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ARTICLE INFO ABSTRACT

Keywords: This work focuses on the production of sustainable membranes based on collagen and chitosan as separators in
Collagen lithium-ion batteries. Membranes were prepared by freeze-drying with varying collagen and chitosan contents.
Chitosan

All membranes show interconnected pores with different pore sizes and porosity above 90 %, allowing high
values of electrolyte uptake. As for thermal and mechanical characteristics, the addition of chitosan improves
both thermal and mechanical stability. After 1 M LiPF¢ in EC:DMC electrolyte uptake, the ionic conductivity is
above 0.49 mS-cm! for all membranes and is most affected by the collagen content. Furthermore, the membranes
present a lithium transfer number value of 0.2. In cathodic half-cells with LiFePOy, the obtained room tem-
perature discharge capacity is above 140 mAh-g™! at C/8 rate. For high C rates (C and 2C rates), the membranes
with 80 wt % of collagen and 20 wt % of chitosan present 42 mAh-g™! after 100 cycles at C rate, demonstrating
adequate reversibility. Considering the need for more environmentally friendly materials and methods
compatible with a circular economy, the bio-based membranes developed in this work constitute an alternative
for synthetic separators.

Porous membranes
Lithium-ion batteries

1. Introduction gain great relevance in 1991 with the development of lithium-ion bat-

teries (LIBs), that have been increasingly implemented in portable

Energy and environment rank among the most pressing global
challenges of our time [1]. In this scope and based on the strategy to
reduce carbon emissions by 2050, it is necessary to reduce dependence
on fossil fuels. Thus, renewable energy sources such as photovoltaic,
hydro, and wind power will need to be implemented on a large scale in a
scenario of increasing global energy demand [2], being also necessary
their coupling to energy storage systems (ESS), based on their inter-
mittent nature [3,4].

Batteries are electrochemical systems based on oxidation-reduction
reactions that convert chemical energy into electrical energy and vice
versa [5]. The first batteries were developed in the 18th century when
Alessandro Volta invented the voltaic pile [6], but batteries began to
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electronic as well as in electric vehicles [2,7]. When compared with
other battery technologies, LIBs emerge as the lighter and more
cost-effective option, offering higher energy density, reduced
self-discharge, absence of memory effects, extended service life, and a
large number of charge/discharge cycles [8-10]. Currently, LIBs reign
supreme among energy storage systems, boasting a compound annual
growth rate (CAGR) of 17.0 % and an anticipated global market value of
USD $93.1 billion by 2025 [8].

Among the different battery components, the separator is defined as
a membrane saturated in an electrolyte solution (separator), which
separated the electrodes (anode and cathode) [11]. It is classified as an
inactive cell component, but it is a critical component in LIBs as its
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properties considerably affect the overall battery performance, affecting
ion mobility, cycle life and safety. The separator allows the diffusion of
lithium ions through it but also prevents the contact between the two
electrodes, avoiding short circuit [12]. Consequently, separators must
exhibit electronic insulation [13] and must display high ionic conduc-
tivity either by intrinsic ionic conduction or by soaking an electrolyte. It
is also required to be corrosive-resistant to organic solvents, as they are
often involved in the electrolytes used in rechargeable battery system.
Furthermore, this material should ideally be highly resistant to the
electrochemical processes from electrodes and electrolyte and protect
against short circuit, thermal runaway and overcharge. So, they must
present complementary important characteristics for a correct battery
operation, such as mechanical, thermal, chemical, and electrical sta-
bility, porous morphology, suitable wettability by the electrolyte, and
resistance to electrochemical degradation [14,15].

