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Abstract 

The success of lithium ion batteries (LIBs) and their unique advantages for electrochemical 

energy storage have speed up research in this field. A critical component of LIBs is the 

separator. Here, Bombyx mori silk cocoon separators have been treated with oxygen (O2) and 

nitrogen (N2) plasmas at different exposure times. The goal was to improve the electrochemical 

characteristics of these natural separators without jeopardizing the major attributes of silk 

fibers. Major physical and chemical modifications have been identified at the submicrometer 

scale upon the application of the plasmas: (1) Etching of the silk nanofibrils and concomitant 

increase of roughness (more effective with O2 plasma), corresponding to the destruction of the 

5th structural hierarchy level of the silk fibers. (2) Creation of oxygen-containing functional 

groups carrying negatives charges at the surface, causing a superhydrophic-to-superhydrophilic 

transition, and favoring Li+ transport. The optimized cocoon separator exposed to O2 plasma 

for 30 s exhibited high electrolyte uptake (289%), high ionic conductivity (2.33 mS cm−1 at 25 

ºC) and low overall resistance. A cathodic half-cell of carbon-coated lithium iron phosphate 

incorporating this separator sample soaked in the ethylene carbonate/dimethyl 



carbonate/lithium hexafluorophosphate electrolyte demonstrated a performance boost with 

respect to the battery including a raw cocoon separator: an outstanding increase (ca. 270%) of 

the discharge capacity (from 26.1 to 96.7 mAh g−1 at 5C-rate) and an impressive increase 

(291%) of the capacity retention (from 22.3 to 87.2%, from C/5 to 5C). This work proves that 

the O2 plasma exposure is a valid, simple, fast, clean and safe top-down methodology to 

improve the properties of Bombyx mori cocoon separators. The features of these plasma-treated 

separators, which surpass those of commercial separators, help upgrading the performance of 

LIBs. This plasma-enhanced natural biomaterial separator technological platform pushes LIBs 

to the next performance-level, while guaranteeing the eco-friendly, sustainability and safety 

labels. 

 

1. Introduction 

Owing to their high energy density, high coulombic efficiency, low self-discharge features, 

quasi zero-memory, high open circuit voltage, and long lifespan, lithium-ion batteries (LIBs) 

represent promising energy storage devices which, as recognized by the 2019 Nobel Prize in 

Chemistry [1], stand at the forefront of the on-going technological revolution [2-7]. LIBs have 

made a tremendous impact on our society. Used in many popular devices, such as the ubiquitous 

smartphones, laptop computers, digital cameras, and tablets, they may be scaled to power cars, 

or miniaturized to power pacemakers.  

The separator is a core component of LIBs [8-10]. It is placed between the cathode and the 

anode as a physical barrier, to ensure electronic insulation, and hinder short-circuit problems, 

while enabling ion transport. Although it is a non-electrochemically active component, the role 

of the separator is far from passive, influencing markedly the battery cost, life, reliability and 

safety. During LIB operation, high values of Li+ ion conductivity and Li+ ion transference 

number for the electrolyte in the separator pore spaces are essential to avoid deleterious 

degradation processes associated with heat generation and lithium plating. On the other hand, 

the ionic transport across the electrolyte-filled pore separator network must be homogeneous to 

mitigate the risks of incomplete lithiation/delithiation, and local overcharge. Lagadec et al. [9] 

highlighted that the separator structure (characterized by porosity, tortuosity, permeability, and 

connectivity), the separator chemistry (represented by the materials composition), as well as 

the separator/electrolyte interplay (measured by the electrolyte wettability), impact LIB 

performance. 



Polyolefins have been the dominant separators of commercial LIBs in the past decades [11]. 

However, these polymers have major shortcomings which need to be tackled. They are 

hydrophobic materials offering poor compatibility with the liquid electrolyte. In addition, they 

undergo severe thermal shrinkage above 100 ºC because of their low melting points. Besides, 

they have low porosity, and exhibit poor mechanical properties. Currently, significant efforts 

are being made to obviate these disadvantages and to meet the greater demands that new 

applications place on LIB technology. The quest for durable, reliable, and safe separators, 

produced by means of cost-effective processes, and combining high ionic conductivity and 

excellent thermal stability, is imperative. One pathway to optimize the technology of separators 

is to gather inspiration from Nature. Natural polymers with multi-length-scale hierarchical 

structures are particularly attractive, because they are renewable, biocompatible, biodegradable, 

and low cost. 

In the light of this bio-inspired approach, silk attracted our attention. Out of the class of natural 

fibers, silks, with a tradition of more than 5000 years in the textile industry, are deeply 

appreciated, mainly because of the lustrous appearance and soft touch of silk fabrics. Spun by 

certain arthropods (e.g., silkworms, spiders, scorpions, mites, bees and flies), silks are fibrous 

materials possessing a series of extraordinary attributes. Their unique mechanical behavior 

(high tensile strength and great extensibility), which outperforms that of the best available 

synthetic materials, is correlated with the presence of hierarchical mesoscopic structures [12]. 

As the fibers are non-toxic, biocompatible [13], and have controllable biodegradability, silk is 

regarded as an excellent biomaterial candidate for healthcare applications [14-17] and 

biological analysis [18]. Their heat-conducting ability, easy processing into films, and wide 

optical window have opened a wide range of potential new opportunities. Not surprisingly, a 

myriad of high-tech applications of silk-based materials in a variety of domains, spanning from 

lithography [19], optics [20, 21], photonics [22], and electronics [23-25], to energy [26-32], 

have emerged in the last decade. The vast majority of the research on silk-based materials and 

devices relied on the use of silk fibroin (SF) extracted from Bombyx mori silkworm cocoons. 

For instance, we proposed SF-based separators for LIBs [31]. In the native fiber, SF is a water-

insoluble fibrous core protein with more than 5000 amino acids and high molecular weight (200 

– 350 kDa or more), which is surrounded by silk sericin (SS), a water-soluble glue-like globular 

protein (10-300 kDa). 

Owing to present safety and sustainability concerns, and to the pressing need to avoid the non-

green and time/energy-consuming chemical procedures involved in the removal of SS from the 



raw silk fibers (degumming process [33]), a part of the scientific community has turned its 

attention to the native silk cocoons. Although this challenging concept is still at infancy, several 

studies have successfully explored it and exciting future possibilities of application have been 

suggested [34-36]. We proposed that raw Bombyx mori silkworm cocoons are suitable bio-

inspired environmentally friendly separators for the design of the next-generation of LIBs with 

improved sustainability and enhanced safety [32]. We showed that silkworm cocoons are a 

valuable alternative to polyolefins, offering several merits for LIBs [32]: (1) High degree of 

porosity (85 ± 27 %), ensuring electrolyte infiltration and Li+ flow; (2) Thermal decomposition 

above ca. 280 ºC; (3) Good mechanical resistance; (4) Maximum electrolyte uptake values of 

the order of 300-400%; (5) Good electrolyte retention; (6) Preservation of the physical-

chemical properties after battery operation; and (7) Self-extinguishing ability, contributing to 

reduce or eliminate fire risk. A LIB incorporating a cocoon separator soaked in the ethylene 

carbonate (EC)/dimethyl carbonate (DMC)/lithium hexafluorophosphate (LiPF6) liquid 

electrolyte exhibited excellent cycling performance, with a discharge capacity of 86 mAh g−1, 

and a capacity retention of 81% after 50 cycles at C-rate [32]. 

