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A B S T R A C T   

The food industry produces millions of tons of natural by-products. Through this study, we followed an envi-
ronmentally friendly strategy using discards, such as soy protein isolate (SPI) from soya oil production and 
marine cellulose (Cell) from the agar industry, in order to achieve added-value applications. In particular, this 
work focuses on the development of membranes based on soy protein and cellulose, and their validation as 
battery separator membranes toward sustainable energy storage systems. SPI membranes with Cell show 
excellent compatibility with the electrolyte based on physical interactions. These physical interactions favor the 
swelling of the membranes, reaching swelling values of 1000% after three days in the liquid electrolyte. The 
membranes are thermally stable up to 180 ◦C. After being subjected to the liquid electrolyte, it is observed that 
the microstructure of the membranes change, but the porous structure is maintained, while the materials remain 
easy to handle. The ionic conductivity value, lithium transference number and battery performance in cathodic 
half-cells are ~ 5.8 mS.cm− 1, 0.77, and 112 mAh.g− 1 at 1C-rate, respectively. Overall, considering environ-
mental issues and circular economy, it is proven that it is possible to obtain more sustainable high-performance 
lithium-ion batteries based on waste materials.   

1. Introduction 

Energy has been intrinsically linked to human activities over the 
years. Excluding energy from food that humans need for their meta-
bolism, the first major advance in the use of energy to benefit human 
activities took place in the Paleolithic, with the use of fire from burning 
wood to heat and cook some foods and in the Neolithic with the use of 
wood burning fire to shape metallurgical tools [1]. In the 18th century, 
in England, coal began to be used as a substitute for wood, since its use 
was more efficient. This discovery was applied to industry, witnessing 
the implementation of coal-powered systems, leading to the first in-
dustrial revolution at the end of the same century [2]. At the beginning 
of the 20th century, in the United States, petroleum began to be used as 
one of the forms of energy production. All these discoveries were 

important for the development of human activities and to reach the 
quality of life that we currently have, allowing also for an exponential 
population growth up to the more than 8 billion people in the world we 
are nowadays [3]. 

At the end of the 20th century, it was realized that fossil fuels were 
finite and that at the level at which they were being used they could 
become scarce or even run out. It began to be realized that energy could 
be a big problem in the world, since the energy costs of current human 
quality of life are high, the number of people in the world is constantly 
increasing, together with the environmental impact of human activities. 
Thus, new concerns such as climate change and global warming 
emerged, being felt all over the world. It was realized that systems 
powered by fossil fuels brought negative consequences for the planet 
and for the sustainability of future generations [4]. One of the 
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alternatives to these polluting energy sources appears at the end of the 
20th century with the implementation of systems capable of generating 
energy through renewable sources, this means, systems that use sunlight 
(photovoltaics), wind, water (dams, wave and tidal energy) and nuclear 
energy systems. Several of these systems have the great advantage of not 
polluting during power generation but have some limitations such as 
intermittency and the need to have specific favorable conditions for 
power generation [5,6]. The solutions for the intermittence of renewable 
energies include the development of hybrid systems, including both 
renewable and non-renewable sources, and/or the development of 
renewable energy generation systems coupled with energy storage sys-
tems, allowing the storage of excess energy generated to be used in case 
of unfavorable conditions in the production of energy by the same 
source [7,8]. Batteries thus play an essential role in this type of systems. 
Further, batteries are nowadays heavily used in portable and small de-
vices such as mobile phones, computers or tablets and in larger devices 
such as electric cars and autonomous energy systems [9]. 

Batteries are electrochemical systems based on oxidation-reduction 
reactions that convert chemical energy into electrical energy and vice 
versa. Batteries are made up of two electrodes (cathode and anode) and 
a separator soaked in an electrolyte solution [10]. Over the last few 
years, batteries have undergone changes according to needs and ac-
cording to the applications in which they are implemented. Currently, 
the most commercialized batteries are lithium-ion batteries (LIBs) due to 
their high energy density, long life cycles and low weight and size when 
compared to other types of batteries [11]. Nevertheless, batteries are 
composed by materials that, from an environmental point of view, could 
translate into future problems. Sustainability in batteries can be com-
plex, but it starts with replacing some of these materials by sustainable 
ones [12]. Sustainable materials are those with the friendliest extraction 
process, production, use, lifetime and recycling so that they do not put at 
risk future generations [13]. 