The growing global demand for energy storage technologies has
increased the need for materials that not only meet the performance
criteria of highly efficient energy storage systems, but also adhere to
sustainability principles [16]. Most of the materials used in battery
separators, such as poly(acrylonitrile) (PAN), poly(ethylene oxide)
(PEO), poly(ethylene) (PE), poly(propylene) (PP), and poly(vinylidene
fluoride) (PVDF), are often products resulting from the transformation
of fossil fuels [13]. Achieving sustainability in the realm of batteries can
be complex, but it starts with replacing some of these materials by
sustainable ones. Within this framework, polymers derived from
biomass assume particular significance due to their abundance,
compatibility with cost-effective processing techniques, and alignment
with the principles of circular economy and sustainable development
[17]. Some of these biopolymers have already begun to find application
as battery separators, such as cellulose and its derives [18], yielding
promising outcomes. Within the various sustainable materials, collagen
can also be considered as an alternative to conventional synthetic
polymers used in LIBs. Collagen has the advantages of being sustainable,
environmentally friendly, renewable and degradable [19]. In terms of
chemical structure, the collagen backbone is composed by three parallel
polypeptide-alpha chains in the form of cross-linked fibrils with a triple
helix structure that leads to the formation of insoluble fibers responsible
for the high mechanical strength and integrity of the extracellular matrix
of mammalians [20]. However, collagen, while a promising material for
battery separator applications, does come with certain limitations. One
of its main drawbacks is its relatively low thermal stability, which can
make it susceptible to thermal degradation in high-temperature envi-
ronments [21]. Additionally, collagen may not exhibit the desired level
of resistance to moisture or ionic conductivity required for efficient
battery separators. Chitosan, a polycationic polymer obtained by the
deacetylation of chitin [22], on the other hand, offers solutions to these
challenges. Chitosan can enhance the thermal stability of collagen-based
separators, making them more resilient to temperature fluctuations
[23]. Its inherent moisture resistance properties also aid in maintaining
the separator’s integrity in humid conditions. Moreover, chitosan con-
tributes to improved ionic conductivity, essential for battery perfor-
mance [24]. Furthermore, both collagen and chitosan can show a good
electrochemical stability, mainly because the amino and hydroxyl
groups in the chitosan and collagen could function as Lewis bases to
react with the Lewis acid produced by electrolyte decomposition,
slowing the electrolyte decomposition [25]. By combining collagen and
chitosan, it is possible to obtain separators that mitigate these draw-
backs and provide a more effective and reliable solution for battery
applications.

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 collagen with different amounts of chitosan and
different porosity were developed through a freeze-drying process, and
the influence of chitosan content and porosity on separator membranes
was evaluated through their morphological, crystallographic, thermal,
physicochemical and mechanical properties. The developed membranes

Electrochimica Acta 526 (2025) 146087

were also tested for battery applications by assessing electrolyte uptake,
ionic conductivity and lithium transfer number, as well as charge-
discharge half-cell battery tests. Furthermore, this work is related to
the valorization of residual biomass or by-products from industry, rich in
proteins and polysaccharides, which can represent a worthy approach to
prepare sustainable battery components. Taking all this into account,
the evaluation of chitosan/collagen membranes as battery separators is
the main goal of this work, which aims to support the development of
sustainable separators for the future.

2. Materials and methods
2.1. Materials

Collagen was supplied by Proteinmat materials S.L. (Spain). Chitosan
(batch MKBB9037) with a molecular weight of 190 kDa and a degree of
deacetylation higher than 75 %, lithium hexafluorophosphate (LiPFg) in
a mixture of ethyl carbonate (EC) and dimethyl carbonate (DMC) (1:1 in
vol. ratio), N-methyl-2-pyrrolidone (NMP) and metallic lithium were
provided by Sigma-Aldrich (Spain). Acetic acid and ethanol were sup-
plied by Panreac Quimica S.L.U (Spain). Poly(vinylidene fluoride)
(PVDF, Kynar PVDF HSV900), LiFePO4 (LFP) and Super P conductive
carbon black were purchased from Arkema (France), Phostech Lithium
(Canada), and Timcal Graphite & Carbon (Switzerland), respectively.

2.2. Processing of membranes

Collagen membranes with different porosity and chitosan content
(Table 1) were prepared by freeze-drying. Collagen, chitosan and 0.5 M
acetic acid were mixed using an ultra-turrax T25 (IKA, Germany) until
homogeneous pastes were achieved. The mixing process (2000 rpm, 2
min) was carried out in a cold bath to prevent the dough from heating
up. Finally, dispersions were poured into each well of a 12 multiwell
plate (Costar 3513, Corning Incorporated, USA) and the plate was
freeze-dried for 48 h (Alpha 1-4 LDplus, CHRIST, Germany). Finally,
cylinder-shaped collagen-chitosan samples (2.26 cm diameter and 1 cm
height) were taken out from the wells.