Motivated by the fact that plasma treatments applied over polyethylene membrane separators 

improved the performance of LIBs [37, 38], and also driven by the fact that the exposure of 

silk-based materials to several plasmas [39-45] exerted an important effect on the surface 

hydrophilicity, we decided to expose Bombyx mori silkworm cocoon separators to oxygen (O2) 

and nitrogen (N2) plasmas. The selection of these two reactive plasmas aimed at avoiding the 

introduction of different chemical species at the surface of the native protein fibers. Although 

both provide similar results, their use is in general dictated by the type of material to be treated 

or by the type of activation envisaged. Indeed, when they are applied, reactive functional groups 

including oxygen atoms (e.g., hydroxyl (–OH), carbonyl (C=O) and carboxylic (–COOH) 

groups) and nitrogen atoms (e.g., amine groups (–NH2) groups), respectively, are formed at the 

surface of the material.  

Herein, a comprehensive characterization of the surface of Bombyx mori silkworm cocoon 

separators exposed to O2 and N2 plasmas at various treatment times has been carried out using 

Atomic Force Microscopy (AFM) and X-ray photoelectron spectroscopy (XPS). The impact of 

both plasmas on the morphology, wettability, wicking and flammability of the materials has 

been evaluated. We demonstrate that the exposure of a raw cocoon separator to O2 plasma for 

just a few seconds significantly boosted its electrochemical features (EC/DMC/LiPF6 

electrolyte uptake capacity, ionic conductivity and interfacial properties). The performance of 



a cathodic half-cell with C-LiFePO4 assembled with the cocoon separator sample featuring the 

best properties was investigated. The results obtained are very exciting, since they outrival those 

reported for analogue battery systems including some commercial separators. 

 

2. Experimental 

2.1 Materials  

Bombyx mori cocoons were obtained from APPACDM (Castelo Branco, Portugal). 

Poly(vinylidene fluoride) (PVDF, Solef 5130, Solvay), lithium iron phosphate/carbon (C-

LiFePO4, Phostech Lithium), carbon black (Super P-C45, Timcal Graphite & Carbon), N-

methyl-2-pyrrolidone (NMP, Fluka, 99.9 %), hexane (Sigma-Aldrich, 99.9 %) were used as 

received. Customized battery grade electrolyte 1 M solution of lithium hexafluorophosphate 

(LiPF6) in ethylene carbonate (EC): dimethyl carbonate (DMC) (50:50 vol/vol) was purchased 

from Solvionic. The cocoon separators were dried at 60 ºC in vacuum overnight and stored in 

a dry argon-filled glove-box, prior to the analyses and battery assembly [46]. 

 

2.2 Preparation of surface plasma-treated Bombyx mori cocoon separators 

Bombyx mori cocoon separators were prepared by directly cutting a 10 mm-diameter and 438 

± 80 µm-thickness disc from the cocoon (retrieved from the flattest part). The surface was then 

plasma treated in a Zepto plasma chamber Diener Electronics (Ø = 105 mm, L = 300 mm, V = 

2.6 L) equipped with a 40 kHz radio frequency plasma generator at 100 W. Plasma treatments 

were performed during different period of times (15, 30, 50 and 100 s), at constant O2 and N2 

flow, and under a total pressure of 80 Pa. Bombyx mori cocoon separators were prepared by 

directly cutting a 10 mm-diameter and 438 ± 80 µm-thickness disc from the cocoon (retrieved 

from the flattest part). The surface was then plasma treated in a Zepto plasma chamber Diener 

Electronics (Ø = 105 mm, L = 300 mm, V = 2.6 L) equipped with a 40 kHz radio frequency 

plasma generator at 100 W. A set of 40 cocoons were treated with plasma. Four groups of 5 

cocoons were exposed to a constant flow of O2, during 15, 30, 50 and 100 s, under a total 

pressure of 80 Pa. The procedure was repeated with another set of 4 × 5 cocoons with N2 plasma 

using the same experimental conditions. 

 

2.2 Characterization of the separators 



High Resolution Scanning Electronic Microscopy (HR-SEM) micrographs were obtained using 

a FEI Quanta 400 FEG microscope. Elemental analysis was performed by Energy Dispersive 

Spectroscopy (EDS) using an EDAX PEGASUS X4M. Prior to being analyzed, the samples 

were coated with gold/palladium.  

Attenuated Total Reflectance (ATR)/ Fourier Transform Infrared (FT-IR) spectra of the 

separators were obtained in an IRAffinity 1s Fourier Transform Infrared Spectrophotometer – 

Shimadzu, equipped with a diamond crystal. Prior to measurement, a small piece of each sample 

was transferred to the diamond crystal and pressed. The spectra were recorded at room 

temperature in the 4000-400 cm−1 range by averaging 200 scans and a resolution of 4 cm−1 

using the LabSolutions IR software.  

AFM analysis was performed in an AFM CSI Nano-Observer equipment (Scientec) in tapping 

mode using a super sharp Si HQ:NSC19/FORTA probe with a frequency resonance of 60 kHz 

and a spring constant of 0.3 N m−1. In order to improve the images quality a flattening and 

elimination of line noise tools were applied using the Gwyddion 2.54 software. To use this 

technique with a sample with high topographical map like a cocoon, it was necessary to restrict 

the analysis to individual fibers carefully removed from the cocoon surface. The individual 

fibers were immobilized in the AFM sampler disk, using double tape glue on each extremity. 

The fibers were handled in such a way that the surface to be analyzed was never in contact with 

the tweezers used during the immobilization procedure. Each fiber was mounted in order to 

assure that it was stretched and clipped only on the extremities. To guarantee that the images 

acquired were representative 2-3 cocoons subject to the same plasma time exposure were 

examined. From each cocoon 5 individual fibers were removed. Each fiber was analyzed on 3 

different locations. Each of these samples was evaluated using a cantilever/fiber approach angle 

of 0 and 90º. 

The XPS measurements were acquired in a Kratos AXIS Ultra HSA spectrometer using a 

monochromatic Al Kα radiation (1486.7 eV). XPS spectra were analyzed using the XPSPEAK 

4.1 software and deconvoluted using the non-linear least squares fitting routine. The 

background was revised using the Shirley-type correction and The C1s band at 284.6 eV was 

used as internal standard to rectify probable deviations caused by electric charge. Elementary 

atomic percentages were determined through peak areas analysis using the sensitivity factors 

indicated by the manufacturer. 



The wettability of the cocoon samples was evaluated by means of water static contact angle 

measurements using the sessile drop method. Experiments were performed in a temperature-

controlled chamber at 26 ± 1 ºC using a Krüss DSA25S drop shape analyzer controlled by the 

software ADVANCE. The volume of the liquid droplets (5 μL) was kept constant. Contact 

angles were determined from digital images acquired by a video camera using the Young-

Laplace fitting. The contact angle values were measured from at least two different discs at 5 

different spots. At each spot 5 measurements were performed. Contact angles values correspond 

to the average of all the measurements and the error corresponds to the arithmetic mean of the 

root mean square error. Additionally, one drop (2.5 µL) of methylene blue dye aqueous solution 

(1 g L−1) was released on the cocoon separators. After the solution dried, the dispersion of the 

dye on the separators surface was estimated. 