Natural polymers are called to play an essential role in this new 
generation of sustainable materials, since they are naturally obtained 
from animals or plants, are renewable sources and their degradation at 
the end of life occurs naturally and faster compared to synthetic poly-
mers [14]. Some of these types of polymers are already starting to be 
used as battery separators, such as carrageenan [15], cellulose [16], 
cellulose succinate nanofibers (SCNF) [17], poly 
(hydroxybutyrate-co-hydroxyvalerate) (PHBV) [18], poly(L-lactic 
acid) (PLLA) [19] and silk [20], with promising results. Biomass 
derived separators are particularly relevant, since they are abundant, 
are compatible with simple/cheap processing methods and their use is in 
line with circular economy and sustainable development policy guide-
lines [21]. Among biomass-derived separators, cellulose is widely used, 
inasmuch as it presents wide availability and superior features in the 
fields of electrolyte uptake capability, mechanical strength and ther-
mal/chemical stability [22]. In fact, a commercial cellulose-based 
separator has already been produced for lithium secondary batteries 
[23] and also tested with NCM523 (LiNi0.5Co0.2Mn0.3O2) cathodes with 
ionic conductivity value of 6.34 mS.cm− 1 and lithium ion transference 
number value of 0.82 at room temperature [24]. However, pretreat-
ment, separation, and functionalization of cellulose sometimes can be 
complex, and harmful byproducts can be generated. In this sense, unlike 
cellulose derived from plants, cellulose derived from algae is free of 
lignin, which facilitates cellulose extraction [25]. It is worth high-
lighting that this algae cellulose can be obtained from agar production 
waste valorization [26]. Therefore, algae cellulose use in batteries will 
lead to cheaper and more environmentally friendly separators. 

Within the various sustainable materials, soy protein can also be seen 
as an alternative to conventional synthetic polymers used in LIB. Soy 
protein has the advantages of being sustainable, environmentally 
friendly, renewable and degradable. Soy protein is extracted from beans 
and is marketed in three types: soy flour, soy protein concentrate, and 
soy protein isolate (SPI) [27]. SPI can be used as films, plastics, coatings, 
adhesives, emulsifiers and hydrogels [28]. Due to these various ways of 

processing, SPI is widely used in some particular industries such as food 
supplements and animal feed, but it can also be used in some specific 
applications such as biomedical materials, tissue engineering and sen-
sors [29,30]. Despite its environmentally friendly characteristics, SPI 
tends to have a certain rigidity, which limits its use in some applications 
that need to be mechanically flexible, shows low mechanical strength 
and low water resistance properties [31]. The solution for solving the 
mechanical problems presented by soy protein involves the use of this 
sustainable material with the use of a filler. Cellulose, in addition of 
being a sustainable filler and with the same environmental advantages 
as soy protein, has excellent mechanical strength and a high aspect ratio, 
providing soy protein with the required characteristics to be used as a 
LIBs separator [32]. Further, it is to notice that both soy protein and 
cellulose are obtained from food industry discards, contributing there-
fore to a waste limited and sustainable economy through the revalori-
zation of waste to high end applications. Similar to cellulose, proteins 
show attractive advantages for fabricating separators. Together with 
hierarchical structures and specific biophysical/biochemical properties, 
proteins have abundant polar groups, useful for creating strong in-
teractions with lithium ions [33]. A protein with enormous studies in 
different fields, like SPI, still needs in-depth research in the scope of 
energy storage systems. 

In this context, the objective of this work is to develop LIB separators 
based on natural materials for a new generation of sustainable batteries. 
Separators based on SPI with different amounts of cellulose were 
developed through a freeze-drying process, and the influence of filler 
content on separator membranes was evaluated through their morpho-
logical, crystallographic, thermal, physicochemical and mechanical 
properties. The developed membranes were also tested for battery ap-
plications by assessing electrolyte uptake, ionic conductivity and lithium 
transfer number, as well as charge-discharge half-cell battery tests. 
Furthermore, the valorization of biomass or by-products from industry, 
rich on proteins and polysaccharides, can be a worthy approach to 
prepare sustainable battery components. Taking all this into account, 
this work focusses on the evaluation of soy protein/algae cellulose 
membranes as battery separator in order to contribute to the design of 
next-generation sustainable green separators. 

2. Experimental details 

2.1. Materials 

Soy protein isolate (SPI), PROFAM 974, with a 90% protein content 
on dry basis, was obtained from ADM Protein Specialties Division 
(Netherlands). Glycerol, used as plasticizer, and NaOH (1 M) were 
supplied by Panreac (Spain). The algae waste was generated from the 
processing of the red algae Gelidium (Rodophyta) to obtain agar and it 
was kindly provided by Roko Industries S.A. (Llanera, Asturias Spain). 
This algae waste is mainly composed of cellulose and protein. 