In the following, the membranes are designated, with the first
number being the concentration of collagen in the acetic acid solution
for control samples or the concentration of both biopolymers (chitosan
and collagen) in the acetic acid solution for collagen-chitosan mem-
branes, and the last number being the chitosan (CHI) content with
respect to total biopolymer mass. The control represents the membrane
with collagen only.

2.3. Physicochemical characterization

The morphology of the membranes was analyzed by field emission
scanning electron microscopy (SEM), Hitachi S-4800 (Hitachi High-
Technologies Corporation, Japan), at an acceleration voltage of 15 kV.
Samples were mounted on a metal stub with double-side adhesive tape
and coated under vacuum with a JEOL fine-coat ion sputter JFC-1100
(Izasa, Spain) in an argon atmosphere prior to observation. SEM im-
ages were analyzed by ImageJ software for pore size evaluation.

To assess the porosity of the specimens, the pycnometry method was

Table 1
Composition of the freeze-dried membranes.

Samples Concentration of biopolymers in Collagen ( % Chitosan ( %
solution ( %) wW/W) wW/W)

3Control 3 100 0

3CHI20 3 80 20

3CHI40 3 60 40

7Control 7 100 0

7CHI20 7 80 20

7CHI40 7 60 40
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employed. The procedure entailed several steps. Initially, the weight of
the pycnometer filled with ethanol was measured and labeled as Wj.
Next, the sample, having a known weight, W, was immersed in the
ethanol contained within the pycnometer. Care was taken to ensure that
the pores within the membranes were fully saturated with ethanol.
Additional ethanol was then added until the pycnometer reached its
maximum volume. The pycnometer was subsequently reweighed,
recorded as Wj. Subsequently, the sample, now impregnated with
ethanol, was carefully removed from the pycnometer. The weight of the
pycnometer with the remaining weight of ethanol was noted as Ws3. The
porosity of the sample was determined using Eq. (1) and reported for
five specimens of each sample:

Wy — W5 — W

%) —
€ (%) Wi W,

x 100 (@]

Fourier-transformed infrared (FTIR) spectroscopy was carried out in
a ALPHA II Compact FTIR Spectrometer using attenuated total reflec-
tance (ATR) module. A total of 32 scans were performed at 4 cm™ res-
olution. Measurements were recorded between 4000 and 800 cm™.

Differential scanning calorimetry (DSC) was carried out in a Mettler
Toledo DSC 822. Samples (3.0 £ 0.2 mg) were sealed in aluminum pans
to avoid mass loss during the experiment. Filled pans were heated from
25 to 300 °C at a rate of 10 °C/min under inert atmosphere conditions
(10 mL Ny/min) to avoid thermo-oxidative reactions.

X-ray diffraction (XRD) measurements were carried out at 40 kV and
40 mA, with Cu-Ka (A =1.5418 10\) as radiation source, using a PANalytic
Xpert Pro (PANalytical, Almelo, The Netherlands) equipment with a
diffraction unit. Data were collected between 2° and 50° (step size =
0.026, time per step = 118 s).

For the mechanical characterization, puncture tests were performed
employing a TAXT.Plus Texture Analyzer (Aname Instrumentacion
Cientifica). A 5 kg load cell was employed for the measurements,
membranes were perforated with a spherical probe of 5 mm diameter,
and data were collected at 3 mm/s speed.

2.4. Electrolyte uptake and electrochemical parameters

The membranes were immersed between 0 and 350 s in a 1 m LiPFg
in EC:DMC solution and the electrolyte uptake (ELU) was calculated
using Eq. (2):

— M,

0

ELU (%) = <M ) x 100 (2)

where M is the membrane weight and M is the membrane weight after
immersion in the electrolyte solution.

The ionic conductivity (c;) value of the collagen-chitosan membranes
was measured using a Solartron 1260A Impedance Analyzer in a sym-
metric CR-2032-coin cell (Stainless-steel | separator membrane |
Stainless-steel), which was assembled within an Ar-filled glovebox. The
impedance tests were carried out at room temperature in a frequency
range from 7 x 10° to 1 Hz and an excitation amplitude of 50 mV. Eq. (3)
was used to calculate the value:

t

TAxR, 3

Oi
where t is the thickness of the membrane, A is the area of the membrane,
and Ry, is the bulk resistance obtained by equivalent circuit.