The flammability of the cocoon separators was evaluated using the plastic identification burn 

test [32]. 

The uptake values were obtained by immersing the cocoon separators into the EC/DMC LiPF6 

electrolyte and using the relation: 

uptake = (mi – m0)/m0 × 100                                          (1) 

where m0 is the mass of the dry cocoon, and mi is the mass of the cocoon after immersion in the 

electrolyte. 

The ionic conductivity (σi) of the cocoon soaked in the EC/DMC LiPF6 electrolyte was 

calculated by complex impedance spectroscopy in the 65 kHz-500 mHz frequency range, with 

an amplitude of 10 mV, at 25 ºC, using an Autolab PGSTAT-12 (Eco Chemie) equipment. The 

sample was placed in a constant volume support equipped with gold blocking electrodes located 

within a Büchi TO 50 oven. The σi value was determined using the equation: 

σi = d/(Rb x A)                                                   (2) 

where d is the thickness, Rb is the bulk resistance, and A is the area. 

 

2.3 Battery preparation and characterization 

The battery cathode was prepared by mixing C-LiFePO4 (active material), Super P-C45 

(conductive additive), and PVDF (polymer binder) in NMP with a weight ratio of 80:10:10 

(wt.%), corresponding to 1 g of solid material for 2.25 mL of NMP. The electrodes were dried 

at 90 ºC in vacuum overnight before being transferred to the glove-box [46]. The active mass 



loading, thickness and porosity of the electrodes were ~1 mg cm−2, 20 µm and 75 %, 

respectively. Two electrodes Swagelok type cells for Li/C-LiFePO4 half-cells were then 

assembled in a homemade argon-filled glove box. The prepared half-cells have a metallic 

lithium foil (8 mm diameter) used as counter/reference electrodes, a 10 mm-diameter Bombyx 

mori cocoon soaked into electrolyte EC/DMC/LiPF6 used as separator and the previously 

prepared C-LiFePO4 electrode film (8 mm diameter) used as cathode. The cycling performance 

of the Li/C-LiFePO4 half-cells was evaluated through galvanostatic measurements at room 

temperature using a Landt CT2001A Instrument from 2.5 to 4.2 V at scan rates, C/5 to 5C (C 

=170 mA g−1). The electrical properties of the Li/C-LiFePO4 half-cells were measured before 

and after cycling by complex electrochemical impedance spectroscopy (EIS) using an Autolab 

PGSTAT12 instrument in the 1 MHz - 10 mHz frequency range with an amplitude of 10 mV. 

 

3. Results and discussion 

3.1 Impact of the plasma treatment on the physical-chemical properties of the Bombyx mori 

cocoon separators 

The surface modification of polymer fibers (natural or synthetic) is of large relevance in the 

areas of textiles [47] and biomedical engineering [48], among others. Over the last few years, 

plasma treatments have gathered increasing attention, as they offer major advantages with 

respect to conventional wet processes in terms of environmental footprint and health concerns. 

Plasma treatments are fast, affordable, safe, reliable and dry processes, which do not produce 

waste or contaminations, and involve very low chemical consumption. In addition, they have 

low range of penetration (a few nm skin depth), modifying solely the uppermost atomic surface 

layers of the substrate, but leaving the bulk properties unaffected [49]. 

Plasma can be described as a complex mixture of electrons, neutral atoms and molecules [50]. 

There are three major classes of plasmas according to the way the gas employed is consumed 

[51]: (1) chemically non-reactive plasmas (inert monoatomic gases, such as argon (Ar)); (2) 

chemically reactive plasmas (inorganic or organic molecular gases, such as O2, N2, hydrogen 

(H2), sulfur hexafluoride (SF6), and methane (CH4)) which, despite their reactivity, do not form 

polymeric deposits on the pure gas plasma; (3) polymer forming plasmas, i.e., reactive plasmas 

which form a polymeric solid deposit by themselves. Apart from exerting changes in the surface 

chemistry, plasma treatments may also affect the surface topography. Depending on the plasma 

gases and on the parameters applied, it is possible to clean, activate, etch, and/or coat a specific 



surface. Typical applications of plasma treatment range from the cleaning of the surfaces of 

medical equipment to the activation of the surface of textile fibers [52, 53]. As a result of the 

chemical and/or physical changes produced, the hydrophilicity/hydrophobicity, wicking, 

wetting, shrink resistance, tensile strength, flame retardance, biocompatibility, and anti-

bacterial properties of the fibers may be significantly improved. 

To understand the physical perturbation caused by the O2 and N2 plasmas on the cocoon fibers 

and to get insight into the influence of the plasma treatment time on the topography of the silk 

fibers of the Bombyx mori cocoons, an AFM analysis was performed. In the measurements 

quasi perpendicular (~0 º) and quasi parallel (~90 º) configurations of the cantilever with 

respect to the fiber axis were considered (Figures 1 and 2, respectively). 

Before starting the discussion of the AFM data, it is fundamental to mention how silk materials 

are organized. The five levels of hierarchical structure of silks were recently reviewed [54]. 

Level 1 comprises the amino acid sequence within the protein molecules. Level 2 is associated 

with the regular hydrogen bonding pattern between the amine and carboxyl groups which gives 

rises to the formation of α-helices and β-sheets (and β-turns). Level 3 refers to the three 

dimensional (3D) and highly compact structure essentially composed of intermolecular β-

crystallites. Level 4 regards the molecular β-crystal network (nanofibrils) [55], in which 

amorphous chains bond the β-crystallites together along a nano-fishnet topology. The 

interconnectivity between nanofibrils gives rise to the formation of a network of nanofibers 

(multi-domain system) which is addressed as Level 5. For instance, it was reported that SF 

fibers exhibit a system of strong domain–domain interactions, because the fibers are composed 

of a bundle of highly well-oriented, twisted nanofibrils that are interlocked by adjacent 

nanofibrils, to guarantee that the nanofibrils cannot move freely [56]. It must be emphasized, 

however, that the physical dimensions, morphology, and spatial organization of the nanofibrils 

in silk fibers have sparked an intense debate that led to the development of many structural 

models [57]. 

Figure 1 shows the damage produced by the O2 and N2 plasmas on the surface of an individual 

fiber for different treatment times. The exposure to O2 plasma for 15 s led to the cleavage of 

nanofibrils (Figure 1Ab). With increasing exposure time (t ≥ 30 s) deep cavities were carved in 

the inner structure of the fiber. Figures 1Ac-e reveal aligned nanofibrils with a unique 

“spaghetti-like” pattern. From the AFM data of the cocoons treated with O2 plasma, the average 

roughness values of the fibers were calculated (Figure 1C, red symbols). Upon exposure with 

O2 plasma treatment for 15 s, the average roughness value of the raw fibers increased from 9.9 



to 16.0 nm, presumably because the initial etching of the fibers led to a marked mismatch of 

the nanofibrils (Figures 1Ab and 1Ac). Figure 1Ac shows that upon further increasing the O2 

plasma exposure time to 30 s, the formation of cavities between the nanofibrils became more 

important, while leaving the nanofibrils perfectly aligned. These observations strongly suggest 

that the energy employed at this point was almost exclusively used to break the nanofibrils and 

form cavities. As a consequence, the average roughness was minimum at this stage (9.1 nm). 