The N-methylpyrrolidinone (NMP) solvent, lithium-metallic and 
electrolyte solution of 1 M LiPF6 in a mixture of dimethyl carbonate 
(DMC) and ethyl carbonate (EC) (1:1 in vol. ratio) were purchased by 
Merck. C-LiFePO4 (LFP), super P carbon black, and poly(vinylidene 
fluoride) PVDF, Kynar PVDF HSV900, were acquired by Phostech 
Lithium, Timcal Graphite & Carbon and, Arkema, respectively. 

2.2. Processing of membranes 

SPI and algae cellulose-containing membranes were prepared by 
lyophilisation. First, 10 g of SPI was mixed with 0, 25, 30, 30, 40 and 50 
wt% of algae residues (SPI dry basis) and 125 mL of distilled water were 
added. The mixture was then heated at 80 ◦C for 30 min under magnetic 
stirring. Then, 30 wt % glycerol (SPI dry basis) was added to the mixture 
and the pH was adjusted to 10 with NaOH (1 M) and the mixture was 
heated for another 30 min under the same conditions to obtain a ho-
mogeneous mixture. Finally, the mixture was poured into molds, kept in 
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a freezer at -23 ◦C for 48 h and then, freeze-dried for 72 h to obtain the 
membranes. The cellulose-containing algae waste (Cell) amounts 
employed in this work were 0, 25, 30, 40 and 50 wt % (based on SPI dry 
basis). The membranes were identified as control in case of the sample 
without algae waste and 25Cell, 30Cell, 40Cell and 50Cell as a function 
of cellulose-containing algae waste amount. 

2.3. Physicochemical characterization of membranes 

The morphology of the samples was visualized using an S-4800 field 
emission scanning electron microscope (Hitachi High-Technologies 
Corporation). Samples were mounted on a metal stub with a double- 
side adhesive tape and coated under vacuum with gold (JFC-1100) in 
an argon atmosphere prior to observation. Membranes were measured 
using an accelerating voltage of 5 kV. Furthermore, scanning electron 
microscopy (SEM) images were analyzed by ImageJ software for pore 
size evaluation and the porosity was quantified by PoreMaster GT-60 
Mercury-intrusion apparatus (Quantachrome Instruments), equipped 
with low-pressure (0.1 psi) and high-pressure (60000 psi) devices. 
Before testing, membranes were dried at 105 ◦C for 12 h and then, the 
density was measured in an automatic He Microultra Pycnometer 
(Quantachrome Instruments). 

Rectangular pieces of 2 × 2 cm were weighed (wi), and then 
immersed into lithium-salt electrolyte solution. Samples were weighed 
after immersion for specific times (wt) until constant values were ob-
tained. The electrolyte uptake (ELU) was calculated by the following 
equation: 

ELU(%) =
wt − wi

wi
⋅100 (1) 

Fourier transform infrared (FTIR) spectroscopy was carried out in the 
membranes before and after electrolyte uptake tests on a Platinum-ATR 
Alpha II FTIR spectrometer (Bruker). A total of 32 scans were performed 
at a resolution of 4 cm− 1 in the wavenumber range from 800 to 4000 
cm− 1. 

X-ray diffraction (XRD) analysis was carried out using a diffraction 
unit (PANalyticXpert PRO) operating at 40 kV and 40 mA. The radiation 
was generated from a Cu-Kα (λ = 1.5418 Å) source. Data were collected 
at 2θ values from 2 to 50◦, where θ is the incidence angle of the X-ray 
beam on the sample. 

Thermo-gravimetric analysis (TGA) was performed in a Mettler 
Toledo TGA SDTA 851 equipment (Mettler Toledo S.A.E.). Samples were 
heated from 25 to 800 ◦C at a heating rate of 10 ◦C/min under inert 
atmosphere conditions (10 mL N2/min) to avoid thermo-oxidative 
reactions. 

Differential scanning calorimetry (DSC) was carried out in a Mettler 
Toledo DSC 822 (Mettler Toledo S.A.E.). Samples (3.0 ± 0.2 mg) were 
sealed in an aluminum pan to avoid mass loss during the experiment. 
Filled pans were heated from -50 to 300 ◦C at a rate of 10 ◦C/min under 
inert atmosphere conditions (10 mL N2/min) to avoid thermo-oxidative 
reactions. 