The Li-ion transference number (tf;) was determined by employing
symmetrical lithium cells and conducting potentiostatic polarization
with the application of a DC voltage of 10 mV at room temperature. The
tri value was calculated using Eq. (4):

F [AV—I°R%]

ti— = 4
TP [AV — FRY “)
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where I° and I° are the steady and initial currents, respectively, AV is the
applied potential, and RC and R® are the initial and final resistances of the
Li electrode/electrolyte before and after polarization, respectively.
Cyclic voltammetry was used to determine the electrochemical sta-
bility of the separators in a two-electrode cell configuration (25 pm
diameter gold microelectrode | separator| lithium metal). Measurements
were performed in a dry argon-filled glove box at 0.01 V/s and room
temperature with an Autolab PGSTAT-12 (Eco Chemie) system.

2.5. Battery preparation, assembly and characterization

The cathodic half-cells were constructed using a lithium metal |
separator | LFP cathode configuration within a glovebox filled with an
argon atmosphere (H20, Oz < 1 ppm). Prior to assembly, both the LFP
cathode material and the separator membrane were transferred into the
glovebox after undergoing overnight drying at 60 °C under vacuum
conditions using a Buchi TO51 tube oven. The LFP cathodes were pre-
pared with a composition of active material:conductive material:poly-
mer binder in a weight ratio of 80:10:10 and were deposited onto an
aluminum current collector with an active mass loading of approxi-
mately 2 mg. For further details regarding the preparation process, refer
to [26].

Galvanostatic charge-discharge cycles were conducted at room
temperature using a Landt CT2001A instrument at various rates (C/8 =
50 pA, C/5 = 80 pA, C/2 = 200 pA, 1C = 400 pA, and 2C = 800 pA,
where C = 170 mA-g_l) for 10 cycles.

Impedance spectroscopy was performed before and after cycling in
the batteries, employing a signal amplitude of 10 mV over a frequency
range spanning from 10 mHz to 500 kHz with a Solartron 1260A
Impedance Analyzer instrument.

2.6. Statistical analysis

Analysis of variance (ANOVA) was carried out with SPSS software
(SPSS Statistic 25) to determine significant differences between samples.
Tukey’s test with a statistically significance at the P < 0.05 level was
considered for multiple comparisons among different systems.

2.7. Environmental assessment

The environmental impact of the membranes was evaluated
considering the stages of raw materials extraction, membrane
manufacturing and the end-of-life scenario. SimaPro 9.6.0.1 software
(Barcelona, Spain) was used in accordance with ISO 14,040 guidelines
and recommendations. The Ecoinvent 3.8 database was utilized to
obtain data on energy production, transport, and chemical production.
The Hierarchist version of ReCiPe 2016, midpoint (H) v1.09, was
employed to calculate the environmental impact.

First, the functional unit was set as 1 g of membrane. During the
inventory stage, the materials used (collagen, chitosan, acetic acid, and
water) and the energy (electricity) consumed were taken into account.
The data associated with the extraction of collagen from bovine skins
[27] and chitosan from crustracean shells [28] were sourced from pre-
viously published studies. Electricity consumption for the manufacture
stage of the collagen-chitosan membranes was measured directly in the
laboratory and normalized with respect to production. The main energy
consumption was due to the continuous stirring of the mixture for 30
min. The impact of transport of raw materials to processing industries
and from industries to consumers was not considered in this study.

3. Results and discussion
3.1. Morphology, porosity and pore size

The morphology of the membranes is an essential characteristic to be
considered in battery separators, particularly in relation to pore
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microstructure and connectivity. For this reason, SEM analysis of the
cross-section of the samples was carried out and the images are dis-
played in Fig. 1. The control membrane with lower collagen concen-
tration (3Control, Fig. 1A) showed an irregular pore structure, while the
other membranes displayed high porosity and a relatively uniform and
large continuous interconnected pores. The porosity (¢) of the collagen-
chitosan membranes was assessed by the pycnometry method. A high
porosity above 91 % was obtained for all membranes (Table 2) and this
value diminishes from 97.3 + 0.5 for 3CHI20 to 91.3 + 1.7 for 7Control
with the increase of the biopolymers concentration in the solution,
primarily due to reduced water content during the freeze-drying process
[29].