At higher O2 plasma exposition time (t = 50 s) (Figure 1Ad), the medium roughness of the fibers 

increased to 12.4 nm, as the diameter of the cavities and the mismatch between the nanofibrils 

increased. The situation was identical in the case of sample treated with O2 plasma for 100 s 

(Figure 1Ae), for which the average roughness remained constant (12.6 nm). However, both 

effects compensated each other, and as a result the roughness values for the latter two samples 

remained lower than that of the sample treated with O2 plasma for 15 s. 

 

 

Figure 1. (A) AFM images of an individual silk cocoon fiber acquired with a 0 º configuration 

between the cantilever and the fiber axis and in tapping mode at 10 µm of the sample, before 



(a) and after exposure to O2 (b-e) and N2 (f-i) plasmas. (B) Schematic representation of the 

etching effect caused by the O2 and N2 plasma treatments on the nanofibrils. (C) Exposure time 

dependence of the average roughness deduced from the AFM data for the Bombyx mori silk 

cocoon separators treated with O2 (red symbols) and N2 (blue symbols) plasmas. The lines are 

just guides for the eyes. 

 

The AFM data provided evidences of significant differences between the O2 and N2 plasma 

treatments. Indeed, although the same structural effects (i.e., etching and cavity formation) were 

distinguished, in the N2-treated samples, they both evolved at a considerably slower rate. With 

the latter treatment the cavities were only formed at an exposure time of 100 s (Figure 1Ai) 

versus only 30 s for O2 plasma (Figure 1Ac). This interesting finding can be explained in terms 

of the higher reactivity of O2, which is known to exert a more effective and faster etching. Not 

surprisingly, the surface roughness of the N2 plasma-treated samples increased regularly with 

the treatment time (Figure 1C, blue symbols), indicating that the etching caused by this gas took 

place progressively at a slower pace than O2. It is noteworthy that after an exposure time of 100 

s to N2 plasma the average roughness of the separator was 24.0 nm, thus twice higher than that 

of the corresponding O2 plasma-treated sample (12.6 nm). The lower molecular weight of the 

N2 gas, probably diffusing more easily inside the silk fiber, and thus affecting it in a much more 

uniform way, might explain these results.  

The acquisition of the AFM images with the cantilever aligned at 0 º with the fiber, and the use 

of a sharp tip, enabled us, not only to travel to the core of each individual fiber, and perceive 

the nanofibrils, but also to observe the etching produced by the plasma treatment that led to a 

mismatch between the nanofibrils where the chemical bonds were disrupted. This effect is quite 

interesting. The generation of silk nanofibrils via top-down physical or chemical disintegration 

was reported by several authors. Zhao and Feng [58] described the production of Bombyx mori 

nanofibrils by the ultrasonic technique through the application of 900 W for 30 min using water 

as sole solvent.  Ling et al. [25] directly exfoliated silk fibers on the single nanofibril level, by 

integration of chemical (partial dissolution) and physical (ultrasonic dispersion) methods, by 

means of a three-step route involving hexafluoroisopropanol (HFIP) as solvent. More recently, 

Tang et al. [59] reported a facile, high-efficiency, and scalable liquid exfoliation method to 

directly extract silk nanofibrils from silk fibers using protein denaturant deep eutectic solvent 

urea/guanidine hydrochloride. To the best of our knowledge, the plasma-induced etching of the 

cocoon nanofibrils, performed in a matter of seconds and demanding no solvents, was never 



reported previously by AFM, in spite of the fact that a few studies on silks employed this 

technique [60-63].  

We must note that the 2- and 3D AFM images shown in Figure 2 indicate that the etching effect 

was, in contrast, completely blurred when the same tip was used with a 90 º cantilever/fiber 

configuration (Figure 2). 

 

 



Figure 2. 2D (top) and 3D (bottom) AFM images of an individual cocoon fiber, acquired in a 

90 º configuration between the cantilever and the fiber, in tapping mode at 10 µm of the samples, 

after exposure to O2 and N2 plasmas for 30 and 100 s. 

 

Because the topographical changes observed in the surface of the Bombyx mori cocoon fibers 

after exposure to O2 and N2 plasmas occurred much sooner in the case of the former plasma, 

the discussion of the XPS and ATR/FTIR data that follows, devoted to the assessment of the 

chemical changes produced in parallel by the plasma treatment, will be essentially focused on 

the separator sample treated with O2 plasma. The XPS data obtained for the cocoon sample 

treated with N2 plasma can be found in Appendix A (Table A.1). 

The XPS data obtained for the cocoons in the raw state and treated with O2 plasma under 

different exposure times are represented in Figures 3 and summarized in Appendix A (Table 

A.1). We must stress that, given the inherent heterogeneities of this natural fiber, this study was 

extremely difficult and, as such, the results were interpreted with extreme care. To minimize 

misleading conclusions, at least three different analysis spots of each cocoon were considered 

and an average value was obtained.  

Figure 3 quantifies the presence of carbon (C), nitrogen (N) and oxygen (O) at the surface of 

the separator. The error bar included in Figure 3 reflects the dispersion of results from the XPS 

analysis. The atomic surface composition was evaluated from C1s, N1s and O1s scanning 

spectra. Examples of XPS spectra are presented in Appendix A (Figure A.1a). The C1s spectra 

(Figure A1b) present three peaks centered at around 285, 286 and 288 corresponding to C-C 

and C-H, C-OH, and C=O ether and N-C=O amide bonds, respectively [64, 65]. Single peaks 

are observed at 399 eV (Figure A1c) and 531 eV (Figure A1d), which can be ascribed to the N 

and O atoms, respectively [64, 65]. 

 



 

Figure 3. Elemental composition (C – grey bars, O – blue bars, N – green bars) (a-c) and 

elemental ratios (C/O – red bars, O/N – navy bars, and C/N – dark yellow bars) (d-f) at the 

surface of Bombyx mori cocoon separators as a function of O2 plasma exposure time. 

 

After being exposed to O2 plasma for 15 and 30 s, the treated cocoons exhibited lower C content 

(Figure 3a), but increasingly higher O and N contents (Figures 3b and 3c, respectively) with 

respect to the raw cocoons. The highest amount of O in the cocoon surface was reached after 

30 s plasma treatment. For treatments involving higher exposure times (t = 50 and 100 s), the 

C, O and N contents were not practically altered. These global changes are also visible in the 

trends of the O/C and N/C ratios (Figures 3d and 3f, respectively), with highlight to the 



maximum ratio O/C being reached for 30 s. Clearly, the treatments lasting 15 and 30 s were the 

most critical, leading to severe scission of the peptide chains and to the cleavage of the side 

chains of the amino acids. As a consequence, the C content of the fibers was markedly reduced, 

yielding volatile compounds (e.g., CO, CO2). As usual in this sort of processes, free radicals 

were also produced at the surface of the fibers, which readily reacted with atmospheric air (O2, 

N2, water vapor), explaining why the O and N content increased in the fibers. It is also 

interesting to notice from the XPS data that the average binding energy did not change 

significantly with plasma exposure, suggesting that new chemical bonds, functional groups or 

radicals were apparently not formed. 

