% SP, and 10% binder in Milli-Q water. The binders were formed by CMC and CP, and their ratio 

was changed from CMC:CP=10:0, 2:8, 4:6, 6:4, 8:2, 0:10, which were named as CP0, CP2, CP4, CP6, CP8, 

and CP10. The slurries were coated on Al foils with a doctor-blade and dried at 60 °C. After cutting into 1cm 

disks, they were dried under vacuum at 120 °C for overnight. 

 

Thermal characterization of DES 

Differential scanning calorimetry (DSC) was conducted using a DSC 821 instrument from Mettler-Toledo under 

a nitrogen flow. The sample was initially cooled from room temperature to −120 °C at a cooling rate of −10 °C 

min−1, followed by isothermal hold at −120 °C for 5 minutes. Subsequently, a heating scan was recorded from 

−120 °C to 120 °C at a heating rate of 10 °C min−1. 
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Spectroscopic characterization 

Fourier Transform - Infrared Spectroscopy (FT-IR) was performed using a Nicolet 6700 FT-IR Spectrometer 

(Thermo Fisher Scientific) employing KBr pellets as a sample medium. A total of 64 scans was performed at a 

resolution of 4 cm−1, with the resulting data presented as absorption frequencies in units of cm−1. 

Raman spectroscopy was carried out using a DILOR LabRam confocal micro-Raman with a He−Ne 

laser source at 632.7 nm. The Raman energy shift was calibrated using a Si wafer. The spectra were recorded 

in the vibrational frequencies from 200 to 3000 cm–1 with the exposure time of 10 seconds and the accumulation 

number of 4. 

X-ray diffraction (XRD) pattern was recorded using a Rigaku d-max Ultima+diffractometer equipped 

with a CuKα source from 15° to 80° at the speed of 1° min–1. 

 

Electrochemical characterization 

A CR2032 coin cell configuration was utilized. The prepared electrodes based on HC and LNMO were 

combined with Li-metal anodes and LP30 electrolytes. The prepared cells were subjected to galvanostatic 

cyclation in a potential range of 0.05 – 2 V vs Li+/Li at C/10 (1C = 372mA g−1) for 200 cycles in the case of 

HC. The cells with LNMO were tested in a potential range of 3 – 5 V vs Li+/Li at 1C for 200 cycles in the case 

of long-term cycling and at 0.2C, 0.5C, 1C, 2C, and 0.2C, 10 cycles for each C-rate, in the case of rate capability 

evaluation. Considering the nominal capacity reported by the supplier, 1C was equivalent to 130 mA g −1.  
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Results and discussion 

Development of DES and its use for biomass extraction 

For the extraction of CP and LP, a series of DES was prepared following a previously established protocol 

reported in the literature [36]. The combinations of HBA and HBD are summarized in Table 1, along with their 

glass transition temperature (Tg) as determined by DSC analysis (thermograms are provided in Figure S1).  All 

the prepared mixtures exhibited a Tg below 0 °C and can therefore be classified as LTTMs, which is considered 

as a subclass of DESs as explained above [24,37]. 

 

Table 1. A series of DESs prepared for the extraction of CP and LP with their Tg. 

 

Subsequently, biomass extraction was carried out by using LTTMs. Parameters such as solvent 

composition, biomass-to-solvent weight ratio, dissolution time and temperature, and the use of an additive (5% 

H3PO3 solution in this case) were systematically evaluated based on the weight of undissolved biomass. Among 

Samples Molar Ratio Tg (°C) 

ChCl:resorinol  1:2 -72.23 

ChCl:4-methoxypheniol  1:2 -69.74 

ChCl:2-methoxyphenol  1:2 -62.89 

ChCl:pyrogallol  1:1 Tg1= -64.03 / Tg2= -51.62 
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examined systems, the most promising one, balancing dissolution efficiency with the mild reaction parameters 

(i.e., temperature, acid concentration, and reaction time), was identified as ChCl:resorcinol at a 1:2 molar ratio. 