The resulting porous structure obtained by freeze-drying largely
depends on the interaction between the components of the formulation
and the processing conditions. Since all membranes obtained in this
work were freeze-dried at the same time and under the same conditions,
the difference in the pore structure is associated with the collagen:chi-
tosan ratio and the polymer concentration in the solution. In this
context, quantitative analysis of the pore size for each membrane was
carried out and results are shown in Fig. 2.

It is observed a decrease in the average pore size and a more ho-
mogeneous structure with increasing polymer concentration in solution
as well as with chitosan addition. Upon the increase in collagen con-
centration from 3 wt % to 7 wt %, the average pore size of the mem-
branes decreases from 124 ym to 102 um, due to the interaction between
collagen and water. As the concentration of collagen in the solution
increases, there is a larger number of collagen chains interacting with
water, influencing the formation and growth of ice crystals during the
freeze-drying process. This enhanced interaction between collagen and
water leads to the formation of smaller pores and a more homogeneous
pore distribution in the membranes [30,31]. The same trend occurs with
the inclusion of chitosan in the collagen formulation, resulting in a more
homogeneous porosity with some tendency for the formation of lower
porous sizes [32]. Thus, the proportion of collagen and chitosan is
directly related to the pore size, primarily due to molecular interactions,
such as hydrogen bonding and electrostatic forces between the chitosan
and collagen molecules observed by FTIR analysis (see later). Addi-
tionally, both chitosan and collagen exhibit gel-forming properties in
solution, contributing to a denser and more uniform structure as water is
removed during freeze-drying. This results in a more consistent distri-
bution of smaller pores. Combining collagen and chitosan in a formu-
lation positively affects the formation of homogeneous interconnected
porous structures with smaller pores [33]. The interconnected
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Table 2

Porosity (¢) values of the different membranes.
Samples e [ %]
3Control 96.4 + 3.4°
3CHI20 97.3 +£ 0.5%
3CHI40 96.7 + 0.3*
7Control 91.3 + 1.7°
7CHI20 93.1 + 0.4°
7CHI40 92.4 + 0.3°

@b Two means followed by the same letter in the
same column are not significantly (P > 0.05)
different through the Tukey’s multiple range test.

300
B 25%~75%
T Range within 1.5IQR
250 > Median

Pore size (um)
- [N
a o
o o

-
o
o

50

LA

1 1

3CHI40 7CONTROL 7CHI20

0
3CONTROL 3CHI20

7CHI40

Fig. 2. Pore size for collagen-chitosan membranes.

microporous structure observed in all the samples suggests that these
membranes can inhibit the formation of lithium dendrites on the
graphite anode during the charging process [34]. In this context, 7CHI20
and 7CHI40 samples are the best formulations since smaller pore sizes
are beneficial to smoother electrodeposition; this feature makes them a
preferable choice for batteries designed for extended cycle life [35,36].

3.2. Physicochemical characterization

The physicochemical characterization of membranes has been eval-
uated once suitable thermal and mechanical stability are essential for

Fig. 1. SEM images from the cross-section of A) 3Control, B) 3CHI20, C) 3CHI40, D) 7Control, E) 7CHI20 and F) 7CHI40 samples.
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their use as battery separators [8]. In order to study the interactions
among the macromolecules as well as the thermal behavior of
collagen-chitosan membranes, FTIR and DSC analyses of 3Control,
3CHI20 and 3CHI40 were performed since it was observed that the
polymer concentration in solution did not significantly affect the results
of these measurements, as shown in Fig. 3. Concerning FTIR (Fig. 3a)),
all samples show the characteristic collagen bands which are related to C
= O stretching at 1633 em~! (amide I), N-H bending at 1547 cm !
(amide 1I) and C-N stretching at 1239 cm™! (amide III) [37,38].
Furthermore, alterations in the relative intensity of amide I and amide II
bands were evident upon the addition of chitosan, particularly in sam-
ples containing 40 wt % chitosan. These changes in FTIR band intensities
strongly indicate the presence of hydrogen bonding interactions among
carboxyl, amino, and hydroxyl groups within the membrane compo-
nents. Further variations observed in the spectral range from 1200 to
900 cm'! are associated with C—0O-C and G—O stretching in chitosan,
specifically at 1153, 1066, and 1028 em™! [39].