As pointed out by AFM, the N2 plasma treatment was a slower process that eventually led to 

the same topographical result. The XPS data of the N2 plasma-treated samples substantiate this 

explanation. Indeed, Figure A.2 (Appendix A) shows that there is not a marked trend of the N 

atomic percentage with plasma exposure time. The maximum content of O and the highest O/C 

ratio were only reached after 100 s, even though there is a local maximum of these values for 

30 s.  

To further examine the chemical modifications produced by the O2 plasma on the cocoon fibers, 

we inspected the ATR/FT-IR spectra (Appendix A, Figure A.3). Our attention was focused in 

particular on the amide I and amide II spectral regions, reproduced in Figure 4, because both 

provide useful information on the extent and strength of hydrogen bonding interactions. 

 

 



Figure 4. ATR/FT-IR spectra of the Bombyx mori cocoon separators in the amide I and II 

regions: raw (black line) and O2 plasma-treated with different exposure times. 

 

The spectra are very similar. Prominent amide I and amide II bands with intensity maxima at 

1616 and 1508 cm−1, respectively, are evident in all cases. Interestingly, upon O2 plasma 

treatment, no significant shift of these bands occurred, indicating that the magnitude of the 

hydrogen bonding interactions was globally not affected. The emergence of a shoulder around 

1650 cm−1 in the amide I band profile of all the treated samples except in that exposed to O2 

plasma for 30 s is, however, clearly evident. The growth of the 1650 cm−1 component in the 

samples exposed to O2 plasma for 15, 50 and 100 s may be correlated with an increase of the 

relative proportion between the random coils and β-sheet conformations [51-53]. Thus, we may 

speculate from these data that in the case of the cocoon separator sample treated for 30 s no 

breakdown of β-sheets occurred. In practice this seems to indicate that the mechanical 

properties of this treated sample remained unaltered with respect to those of the native cocoon. 

These findings may be correlated with the fact that in this sample, according to AFM, while the 

formation of cavities between the nanofibrils was noteworthy, the nanofibrils remained 

unaltered and perfectly aligned. 

The AFM, XPS and ATR/FT-IR analyses provided evidences that the O2 plasma treatment 

exerted a much more marked etching effect on the surface of the Bombyx mori cocoon 

separators than the N2 plasma. A key conclusion retrieved from these data is that the nature of 

the changes arising from the exposure to both plasmas is apparently more physical/topographic 

than chemical. 

 

3.2 Characterization of the plasma treated Bombyx mori cocoon separators 

3.2.1 Morphology, wettability, wicking and flammability 

The SEM images of the outer and cross sections of Bombyx mori cocoon separators in the raw 

state (0 s) and treated with O2 plasma during different periods of times (between 15 and 100 s) 

reveal that the non-treated and treated fibers exhibit a smooth and relatively clean surface, 

showing no evidences of the removal of the SS layer (Figure 5). The characteristic random 

distribution, interconnectivity, high porosity, multilayer structure, and diameter of the fibers 

were preserved after application of the plasma treatment. These evidences confirm that the O2 



plasma did not alter the morphology of the native cocoons at the microscale. In the case of the 

N2 plasma, the same conclusion was reached (data not shown). 

 

 

Figure 5. SEM images of the outer section and cross-section of Bombyx mori cocoon 

separators: raw (0 s) and treated with O2 plasma. 

 

The O2 plasma treatment is known to exert a strong impact on the wettability of materials [44, 

45, 66, 67]. Accordingly, the superhydrophobic behavior of the outer surface of the raw Bombyx 

mori cocoons (average water contact angle of 147±9 º) (Appendix A, Figure A.4) was strongly 

affected by O2 plasma treatment, independently of the exposure time. No contact angle 



measurements could be performed in the treated cocoons, because the drops of water were 

immediately adsorbed by the cocoon surface. It seems thus reasonable to assume that the 

contact angle became virtually 0 º in the O2 plasma-treated cocoon fibers even for the lowest 

irradiation time considered (15 s). These findings reveal that the cocoon surface changed from 

superhydrophobic to superhydrophilic. The N2 plasma treatment led exactly to the same results. 

The impressive reduction of the water contact angle value observed is a clear indication that the 

wettability of the cocoon fibers was dramatically increased. 

When water is placed in contact with a porous material and the surface is superhydrophilic, 

wicking occurs. This phenomenon, governed by capillary action, drives water in capillary 

spaces. As a consequence, water attempts to spread across the surface. A simple test using a 

methylene blue dye aqueous solution was performed in order to estimate grosso modo planar 

wicking on the surface of the cocoon separators. One drop of the dye aqueous solution was 

placed on the top of the cocoon separators and after 2 min the surface was inspected. Figure 6a 

shows that in the case of the non-treated superhydrophobic cocoon sample, no spreading 

occurred. Instead the formation of a spherical drop was visible. In the case of the 

superhydrophilic samples treated with O2 plasma, the drop of the dye aqueous solution was 

spread out. In the case of the sample treated for 15 s, the area where the drop fell exhibited a 

circle with a dark blue color surrounded by an aureole with light blue color. The darker central 

area became progressively less pronounced at increasing plasma treatment time, pointing out 

increasing wicking. When water was replaced by the electrolyte mixture EC/DMC/LiPF6, the 

drop of liquid was immediately adsorbed by all samples (raw and treated with O2 and N2 

plasmas), thus preventing any contact angle measurements. Although it was not possible to 

quantify the phenomenon, the EC/DMC/LiPF6 adsorption was, however, clearly higher for the 

treated samples (see supplementary information video). 

The drastic alteration of the hydrophobicity/wettability/wicking of the cocoon separators upon 

treatment with O2 and N2 plasmas is in perfect agreement with the tremendous impact exerted 

by both these gases on the surface of the cocoon separators, as described in detail above. 

A flammability test was performed to check whether the plasma treatments affected the inherent 

characteristics of the raw cocoon separators. Figure 6b reveals that the behavior of the sample 

which had been exposed to O2 plasma for the longest time condition (100 s) matched that of the 

raw cocoon: it first ignited, and before the flame self-extinguished a small portion of it burned. 

 



 

Figure 6. (a) Wicking and (b) flammability (initial (top) and final (bottom) steps) of raw and 

O2 plasma-treated Bombyx mori silk cocoon separators. 

 

3.2.2 Electrolyte uptake capacity, ionic conductivity and interfacial properties 

Considering that the exposure of the surface of the Bombyx mori cocoon separators to O2 plasma 

was very efficient, since it happened much sooner than in the case of N2 plasma treatment, we 

decided to pursue the work by evaluating the electrochemical properties of the separators 

exclusively treated with O2 plasma.  