Mechanical properties were performed employing a TA.XT.Plus C 
Texture Analyzer (Aname Instrumentación Científica). For compression 
tests, assays were carried out up to 50% deformation with a 50 kg load 
cell, and data were collected at 1 mm/s speed. For puncture tests, a 5 kg 
load cell was employed and data were collected at 3 mm/s speed. 
Additionally, texture profile analysis (TPA) was carried out up to 20% 
deformation, using the 50 kg load cell, and data were collected at 1 mm/ 
s speed. 

2.4. Electrochemical parameters of membranes 

For the determination of the ionic conductivity value, electro-
chemical impedance spectroscopy was used through symmetric cells 
with stainless steel disc electrodes. The separator sample, with thickness 
of approx. 100 μm, was embedded with the electrolyte, placed between 

the electrodes and pretreated at 60 ◦C in a Buchi tube. The measure-
ments were performed with a Biologic VMP3 instrument in the fre-
quency range from 0.1 mHz to 106 Hz and an amplitude of 10 mV at 
room temperature. The ionic conductivity (σi) value was obtained 
through the following equation: 

σi =
d

Rb × A
(2)  

where d is the thickness of the separator sample, Rb is the bulk resistance 
and A is the electrode area. 

Regarding to the electrochemical stability window, room tempera-
ture cyclic voltammetry was used through a two-electrode cell config-
uration composed with a 25 µm diameter gold microelectrode and 
lithium metal. Measurements were carried out at room temperature with 
a Biologic VMP3 instrument at 0.1 mV/s inside a dry argon-filled glove- 
box. 

The Li-ion transference number (tLi
+) was determined using sym-

metrical lithium cells through the potentiostatic polarization and 
applying a DC voltage of 10 mV at room temperature [34]. The tLi

+ value 
was determined by applying Eq. 3: 

tLi+ =
Is
[
ΔV − I0 R0

]

I0[ΔV − Is Rs]
(3)  

where Is and I0 are the steady and initial currents, respectively, ΔV is the 
applied potential, and R0 and Rs are the initial and final resistances of the 
Li electrode/electrolyte before and after polarization, respectively. 

2.5. Battery preparation, assembly and characterization 

The cathodic half-cells were assembled with lithium metal |SPE| LFP 
cathode configuration in a glovebox under argon atmosphere (H2O, O2 
< 1 ppm). Prior to assembly, the LFP cathode material and the separator 
membrane were transferred to the glovebox, after being dried at 60 ◦C 
under vacuum overnight in a Buchi TO51 tube oven. LFP cathodes were 
prepared with an active material:conductive material:polymer binder 
composition in a weight ratio of 80:10:10 and deposited on an aluminum 
current collector with an active mass loading about 2 mg. More details 
on the preparation are explained in [35]. Galvanostatic 
charge-discharge cycles were carried out at room temperature in a Landt 
CT2001A instrument at different rates (C/10, C/5, C/2, 1C and 2C, C =
170 mA.g− 1) for 10 cycles and C/5 rate for 100 cycles. Before and after 
cycling, impedance spectroscopy was carried out in the batteries with a 
signal amplitude of 10 mV in the frequency range from 10 mHz to 500 
kHz with a Solartron 1260A Impedance Analyzer instrument. 

3. Results and discussion 

3.1. Morphology, degree of porosity and pore size 

The developed easy-to-handle membranes were obtained in a cir-
cular shape and with uniform distribution. As presented in Fig. 1, the 
appearance of the membranes is different between the control sample 
and the membranes with algae cellulose, due to the presence of algae 
cellulose. On the other hand, there are no relevant differences between 
membranes with different algae waste content. 

The morphology of the developed membranes is shown in Fig. 2 
through the SEM images. Regardless of the algae waste cellulose (Cell) 
content, Fig. 2a–d, it is observed that the membranes show a porous 
morphology with interconnected pores distributed throughout the 
sample, which is ascribed to the processing methodology. Moreover, it 
can be visualized that SPI and algae cellulose had good compatibility 
due to the uniform membrane appearance. After the uptake process with 
electrolyte solution, (Fig. 2e and f), and independently of Cell content, 
the porous morphology of the membranes is maintained, demonstrating 
the excellent stability of the membrane in the electrolyte solution. The 
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degree of porosity of the membranes, as determined by mercury intru-
sion porosimetry (MIP), is in the order of 80–90%, regardless of alga 
waste content. 

Fig. 3 shows the pore size for each membrane, the average pore size 
increasing with increasing Cell content. The main reason for this 
behavior is the microphase separation between polymers, decreasing SPI 
amount promoting aggregation and inhibiting the ordered re-assembly 
of cellulose molecular chains [36]. This intrinsic pore structure con-
tributes to the excellent liquid electrolyte wettability [37]. Owing to the 
curvature of the pores and the interpenetrated microporous structure 
achieved, these membranes can effectively inhibit the occurrence of 
lithium dendrites on the graphite anode during the charge process, being 

more suitable for batteries with a long cycle life [38]. The control 
membrane porosity was 83% and slightly increased as the amount of 
algae waste cellulose increased, showing a porosity of 89% for 50Cell 
membranes. 