The effect of collagen-chitosan interactions as a function of collagen
content in the thermal properties of the 3Control, 3CHI20 and 3CHI40
samples was assessed by DSC analysis and the results are shown in
Fig. 3b). 3Control samples showed two endothermic peaks. The peak
around 100 °C is related to the free and bound water release and the
peak at around 200 °C corresponded to the collagen denaturation. At the
denaturation temperature, the triple-helix structure of collagen turns
into gelatin [40,41]. This band changes to a boarder one and its
maximum increases to 245 °C with the addition of chitosan [42]. This
increase in the denaturation temperature confirmed the presence of
physical interactions among collagen and chitosan [39,43]. These

)

=3

©

~

[0}

o

c

©

=

£

[72)

c

E —— 3Control

= ——3CHI20
—— 3CHI40
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Wavenumber / cm™
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26 (°)
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results indicate that chitosan containing collagen membranes exhibit
adequate thermal stability for potential use as battery separators [44,
45].

The changes described above require information about the structure
of the samples, as can be provided by XRD analysis (Fig. 3c)). Typically,
collagen molecules are organized into fibrils, further aggregating into
collagen fibers through intermolecular cross-linking, resulting in the
distinctive hierarchical interwoven structure of collagen. This helical
arrangement related to the crystalline part of collagen is reflected in the
peak at around 7° [46]. According to XRD results, the inclusion of chi-
tosan did not induce significant alterations, confirming the preservation
of the collagen helical structure after chitosan incorporation. Addi-
tionally, a broad band at around 20° is related to the diffuse scattering of
collagen fibers, indicating the amorphous nature of the samples [47],
and the third one around 32° is ascribed to the helical rise per residue
distance, which is related to the conformational integrity of collagen
[46,48]. Therefore, all samples exhibited similar XRD patterns, indi-
cating that the structural integrity of collagen was retained after chito-
san addition.

A battery separator must be easy to handle and mechanically stable
during the fabrication and operation of the battery. Indeed, a high
puncture strength (> 3 N) ensures that both electrodes are kept elec-
trically isolated during cell-assembly and protects against dendritic
penetration [49,50]. To assess this, a puncture test was conducted, and
the results are presented in Fig. 3d). The maximum force required for the
3Control and 7Control samples were 2.97 + 0.10 N and 5.12 + 0.47 N,
respectively; these values increased with the addition of chitosan up to
7.33 £ 0.23 N and 8.87 + 0.59 N for 3CHI40 and 7CHI40 samples,

é b)
2 || —— 3Control
B || ——3CHI20
2 || —3cHi40
o
Z
3
e}
=
©
()
I i
50 0 50 100 150 200 250 300
Temperature / °C
10} d) o -
8r c cd d E
Z
~
% 6 b .
£
TR
4| ]
a
2L ]

3Control 3CHI20 3CHI40 7Control 7CHI20 7CHI40

Fig. 3. a) DSC thermograms, b) FTIR spectra, ¢) XRD patterns, and d) mechanical properties (puncture strength) of collagen-chitosan membranes. *° Two means
followed by the same letter in the same column are not significantly (P > 0.05) different through the Tukey’s multiple range test.
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respectively. It is evident that the inclusion of chitosan enhances the
mechanical properties of the membranes, which can be related to the
physical interactions observed by FTIR analysis, leading to suitable
characteristics for their use as lithium-ion battery separators.