The electrolyte uptake capacity (in %) is a fundamental parameter that allows evaluating the 

electrolyte/separator interaction. The higher the uptake value, the higher the capacity of the 

electrolyte to remain inside the separator, and the stronger the interaction, enabling good Li+ 

ion mobility across the separator during battery operation. The EC/DMC/LiPF6 electrolyte 

uptake capacity values of the cocoon separators as a function of the dipping time were deduced 

from equation (1) and are represented in Figure 7a. The high uptake values observed may be 

correlated with the high porosity of the samples [32], evidenced by SEM (Figure 5). The 

maximum uptake percentage value was reached after ca. 15 s of dipping the cocoon separator 

in the electrolyte, with the exception of the non-treated cocoon separator that needed 2 min to 

reach the maximum uptake percentage. Further, the plasma treatment led to a decrease of the 

maximum uptake percentage value of the samples from 400% in the case of the raw cocoon to 

around 250-350% for the treated cocoon separators, the uptake value being scarcely affected 

by the plasma treatment time.  

Figure 7b reproduces the Nyquist plots of the electrolyte/cocoon separators at 25 ºC. Figure 7c 

allow inferring, not only that the O2 plasma treatment increased, as sought, the ionic 

conductivity of the cocoon separators with respect to that of the raw cocoon, but also that the 



O2 plasma exposure time altered the ionic conductivity in a non-linear fashion. At 25 ºC, while 

the non-treated cocoon separator exhibited an ionic conductivity of 0.43 mS cm−1, the values 

found for the O2 plasma-treated cocoon separators were 1.78, 2.33, 1.57 and 1.12 mS cm−1 for 

time exposures of 15, 30, 50 and 100 s, respectively (Figure 7c). In theory all these samples 

lend themselves for application as separators in LIBs, since the minimum conductivity required 

is 0.1 mS cm−1. The maximum ionic conductivity was achieved for an O2 plasma treatment of 

30 s. This result beautifully correlates with the XPS data which revealed maximum contents of 

O, and of O/C and O/N ratios in the same sample. 

To assess the interfacial properties between the cocoon separator and the cathode, half-cells 

versus Li+ were prepared and impedance spectroscopy measurements were carried out prior to 

cycling measurements (Figure 7d). The typical Nyquist plot behavior of this assembly was 

composed of a linear region and a semicircle at low and high-medium frequencies, respectively. 

The linear region corresponds to Li+ ion diffusion in the cathode active material. The semicircle 

is associated with the overall resistances (contact film, ohmic and charge-transfer reactions 

resistances), which are estimated through the equivalent circuit illustrated in the insert of Figure 

7d). This equivalent circuit is typically used to analyze the electrical properties of battery 

separators Zhang, Z.; Wang, G.; Lai, Y.; Li, J.; Zhang, Z.; Chen, W. Nitrogen-Doped Porous 

Hollow Carbon Sphere-Decorated Separators for Advanced Lithium-Sulfur Batteries. J. Power 

Sources 2015, 300, 157−163. The straight line in the low frequencies range is described by a 

Warburg impedance related to the mass transport component. The overall resistances obtained 

for the cocoon separators were 562, 322, 323, 754 and 808 Ω for exposure times to O2 plasma 

of 0, 15, 30, 50 and 100 s, respectively. The formation of the solid electrolyte interface (SEI) 

layer between the electrode and the electrolyte interface was evident. The SEI layer exhibited 

lower resistance in the cocoon separators treated for 15 and 30 s. 
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Figure 7. Bombyx mori cocoon separators treated with O2 plasma. (a) Electrolyte uptake value 

of as a function of dipping time. (b) Nyquist plots and (c) ionic conductivity at 25 ºC of the 

separator soaked in the EC/DMC/LiPF6 electrolyte. (d) EIS of the half-cell batteries before 

cycling as a function of plasma exposure time with the corresponding fit with the equivalent 

circuit presented in the inset. The lines drawn are guides for the eyes. 



3.3 LIB performance 

The electrochemical performance of the cocoon separators at different O2 plasma treatment 

times was evaluated in half-cells of LIBs with charge and discharge cycles at different C-rates 

and cycle numbers. The C-rate study (C/5, C/2, C, 2C and 5C), and the cycle number study (55 

cycles) at same C-rate were performed at room temperature between the 2.5 and 4.2 V. The 

results obtained are reproduced in Figure 8. 

 

Figure 8. Performance of half-cell batteries including the cocoon separators treated with O2 

plasma. (a) Charge and discharge C-rate profiles (plasma exposure time of 30 s). (b) 5th 

discharge curves at 5C-rate. (c) Rate performance as a function of the cycle number and plasma 

exposure time. (d) Capacity retention as a function of plasma exposure time. 

 

All the O2 plasma-treated samples produced the same profile curves for the charge and 

discharge processes (Figure 8a), characterized by a flat plateau at about 3.2 V (discharge) and 

3.7 V (charge) [68]. The 5th charge and discharge profile curves of the sample plasma-treated 

for 30 s at different C-rates are shown in Figure 8b. The two characteristic voltages observed, 

one for the charge and the other for the discharge, characterize the disinsertion and insertion of 



the Li+ ion in the C-LiFePO4 structure, respectively. These phenomena occur due to the iron 

redox reactions (Fe3+/Fe2+) in the spinel LiFePO4 structure [68]. With the increase of the C-rate, 

the cycling profile decreased (C/5 is excluded, as it is lower than the C/2- and C-rates) due to 

the electrode polarization that decreased the Li+ ion diffusion and the electronic conductivity in 

the structure. The C/5 behavior is explained by the ohmic polarization through the SEI formed 

at the initial cycles, as it may be inferred from Figure 7d. The discharge capacities calculated 

for each C-rate and for the cocoon separators upon exposure to plasma for 30 s are: 96.7, 110.7, 

118.5, 120.2 and 112.0 mAh g−1 at 5C, 2C, C, C/2 and C/5 rates, respectively.  

The 5C-rate profile discharge curves for all the samples are represented in Figure 8b. As 

mentioned above, all the samples display the same profile. On the other hand, the discharge 

capacity values change among them. Independently of the exposure time, the plasma treatment 

led to a marked increase of the discharge capacity. The discharge capacity values for the cocoon 

separators were 26.1, 56.6, 96.7, 76.9 and 57.4 mAh g−1 for plasma exposures of 0, 15, 30, 50 

and 100 s, respectively. For the plasma treatment time at the 5C-rate, the higher the ionic 

conductivity (Figure 7c), the higher the discharge capacity value, demonstrating that the ionic 

conductivity component is intimately correlated, as expected, with the battery electrochemical 

performance.  

The discharge rate performance of the cocoon separators at the studied rates was also evaluated. 

Figure 8c reveals that at low C-rates the discharge capacity values remained practically the 

same (between around 105 and 125 mAhg−1). It also shows that the increase of the C-rates led 

to more evident differences between the separators exposed to different plasma times. The 

cocoon separator plasma-treated for 30 s exhibited the highest discharge capacity value at the 

fastest rate. 

The capacity retention of the samples discharge process as a function of the different C-rates 

considered is represented in Figure 8d. The capacity retention was normalized to the C/5-rate 

and the results show that upon increasing the C-rates, the capacity retention decreases due to 

the different Li+ diffusion [69]. Despite this, the cocoon treated for 30 s showed just a 13% 

decrease of its own capacity, pointing out the good separator applicability in LIBs. The high 

ionic conductivity and reduced overall resistance of the cocoon separator in the battery are the 

mains reasons behind this behavior. Furthermore, the overall resistance of the half-cells before 

cycling (Figure 7d) reveals that the cocoon separator plasma-treated for 30 s presented in 

addition lower battery resistance.  