3.2. Physicochemical characterization 

The electrolyte wettability and uptake capacity of separators play a 
key role in their electrochemical performance. In this way, first, elec-
trolyte contact angle was intended to be measured, but it was not 
possible since the electrolyte droplet was fully absorbed into the sam-
ples. However, these trials were useful to confirm that samples had 

Fig. 1. Optical images of control, 25Cell, 30Cell, 40Cell and 50Cell membranes.  

Fig. 2. Cross section morphology of the membranes: (a) Control, (b) 25Cell, (c) 40Cell and (d) 50Cell. Morphology after uptake process for (e) Control and (f) 50Cell.  
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excellent liquid electrolyte wettability, as well as to prove that samples 
and electrolyte were affine, in as much as the lower the contact angle, 
the greater the affinity [39]. The electrolyte absorption capacity of the 
samples was investigated as a function of time. As presented in Fig. 4a, 
all samples had a prolonged electrolyte uptake, without any saturation 
plateau in the first 7 days. Control sample showed faster and higher 
electrolyte uptake values. These ELU values decreased as the algae cel-
lulose content increased, but ELU value was around 1000% at the end of 
the test for 50Cell membranes. The obtained values are higher than 
those found for current commercial separators (~150%), mainly fabri-
cated from PE and PP [40]. Also, it is observed that this process de-
creases with increasing the cell amount due to the morphologies with 
different pore size. As the pore size increases, the free void volume in-
creases and consequently decreases the swelling process, since this 

process occurs in the amorphous phase of the membrane [41]. 
Regarding FTIR, spectra showed typical bands of SPI and cellulose 

(Fig. 4b). The major characteristic bands of SPI are amide I (around 
1630 cm− 1) and amide II (around 1530 cm− 1) [42,43]. Cellulose shows 
characteristic bands related to β-(1→4)-linked glucan [44], such as the 
band around 1033 cm− 1. It is worth noting the absence of bands at 1413, 
1533, and 1726 cm− 1, indicating the absence of lignin [45]. The addi-
tion of algae cellulose did not lead to new bands, therefore, no chemical 
reactions occurred between SPI and the cellulose present in algae waste 
[46] but physical interactions between amino and hydroxyl groups of 
SPI and hydroxyl groups of cellulose [42,47]. The abundance of hy-
droxyl groups, which are electrolyte-friendly groups, is the main reason 
for the excellent electrolyte wettability [37]. The electrolyte presence 
was clearly shown in the membrane spectra carried out after electrolyte 
uptake, which showed the characteristic electrolyte bands at ≈ 1800, 
1760, 1160, 1070, and 840 cm− 1 (Fig. 4b). 

Control and algae cellulose-containing samples were analyzed by 
means of X-ray diffraction (XRD) to identify the membrane structure. 
Fig. 4c shows that all samples exhibited two broad peaks at 9◦ and 20◦. 
The first peak was associated to the α-helix of SPI, while the second peak 
was attributed to the β-sheet structures of SPI, as well as to cellulose 
present in algae waste [48,49]. All samples had almost identical XRD 
patterns, thereby, the amorphous structure of SPI was maintained even 
when protein was blended with cellulose and physical interactions were 
formed between both polymers. XRD was also analyzed after electrolyte 
uptake (Fig. 4d). The two sharp peaks around 39 and 45◦ were associ-
ated to LiF. It is observed that the presence of the electrolyte caused 
some changes in the secondary structure of SPI. The peak around 9◦

disappeared owing to some inter-peptide hydrogen bonding modifica-
tions and the disappearance of the α-helix conformation. Moreover, 
control membrane showed more noticeable changes in the secondary 
structure with a decrease in the intensity of the peak located around 20◦, 
while this peak showed similar intensity for the membranes with algae 
cellulose, indicating that these membranes maintained β-sheet structure. 

Fig. 3. Pore size for control, 25Cell, 30Cell, 40Cell and 50Cell membranes.  