By employing the most effective solvent, ChCl:resorcinol at a 1:2, an extraction procedure for CP and 

LP was established, and the optimized procedure is schematically depicted in Figure 1. Almost complete 

dissolution of pistachio shell powder was achieved by stirring at 100 °C for 72 hours. This treatment temperature 

is substantially lower than that of widely used industrial methods including steam explosion. A 1 M aqueous 

solution of NaOH was added to precipitate CP, followed by washing. The supernatant was neutralized with 1 

M HCl, which was then diluted with chilled water to initiate LP flocculation. This precipitate exhibited partial 

solubility in water at ambient temperature, indicating lignin depolymerisation during the extraction process, as 

supported by previous experiments reported in the literature [36]. Alternatively, it is possible that only low-

molecular-weight lignin was extracted while lignin with higher molecular weight or cross-linked structures 

might remain insoluble during the pistachio powder dissolution. 

 

 

Figure 1. Schematic illustration of CP and LP extraction from pistachio shell powders using DES. 
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FT-IR characterization of CP and LP 

FT-IR spectroscopy was performed to rapidly identify the extracted materials. A shown in Figure 2 (a), the 

extracted LP exhibited the following diagnostic signals: a broad absorption band at 3400 cm⁻¹ attributable to 

O–H stretching vibrations, two signals at 1601 and 1473 cm⁻¹ corresponding to aromatic ring bending modes, 

various bands with different peak intensities from 1300 to 1000 cm−1 arising from various stretching vibrations 

such as C–O, C–H and C=O [38], and two signals at 960 and 776 cm⁻¹ indicative of C–H out-of-plane vibrations 

[39].  

The extracted CP exhibits signal patterns similar to those of commercially available cellulose, 

AVICEL PH101. The main diagnostic signals were: a band at 3405 cm-1 attributable to O-H stretching vibrations, 

a band at 2987 cm-1 attributable to stretching C-H, a signal around 1640 cm-1 indicating the O-H bending of 

adsorbed water, and three characteristic signals for the pyranose ring at 1161, 1114, and 1059 cm-1 [40–42]. 

These results confirm a successful extraction of cellulose and lignin from pistachio shell powders.  

 

 

Figure 2. FT-IR spectra of (a) LP, (b) CP, and (c)AVICEL as a reference for CP. 
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Fundamental characterization of HC synthesized from biomass 

Figure 3 (a) summarizes the XRD pattern of LSE before and after pyrolysis, demonstrating the transformation 

of lignin into HC. In both samples, the broad diffraction patterns can be observed, arising from the amorphous 

character of materials. For HC, two broad patterns at around 23° and 43° correspond to the crystallographic 

planes (002) and (100) of carbon materials, respectively. In addition, there are sharp signals at 23.7°, 26.4°, and 

32.0° in the pristine LSE, and at 27.6° and 29.3° in the as-made HC. From EDS analysis reported in the 

supplementary information (Figure S2), the presence of Na, Si, and Ca can be confirmed in LSE, impurity 

arising from the extraction procedure of LSE or a preexisting contamination in the biomass. Since the peaks of 

NaOH, Na2CO3, NaO2 are not present in the XRD pattern, Na-related products are expected to present in an 

amorphous state. The sharp signals in LSE can thus be attributed to Ca(OH)2 and SiO2, and those in HC can be 

assigned to CaCO3. The signals of CaCO3 are visible also in the spectrum of purified HC.  

As can be seen in Figure 3 (b), Raman spectra of HC exhibit characteristic D and G bands at 1343 and 

1584 cm–1, respectively. The former represents the A1g vibration mode of sp2 carbon rings caused by 

defects, while the latter corresponds to E2g vibration mode of sp2 carbon atoms [43]. The relative intensity ratio 

of the D to G bands (ID/IG) is 1.4 and 1.2 for HC before and after purification. The lower ID/IG ratio observed 

after purification suggests a reduction in structural disorder or defects. This may be due to the partial loss of 

highly disordered, low-density carbon species during the washing process. Specifically, purified HC was 

recovered from water by centrifugation after sonication, and this step may not be effective in precipitating all 
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low-density amorphous particles. As a result, the recovered sample may be slightly enriched in more graphitic, 

higher-density carbon domains, leading to a lower observed ID/IG ratio. 