To assess the cycling performance of the prepared half-cell batteries including the plasma-

treated cocoons separators, 55 cycles at 2C- and 5C-rates were performed. 
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Figure 9. (a) Discharge capacity at 2C- and 5C-rates, and (b) EIS after cycling of the half-cell 

batteries assembled with the cocoons separators exposed to different plasma treatment times 

and corresponding fit with the equivalent circuit presented in the inset of Figure 7d.. 

 

Figure 9a shows that the discharge capacity after 55 cycles were 31.3, 63.5, 74.2, 61.0 and 64.2 

mAh g−1 at 2C-rate, and 6.5, 25.0, 44.4, 24.4 and 31.4 mAh g−1 at 5C-rate for plasma treatment 

times of 0, 15, 30, 50 and 100 s, respectively. The observed cycling stability at 2C-rate is related 

to the charge transfer kinetics, whereas at 5C-rate the Li+ diffusion is the dominant effect [69]. 



According to these findings, the change of capacity during the cycles is due to the different 

room temperatures over the time, once the charge transfer kinetics is related to the temperature. 

On the other hand, at 5C-rate the separators with higher ionic conductivity and less overall 

resistance denote higher discharge capacity value. 

From the data obtained from the cycling impedance measurements of the half-cell batteries 

reproduced in Figure 9b we may infer that the overall resistances of the separators were 957, 

4605, 790, 1076 and 627 Ω for plasma treatments of 0, 15, 30, 50 and 100 s, respectively. 

Comparison of the results of the half-cells impedance before (Figure 7d) and after (Figure 9b) 

cycling, allows concluding that, except for the half-cell with the cocoon plasma treated for 100 

s, the overall resistance of the batteries increased after the cycling process, indicating the 

formation of a stable SEI (better Li+ diffusion). Although the half-cell prepared with the cocoon 

separator plasma-treated for 100 s evidences a low overall resistance after cycling, the separator 

itself presents the lowest uptake value (Figure 7a) and the lowest ionic conductivity (Figure 7c) 

of all the plasma-treated samples, yielding a poorer battery performance compared, for 

example, with that prepared with the sample plasma-treated for 30 s. The high overall resistance 

of the half-cell with the cocoon treated with plasma for 15 s (Figure 9b) is indicative of the low 

Li+ diffusion capacity between the interface of the cathode and the separator, despite its good 

ionic conductivity (Figure 7c). 

Commercial separators based on polyolefins (Polyethylene, PE, and polypropylene, PP) present 

some disadvantages, such as low wettability, thermal instability and being highly flammable. 

To improve those issues, different surface treatments such as plasma treatment and coating have 

been explores for those separators. Table 1 shows the electrochemical parameters of the 

cocoon’s separators developed in the present work, together with  the ones from representative 

commercial separators for cathodic half-cells with LFP as active material. 

Table 1: Electrochemical parameters of surface treated Bombyx mori silkworm cocoon (this 

work) and polyolefins separator membranes in LFP cathodic half-cells. 

Separator 
Modification 

treatment 

Electrolyte 

solution 

Conductivity 

(mS cm-1) 

Discharge 

capacity 

(mAh g-1) 

Ref 

PP  

PVdF-HFP- 

Pluronic 

F127 + SiO2 

1 M LiPF6 in 

EC:DEC:DMC 
1.76 130 

Xiaofei Li, 

Jinlin He, 

Dazhao Wu, 



nanoparticles 

and 10 s 

plasma 

treatment 

(1:1:1, vol.) Mingzu 

Zhang, 

Juwen Meng, 

Peihong Ni, 

Development 

of plasma-

treated 

polypropylen

e nonwoven-

based 

composites 

for high-

performance 

lithium-ion 

battery 

separators, 

Electrochimi

ca Acta, 

Volume 167, 

2015, 

Pages 396-

403, 

PP 

Coating with 

ZrO2 and 

PDA/PEI 

1 M LiPF6 in 

EC:DEC:DMC 

(1:1:1, vol.) 

1.61 

Coating of 

ZrO2 

≈ 125 (2C) 

≈ 100 (5C) 

 

Coating of 

PDA/PEI 

≈ 100 (2C) 

J.-K. Pi, G.-

P. Wu, H.-C. 

Yang, C.G. 

Arges, Z.-K. 

Xu, 

Separators 

with 

biomineralize

d 



≈ 60 (5C) 

 

zirconia 

coatings for 

enhanced 

thermo- and 

electro-

performance 

of lithium-

ion 

batteries, 

ACS Appl. 

Mater. 

Interfaces 9 

(2017) 

21971–21978 

PE 
Coating with 

TiO2-PMMA 

1 M LiPF6 in 

EC:DMC 

(1:1, vol.) 

0.87 110 (2C) 

Y. Xi, P. 

Zhang, H. 

Zhang, Z. 

Wan, W. Tu, 

H. Tang, 

Membrane 

separators 

coated by 

TiO2-PMMA 

with low 

thermal 

shrinkage 

rate for 

lithium-ion 

batteries, Int. 

J. 

Electrochem. 

Sci. 12 



(2017) 5421–

5430. 

PE 

Coating with 

SiO2 and 

SBA-15- 

PVDF 

1 M LiPF6 in 

EC:DMC 

(1:1, vol.) 

- 121 (2C) 

S. 

Prabhavathy, 

P.K. Sen, S. 

Sivaprakash, 

Enhanced 

electrochemi

cal 

performance 

of 

nanoparticle 

coated 

polyethylene 

separator 

surface for 

lithium-ion 

batteries, 

Mater. Res. 

Express 1 

(2014), 

045504. 

PE 
Grafting of 

TiO2 

1 M LiPF6 in 

EC:DMC:DEC, 

(1:1:1, vol) 

0.5 
≈ 110 (2C) 

≈ 80 (5C) 

X. Zhu, X. 

Jiang, X. Ai, 

H. Yang, Y. 

Cao, TiO2 

ceramic-

grafted 

polyethylene 

separators for 

enhanced 

thermostabilit



y and 

electrochemi

cal 

performance 

of 

lithium-ion 

batteries, J. 

Membr. Sci. 

504 (2016) 

97–103. 

PE 

60 s of O2 

plasma 

treatment 

1 M LiPF6 in 

EC: DMC 

(1:1, vol.) 

- ≈ 90 (2C) 

Jin, S. Y., 

Manuel, J., 

Zhao, X., 

Park, W. H., 

& Ahn, J.-H. 

(2017). 

Surface-

modified 

polyethylene 

separator via 

oxygen 

plasma 

treatment for 

lithium ion 

battery. 

Journal of 

Industrial and 

Engineering 

Chemistry, 

45, 15–21. 



Bombyx 

mori 

silkworm 

cocoon 

30 s of O2 

plasma 

treatment 

1 M LiPF6 in 

EC: DMC 

(1:1, vol.) 

2.33 
110.7 (2C) 

96.7 (5C) 
This Work 

 

The different approaches used to improve the separator parameters (Table 1) are in some cases 

a combination of processes and/or materials, which can be a disadvantage. Together with the 

main advantages of plasma treatments in battery separator membranes mentioned in section 

3.1, they also enhance the electrochemical performance of the separator, showing the relevance 

of this fast, affordable and safe surface treatment. 