Fig. 4. (a) Swelling behavior, (b) FTIR spectra before and after electrolyte swelling, and XRD spectra (c) before and (d) after electrolyte swelling for control, 25Cell, 
30Cell, 40Cell and 50Cell membranes. 
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Battery separators need thermal stability to avoid safety concerns 
[50]. In this sense, DSC and TGA analyses were carried out to assess the 
membrane thermal properties, as shown in Fig. 5a and b, respectively. 
Regarding DSC analysis, two peaks were found up to 300 ◦C, as pre-
sented in Fig. 5a. These peaks were ascribed to SPI and, specifically, to 
the denaturation of 7S (84–90 ◦C) and 11S (230–240 ◦C) globulins [46]. 
The denaturation peak associated to 11S globulins is typically observed 
at lower temperatures, but moisture content in membranes could shift 
its position to higher temperatures [51,52]. Regarding TGA, derivative 
thermo-gravimetric (DTG) curves and weight loss curves are shown in 
Fig. 5b. Three main stages of thermal degradation are observed. The first 
stage around 100 ◦C is related to the evaporation of the water present in 
the structure, the second weight loss around 200 ◦C is associated to 
initial algae cellulose depolymerisation and to the evaporation of glyc-
erol, and the third stage around 310 ◦C is related to cellulose depoly-
merisation and SPI decomposition [53,54]. The TGA curves showed that 
algae cellulose-containing SPI membranes have suitable thermal sta-
bility to be used as separator for batteries [55]. 

A battery separator should be mechanically stable to cope with 
different forces (inside and outside batteries) during the fabrication and 
operation of the battery. In this sense, compression and puncture tests, 
as well as texture profile analysis, were performed for control and algae 
cellulose-containing membranes to assess their mechanical behavior. As 
can be seen in Fig. 5c, the characteristic curves of non-plastically 
deformed samples were obtained, with an elastic response and shape 
recovery. Moreover, around 7 kgf was needed for a deformation of 50 % 
in all samples (Fig. 5d). As for puncture, the maximum force required for 
the control sample was 6.03 ± 0.21 N; this value increased with Cell 
content up to 8.67 ± 0.32 N for 50Cell membrane (Table 1). Since the 
puncture strength of a thin separator should be higher than 3 N [56], 
cellulose-containing SPI membranes showed excellent values. Addi-
tionally, the energy required for puncture increased from 13.03 ± 0.41 
mJ for the control membrane to 18.67 ± 0.33 mJ for 50Cell membrane 
(Table 1), excellent mechanical behavior for membranes to be used as 
battery separators. Concerning texture profile analysis (TPA), as shown 
in Table 1, similar force/area results were obtained in the two cycles of 
TPA, with cohesiveness values around 0.75 for all membranes, 

indicating a suitable structural strength that prevents the membrane 
from decomposing into fragments upon force cycling. Additionally, all 
samples showed hardness values higher than 2.32 kg. These values are in 
agreement with the results obtained by puncture tests. Therefore, it 
could be concluded that algae cellulose-containing membranes are 
resistant to repetitive force cycles. 

Considering the results obtained in the thermal, physicochemical, 
morphological and mechanical characterization, 50Cell membranes 
were selected to carry out the studies related to the membrane 
application. 

3.3. Uptake behavior, ionic conductivity and Li+ transference number 

Considering the morphology, the physicochemical properties and the 
excellent mechanical behavior of the 50Cell membrane, this membrane 
was tested as a separator for LIBs. Fig. 6a shows the uptake process as a 
function of time for this membrane with the same dimensions used in 
cathodic half-cells. It is observed that after 1 min, the membrane is filled 
by the electrolyte with ~500%, due to the high degree of porosity and 
also to the pore size of this membrane. 

After the uptake process, the ionic conductivity was evaluated 
through impedance spectroscopy, the Nyquist plot for the 50 Cell 
membrane being shown in Fig. 6b. The Nyquist plot is characterized by a 
straight line over the frequency range, demonstrating the high ionic 
conduction process through charge transfer and Li electrode/electrolyte 

Fig. 5. (a) DSC scans, (b) DTG curves, (c) stress-strain curves and (d) force variation as a function of different strain for control, 25Cell, 30Cell, 40Cell and 
50Cell membranes. 

Table 1 
Data from puncture and TPA tests for control, 25Cell, 30Cell, 40Cell and 50Cell 
membranes.   

PUNCTURE TPA  

Maximum force 
(N) 

Rupture energy 
(mJ) 

Cohesiveness Hardness 
(kg) 

Control 6.03±0.21 13.03±0.41 0.75±0.01 2.36±0.15 
25Cell 6.21±0.25 13.39±0.17 0.75±0.01 2.33±0.16 
30Cell 7.14±0.40 15.19±0.44 0.76±0.01 2.34±0.17 
40Cell 8.32±0.31 17.23±0.41 0.75±0.01 2.33±0.19 
50Cell 8.67±0.32 18.67±0.33 0.75±0.01 2.34±0.11  
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interface [57]. Eq. 2 was used for calculating the ionic conductivity 
value of the sample and a value of 5.8 mS.cm− 1 was obtained for 50 Cell 
membrane. 