 

 

(a) 

 

(b) 

Figure 3. (a) XRD pattern of LP and as-made HC, reported with reference spectra Ca(OH)2 (PDF#50-0008), 

SiO2 (PDF#12-0708), and CaCO3 (PDF#05-0586). (b) Raman spectra of HC before and after washing. 



16 

 

Cell performance of HC synthesized from biomass 

Figure 4 demonstrates specific capacity of Li metal cells in which HC is an active material in the counter 

electrode. The voltage profiles and differential capacity (dQ/dV) curves for 1st and 2nd cycles are provided in 

the Supporting Information (Figure S3). In both cases, purified HC exhibits better performances compared to 

as-made HC. As can be seen in Figure 4, capacity values decrease rapidly in the beginning, accompanied by 

low Coulombic efficiency values, and they stabilize after approximately 25 cycles. The initial low Coulombic 

efficiency is attributed to the formation of the solid electrolyte interphase (SEI) on the HC surface [44]. When 

PVdF is used as the binder, SEI formation is observed at 0.7 V vs. Li⁺/Li for pristine HC and at 0.8 V vs. Li⁺/Li 

for purified HC, as shown in the dQ/dV curves (Figure S3). In contrast, the SEI formation voltage shifts to a 

lower value when CMC is used as the binder. SEI formation is an irreversible process, and the corresponding 

signals disappear after the first cycle. Consequently, in successive cycles, the voltage profile exclusively reflects 

the lithiation/de-lithiation behavior of HC, which is characterized by a slope pattern. 

The charge capacity values at the 50th cycle reach 320.4 and 216.2 mAh g–1 for pristine and purified 

HC with PVdF binder and 346.4 and 285.1 mAh g–1 for those with CMC binder. The enhanced capacity for the 

cell with CMC is due to more homogeneous distribution of the active material, as already reported in the 

literature for other carbon-based electrodes [45,46]. In addition, CMC is a promising binder particularly for 

carbon-based anodes because of its unique hydrophobic-hydrophilic balance, improving electrode integrity [47]. 

At the 200th cycle, capacity retention is found to be 93.6 and 97.3% for the HC-PVdF samples and 92.9 and 

85.8 % for the HC-CMC, purified and non-purified, respectively, compared to the 50th cycle. It seems the 
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impurities in HC have the effect of capacity reduction from the beginning of cycling with PVdF, while this 

negative effect is somehow mediated in the beginning with the presence of CMC. Better capacity values are 

observed when CMC is the binder, while better capacity retentions are confirmed when PVdF is the binder. 

 

 

(a) 

 

(b) 

Figure 4. Specific capacity (Q) of Li||HC cell in which (a) PVdF and (b) CMC is used as the binder, cycled at 

C/10. 
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Cell performance of LNMO cathode with cellulose-based binders 

Figure 5 summarizes the rate capability of Li-metal cells employing LNMO cathodes with different binder ratios 

of CP and CMC. With the exception of the electrodes with larger ratios of CP, specifically CP8 and CP10, the 

electrodes exhibited good rate capabilities, i.e., a capacity value over 100 mAh g−1 regardless the C-rate. When 

the cycling speed is 2C, specific discharge capacities of the cells decrease with increasing amount of CP, 

suggesting CMC is a better binder for higher speed cycling. Figure S4 exhibits impedance spectra of the cells 

after the rate capability analysis and Table S1 summarizes bulk and interfacial resistance values (Rbulk and Rint) 

calculated from the spectra. The Rbulk values are higher for CP0 and CP2, while they are similar among CP4, 6, 