 

4. Conclusions 

In the present work we report a fast and eco-friendly surface modification of Bombyx mori 

cocoons-based separators by two plasmas (O2 and N2) applied at different exposure times. Upon 

plasma exposure the behavior of the separators changed dramatically from superhydrophobic 

to superhydrophilic (the water contact angle became virtually 0°). This effect had obvious 

beneficial consequences in terms of wettability and wicking, without jeopardizing, however, 

the flammability behavior and thus safety issues. While the SEM images did not reveal any 

visible modification of the silk fibers at the macroscale, the AFM measurements provided 

unequivocal evidences of marked topographical changes at the submicroscale. In particular, a 

unique etching process was identified, which involved the cocoon nanofibrils, an indication that 

at least the 5th hierarchical level of silk was deeply affected by the plasma treatment. Due to the 

higher O2 reactivity with respect to N2, the O2 plasma treatment resulted in a more effective and 

faster etching than that caused by the N2 plasma-treated samples. For this reason, the remaining 

of the study was focused exclusively on the samples treated with O2 plasma. Apart from the 

physical impact, exposure to O2 plasma also led to chemical modifications, although subtle, at 

the surface of the cocoon separators. In the case of the cocoon treated for 30 s these 

modifications were manifested in the increase of the oxygen element (30 ± 2 %), due to the 

emergence of oxygen-containing functionalities. Accordingly, several features of the raw 

cocoon separator were affected by exposure to O2 plasma. The electrolyte uptake maximum 

value decreased from 400 to around 250-350%, but the necessary time to reach this maximum 

uptake value was reduced from 2 min to just 15 s, respectively. Not surprisingly, the ionic 



conductivity of the raw cocoon was enhanced upon O2 plasma treatment. The latter finding may 

be correlated with the fact that the negatively charged surface of plasma-treated separators is 

known to increase the mobility of Li+ ions and contribute to the uniformity of the SEI layer [38, 

70]. At 25 ºC the cocoon separator exposed for 30 s exhibited the highest ionic conductivity 

(2.33 mS cm−1) of all the O2 plasma-treated samples. 

The half-cells assembled with the plasma-treated cocoon separators showed different 

electrochemical performance. The lower overall resistance and the good cycling performance 

suggest good Li+ mobility and stable SEI formation. For high C-rates (5C) the influence of the 

O2 plasma treatment was definitely more evident, the cocoon separator treated for 30 s yielding 

the highest discharge capacity (96.7 mAh g−1) and the highest capacity retention (87.2%). These 

findings clearly point out the tremendous technological potential of this optimized cocoon 

separator sample in LIBs, as long as the discharge capacity is kept over the C-rates.  

Furthermore, we must emphasize that the half-cell battery incorporating the cocoon separator 

exposed to O2 plasma for 30 s denoted an unprecedented performance improvement with 

respect to the battery including the raw cocoon separator, the figures of merit being an 

outstanding increase of the discharge capacity of ca. 270% (from 26.1 to 96.7 mAh g−1 at 5C-

rate) and an even more impressive increase of the capacity retention (normalized with respect 

to the C/5 rate) of ca. 291% (from 22.3 to 87.2%). These truly extraordinary figures are 

intimately associated with the high electrolyte uptake value (289%), the high ionic conductivity, 

and the low overall resistance before and after cycling offered by this optimized cocoon 

separator.  

At last, it is of interest to compare the present figures of merit with those reported for systems 

including commercial separators. At 2C-rate the discharge capacity value of the half-cell 

including the optimized cocoon separator is slightly higher (110.7 versus 105.0 mAh g−1 [71]), 

whereas at 5C-rate it undergoes a 3.5-fold increase (96.7 versus 27.4 mAh g−1 [72]). 
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Appendix A 

Table A.1. Elemental composition (C, O and N) and ratios (O/C, O/N and C/N) on the 

surface of Bombyx mori cocoons (0 s) and after different O2 and N2 plasma treatment times 

(15, 30, 50 and 100 s). 

  Elemental composition (%) Elemental ratios 

  C O N O/C O/N N/C 

 0 s 67.3 ± 0.9 19.9 ± 0.9 12.8 ± 0.6 0.29 ± 0.01 1.55 ± 0.09 0.191 ± 0.009 

O2 

15 s 60.1 ± 0.5 26.7± 0.2 13.2 ± 0.5 0.444 ± 0.005 2.02 ± 0.08 0.220 ± 0.008 

30 s 57 ± 3 30 ± 2 14 ± 1 0.52 ± 0.05 2.2 ± 0.3 0.24 ± 0.03 

50 s 58 ± 1 27 ± 1 15.2 ± 0.5 0.47 ± 0.02 1.78 ± 0.08 0.26 ± 0.01 

100 s 54 ± 1 28.3 ± 0.8 15.3 ± 0.9 0.50 ± 0.02 1.8 ± 0.1 0.27 ± 0.02 

N2 

15 s 57 ± 1 31.8 ± 0.8 10.4 ± 0.7 0.55 ± 0.02 3.1± 0.2 0.180 ± 0.01 

30 s 51 ± 2 34.1 ± 0.9 15.1 ± 0.8 0.67 ± 0.02 2.3 ± 0.1 0.30 ± 0.02 

50 s 56 ± 4 31.6 ± 2 12.6 ± 2 0.56 ± 0.05 2.5 ± 0.4 0.23 ± 0.04 

100 s 47.9 ± 0.8 35.8 ± 0.8 16.4 ± 0.3 0.75 ± 0.02 2.2 ± 0.06 0.343 ± 0.008 
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Figure A.1. Examples of XPS spectrum of raw Bombyx mori cocoons and treated under oxygen 

at different treatment times: (a) wide spectra and the corresponding expansion of (b) C1s (b) 

N1a and (d) O1s peaks. 



0 s 15 s 30 s 50 s 100 s

0

10

20

30

40

50

60

70
A

t%
 C

0 s 15 s 30 s 50 s 100 s

0

5

10

15

20

25

30

35

40

A
t%

 O

Plasma treatment time (s)

0 s 15 s 30 s 50 s 100 s

0

2

4

6

8

10

12

14

16

18

A
t%

 N

0 s 15 s 30 s 50 s 100 s

0.0

0.2

0.4

0.6

0.8

O
/C

Treatment time

0 s 15 s 30 s 50 s 100 s

0

1

2

3

4

O
/N

Treatment time

0 s 15 s 30 s 50 s 100 s

0.0

0.1

0.2

0.3

0.4

N
/C

Treatment time

 

Figure A.2. Elemental composition (C – grey bars, O – blue bars, N – green bars) (A) and 

elemental ratios (C/O – red bars, O/N – violet bars, and C/N – light grey bars) at the surface 

of Bombyx mori cocoons as a function of N2 plasma exposure time.  
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Figure A.3. ATR/FT-IR spectra of the Bombyx mori cocoons in the range 4000-600 cm−1: 

raw (black line) and treated with O2 plasma with different exposure times. 

 

 

 

 

Figure A.4. Image of the contact angle in the outer surface of an untreated Bombyx mori 

separator.  

 

 