For the evaluation of the electrochemical stability of the 50Cell 
membrane, Fig. 6c shows the cycle voltammogram after the uptake 
process. In the voltage range from 0 to 5 V, no anodic and cathodic peaks 
are observed, demonstrating that the membrane is very stable for bat-
tery applications. 

Finally, an important parameter in separator membranes is the 
lithium-ion transference number, tLi

+ which was calculated from the 
Bruce and Evans method, as shown in Fig. 6d. For this membrane, the tLi

+

is 0.77, higher than that of commercial separator membranes or carra-
geenan membranes [15]. This value is due to the excellent compatibility 
and interaction between the electrolyte solution and the membrane, 
facilitating ion-pair dissociation and demonstrating that the developed 
membrane is suitable as LIBs separator. 

3.4. Charge/discharge behavior 

Considering the high ionic conductivity value and lithium trans-
ference number, cathodic half-cells were assembled with the 50Cell 
membrane to evaluate the charge-discharge behavior at room 

Fig. 6. (a) Electrolyte uptake process, (b) Nyquist plot, (c) cycling voltammetry and (d) DC polarization measurements for the 50Cell membrane.  

Fig. 7. (a) Charge/discharge profiles at different C-rates, (b) rate performance as a function of the cycle number compared to glass fiber separator, (c) charge and 
discharge values at C/10-rate for 100 cycles and (d) Nyquist plot before and after cycling for the 50Cell membranes. 
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temperature and different C-rates. Fig. 7a shows the fifth charge/ 
discharge curve profiles at C/10, C/5, C/2, 1C and 2C-rate. For each C- 
rate, ten charge/discharge cycles were performed, the curve profile 
being very similar along the cycle number. Fig. 7a shows the typical 
redox peaks pair of C-LFP active material, demonstrating the removal of 
lithium during the charging process and its insertion during discharge 
process. 

The discharge capacity values are 144, 141, 133, 112 and 61 mAh. 
g− 1 at C/10, C/5, C/2, 1C and 2C, respectively, demonstrating excellent 
battery behavior and reversibility. These high discharge capacity values 
are due to the high ionic conductivity and lithium transference number. 
It is also observed that the charge and discharge capacity values 
decrease with the increase of the C-rate due to the ohmic drop polari-
zation process [58]. Furthermore, for all C-rates, the Coulombic effi-
ciency is near ~ 100%, demonstrating the excellent process 
reversibility. 

The cycling behavior of this membrane was compared to that of a 
commercial glass fiber separator (Whatman GF A) and Fig. 7b shows the 
rate performance as a function of 10 cycles for each C-rate for both 
membranes. It is observed that the discharge value is very stable for both 
membranes as a function of the cycle number for each C-rate and, 
regardless of the C-rate, the discharge capacity value of the 50Cell 
membrane is higher compared to the commercial separator due to high 
ionic conductivity value and lithium transference number (Fig. 7b). 

Fig. 7c shows the cycle stability over 100 cycles in the charge and 
discharge process at C/10 to assess the cyclability of this membrane, 
showing that the capacity remains practically constant over 100 cycles, 
demonstrating the good stability of this membrane. Thus, the discharge 
capacity value before and after 100 cycles are 141 mAh.g− 1 and 128 
mAh.g− 1, respectively, which reveals low capacity fade. Also, in the first 
20 cycles, a small difference between charge and discharge value is 
detected due to the solid electrolyte interface (SEI) formation [59]. 

Fig. 7d shows the Nyquist plot of the cathodic half-cells with the 
50Cell membrane before and after cycling. For both Nyquist plots, it is 
observed a semicircle at high frequency and the straight line at low 
frequencies. The semicircle represents the interfacial and charge transfer 
resistances [60] and the straight line describes the Li+ diffusion process 
[61]. It is observed that cycling increases the resistance due to the solid 
electrolyte interface (SEI) layer formation during cycling [60], the 
resistance being 440 Ω and 700 Ω before and after cycling, respectively. 

Table 2 compares the uptake, porosity, ionic conductivity and bat-
tery performance (discharge capacity) of the developed membrane with 
other membranes from different natural polymers reported in the 
literature. 