8, and 10. With respect to Rint, which is derived from the diameter of the semicircle appearing in each impedance 

spectrum, calculated by fitting so that it estimates the major axis of an ellipse, low values are observed for CP2 

and CP4, and the value increases by increasing the concentration of CP over CMC. This would be the reason 

for the lower capacity at higher C-rate values of the cell having CP as a major component of the binder. In the 

case of CP0, in which CP is absent, its Rbulk and Rint are substantially high, but the overpotential of the cell is 

low compared to the cells containing CP (see Figure S5 for voltage profiles at 2C). From the voltage profile, it 

also can be noticed that the voltage plateau at ca. 4.0 V vs Li+/Li is larger for CP0 compared to other cells, which 

is related to Mn3+/4+ redox observed for disordered LNMO [48]. Enhanced Mn3+/4+ redox has already been 

observed when CMC-based binder is used [49]. 
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Figure 5. Rate capability analysis at 0.2C, 0.5C, 1C, 2C, and 0.2C of LNMO cathodes with different binder 

composition (CMC:CP=10:0, 2:8, 4:6, 6:4, 8:2, 0:10 named as CP0, CP2, CP4, CP6, CP8, and CP10). 

 

The clear trend of capacity increase being inversely related to the ratio of CMC over CP, which can be observed 

at 2C, is not observed when the C-rate is lower than 1C. When the specific capacities of the 10th and 50th cycles 

are compared, both of which are cycled at 0.2C, the best capacity retention is achieved by CP8 (99.6%) and 

decreases as follows: CP2 (99.1%), CP6 (99.1%), CP4 (99.0%) > CP10 (98.5%) > CMC (97.6%). This suggests 

that the addition of CP to CMC has an advantageous effect on long-term cycling. To confirm this, long-term 

stability was analyzed as shown in Figure 6. When CMC is absent (CP10), the cell exhibits low and non-constant 

capacity values over 200 cycles. In all cases, capacity value increases in the first 10 cycles, and at the 10th cycle, 

a better specific discharge capacity is found for the cell with a higher amount of CMC which is consistent with 

the results of the rate capability analysis. Capacity retention values at the 200 cycle with respect to that of the 
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10th cycle is 78.6, 94.6, 94.6, 94.5, and 99.5 % for CP0, CP2, CP4, CP6, and CP8. Therefore, the use of CP as 

the binder is confirmed to be favorable for long-term cycling. Figure S6 reports dQ/dV curves of cells with 

varying CP content in binder (CP0–CP10), comparing the 10th and 200th cycles. In all samples, two distinct 

oxidation peaks are observed: one at around 4.1 V vs Li+/Li for Mn3+/Mn4+ and another at around 4.8 V vs Li+/Li 

attributed to the multiple-step oxidation of nickel (Ni2+/Ni3+ and Ni3+/Ni4+). The oxidation voltage of nickel 

tends to increase when the CP concentration is high. In contrast, its voltage gap between the 10th and 200th cycles 

(ΔV10th–200th) decreases with increasing CP content. For example, CP0 and CP2 show relatively large ΔV10th–

200th of 29 mV and 40 mV, respectively, indicating greater overpotential growth. This trend suggests that the 

inclusion of CP suppresses the increase in overpotential upon long-term cycling. 

 

 

Figure 6. Long-term cycling at 1C of LNMO cathodes with different binder composition (CMC:CP=10:0, 2:8, 

4:6, 6:4, 8:2, 0:10 named as CP0, CP2, CP4, CP6, CP8, and CP10). 
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Conclusion 

The extraction procedure of CP and LP from pistachio shells was developed by using DES as the green solvent. 

Along with LSE, these extracted materials were used for the development of battery components. HC prepared 

from LSE was examined as the active material in Li-metal batteries. Specific capacities of the 50th charge are 

320.4 and 216.2 mAh g–1 for the HC-PVdF samples and 346.4 and 285.1 mAh g–1 for the HC-CMC samples, 

purified and non-purified, respectively, and at the 200th cycle, capacity retention was found to be 93.6 and 97.3% 

for the former couple and 92.9 and 85.8 % for the latter couple. On the other hand, CP was developed as the 

binder for the LNMO cathode, as the substitute of CMC binder. The use of CMC was found to be favorable for 

a high-speed cycling, while that of CP was favorable for long-term cycling.  
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