Table 2 demonstrates that the ionic conductivity value and battery 
performance of this membrane presents superior behavior in relation to 
other sustainable membranes reported in the literature. The ionic con-
ductivity value stands out compared to other membranes due to the 
excellent interaction with the electrolyte solution. In addition, consid-
ering the environmental issues and the circular economy, it is shown 
that LIBs produced from waste materials may lead to excellent behavior 
successfully addressing the dichotomy between sustainability vs per-
formance. In addition, the porous membrane produced with materials 
from waste in various food industries, allows these materials to be given 
a second life with added value while leading to more sustainable bat-
teries. Finally, it is the first time that the membranes based on soy 
protein have been used as a separator membrane in battery applications 
allowing to open new sights to natural polymers in the mentioned 
applicability. 

4. Conclusions 

Considering the requirements to improve sustainability of materials, 
processes and applications, as well as circular economy considerations 
(e.g. valorization of waste products), new separator membranes, based 
on soy protein and cellulose-containing algae waste, were prepared by 

freeze-drying for lithium-ion batteries. A porous morphology was ob-
tained, with a degree of porosity around 80–90%, regardless of the algae 
waste amount, but the average pore size was affected by algae waste 
content. Through the swelling process, an excellent interaction between 
electrolyte solution and the membrane was detected, where the vibra-
tion bands and thermal properties were independent of the algae waste 
amount. Further, the membranes are thermally stable up to ~ 150 ◦C. 
Mechanical properties were improved by addition of algae waste, 
demonstrating the excellent interaction between SPI and cellulose; 
furthermore, the mechanical properties were correlated with the porous 
morphology. Electrochemical parameters were evaluated for the mem-
branes with the highest algae waste content due to their excellent me-
chanical properties, and ionic conductivity and lithium transference 
number values were 5.8 mS.cm− 1 and 0.77, respectively. Cathodic half- 
cell with the 50Cell separator membrane showed excellent battery 
characteristics at different C-rates. Cathodic half-cells prepared with this 
membrane showed a discharge capacity of 61 mAh.g− 1 at 2C and 128 
mAh.g− 1 at C/10-rate after 100 cycles, demonstrating outstanding per-
formance. If fact, the obtained results are among the best for battery 
separator membranes based on natural polymers. Thus, the present work 
demonstrates that it is possible to obtain sustainable lithium-ion batte-
ries based on waste materials from several industries, giving a second 
life to these materials and leading to more sustainable batteries. 
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σi 

(mS⋅cm− 1) 
Discharge 
capacity 
(mAh⋅g− 1) 

Ref 

Carrageenan 700/90 1.34 113@C/5 after 
100 cycles 

[15] 

Silk Fibroin/Silk 
Sericin 

153/86 4.09 86@2C after 
100 cycles 

[20] 

PLLA 345/72 1.6 123@C/5 after 
50 cycles 

[19] 

Silk Fibroin 350/90 2.2 133.3@C/5 
after 50 cycles 

[62] 

O-PHBV/CFO 400/88 5.2 105@C/8 after 
100 cycles 

[18] 

Cellulose 240-280/75 2.1 85@2C after 60 
cycles 

[16] 

Calcium 
alginate/ 
cellulose 

270/78 1.22 138@C/2 after 
50 cycles 

[63] 
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after 700 cycles 

[64] 

Agar -/60 2.5 105@C after 
100 cycles 

[65] 

Chitin 242/54 0.064 105@C/2 after 
115 cycles 

[66] 

Soy protein/ 
cellulose 
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after 100 cycles 
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[58] A. Gören, J. Mendes, H.M. Rodrigues, R.E. Sousa, J. Oliveira, L. Hilliou, C.M. Costa, 
M.M. Silva, S. Lanceros-Méndez, High performance screen-printed electrodes 
prepared by a green solvent approach for lithium-ion batteries, J. Power Sources 
334 (2016) 65–77. 

[59] Y. Zhang, N. Du, D. Yang, Designing superior solid electrolyte interfaces on silicon 
anodes for high-performance lithium-ion batteries, Nanoscale 11 (2019) 
19086–19104. 

[60] J. Guo, A. Sun, X. Chen, C. Wang, A. Manivannan, Cyclability study of 
silicon–carbon composite anodes for lithium-ion batteries using electrochemical 
impedance spectroscopy, Electrochim. Acta 56 (2011) 3981–3987. 

[61] J. Huang, Diffusion impedance of electroactive materials, electrolytic solutions and 
porous electrodes: Warburg impedance and beyond, Electrochim. Acta 281 (2018) 
170–188. 

[62] A. Reizabal, R. Gonçalves, A. Fidalgo-Marijuan, C. Costa, L. Pérez, J.L. Vilas, 
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