3.3. Electrolyte uptake, ionic conductivity, and Li+ transference number

Battery separators should be rapidly swollen when soaked with
electrolyte and they should retain the absorbed electrolyte under oper-
ating conditions [51]. When the separator ability to interact with the
electrolyte is limited, the pores in the separator remain partially unfilled
with the liquid electrolyte. As a consequence, this leads to increased
electrical resistance due to obstructed pathways for the transportation of
Li* ions [52]. For this reason, the electrolyte uptake capacity of the
membranes as a function of time was measured and the results are
presented in Fig. 4a). All the samples showed a fast electrolyte uptake
and the membranes reached saturation after 2 h. It can also be observed
that the 3Control sample exhibited the highest electrolyte uptake (1150
%) . This value decreased as the polymer concentration in solution and
chitosan content increased, obtaining the lowest electrolyte uptake
(ELU) values of around 400 wt % for the 7CHI20 and 7CHI40 mem-
branes. The increase in the polymer concentration in solution caused a
decrease in the porosity of the membranes, reducing the free volume to
be filled by the electrolyte [53]. Further, the physical interactions
observed between collagen and chitosan, as identified through FTIR and
DSC analyses, affect the arrangement of molecules within the mem-
brane, altering its pore-size distribution and, consequently, the absorp-
tion capacity for electrolyte solutions [54]. In any case, all membranes
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exhibited superior electrolyte absorption capacity, surpassing that of
cellulose paper (195 %) and significantly outperforming PP membranes
(91 %) [55]. This is attributed to the fact of chitosan and collagen having
abundant polar functional groups (-COOH, -NH; and ~OH), with affinity
to polar organic solvents [56]. It must also be mentioned that these
biopolymers exhibit excellent stability in polar electrolytes due to their
chemical structure [57].

Following the absorption process, the ionic conductivity was
assessed using impedance spectroscopy, and the Nyquist plot for all
membranes are depicted in Fig. 4b). The Nyquist plot exhibits a straight
line across the frequency range, indicating the high ionic conduction
process involving charge transfer and the Li electrode/electrolyte
interface for all membranes [58]. These results reveal a complex inter-
action between the composition of the membranes and their electrolyte
absorption capacity, influencing ionic conductivity in the system. It can
be observed that the increased electrolyte absorption does not neces-
sarily translate into higher ionic conductivity. The ionic conductivity
was calculated from Eq. (3), where the resistance value obtained from
the equivalent circuit and the respective values are shown in Table 3. For
the membranes with lower collagen content, the addition of chitosan
positively influences ionic conductivity, but can also lead to complex
interactions. Both chitosan and collagen have, which the positive charge
can interact with the oppositely charged entities in the liquid electrolyte
and these interactions can influence the ionic conductivity of the
membrane [59]. Nevertheless, it can be concluded that both 3CHI20 and
3CHI4O0 exhibit the lowest resistance and consequently high ionic con-
ductivity value, i.e., 0.71 and 0.90 mS-cm’!. For the membranes with
higher polymer content, the addition of chitosan does not significantly
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Table 3
Ionic conductivity (o;), and lithium transference number values of the collagen-
chitosan membranes at room temperature.

Samples 6; (mS-cm™ + 0.3) tis

3Control 0.90 0.20
3CHI20 0.71 0.20
3CHI40 0.90 0.20
7Control 1.58 0.20
7CHI20 0.54 0.20
7CHI40 0.49 0.20

improve ionic conductivity, possibly due to a higher polymer network
density that restrict ionic mobility. In any case, the ionic conductivity
values of all the samples were similar, ranging between 0.49 and 1.58
mS-cm’l. The lithium transference values for all samples was also ob-
tained by chronoamperometry measurements and the results are shown
in Table 3. For this measurement, the Bruce and Evans method was used
[60], and the value obtained is 0.2, regardless of the chitosan and
samples porosity. Additionally, Fig. 4c) showing the chro-
noamperometry measurements for the 7CHI20 sample.

The electrochemical stability of the separator samples was assessed
using cyclic voltammetry, as illustrated in Fig. 4d It is shown that no
notable peaks that could impact battery performance are observed, the
current value being very low.
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3.4. Charge/discharge battery behavior

Cathodic half-cells with the collagen-chitosan membranes as sepa-
rators were assembled in order to assess the battery performance at
different C-rates (C/8-2C) from 2.5 to 4.2 V at room temperature. Ten
charge-discharge cycles were performed at each C-rate and the fifth
charge/discharge curve profiles at C/8, C/5, C/2, and 1C-rate for the
7CHI20 membrane are depicted in Fig. 5a). The charge/discharge cycles
reveal a remarkably consistent curve profile throughout the cycle
sequence. Fig. 5a) exhibits the distinctive cathodic/anodic peaks char-
acteristic of C-LFP active materials, delineating lithium removal during
charging and lithium insertion during discharge. With an increase in C-
rate, a decrease in capacity is evident, attributed to Ohmic polarization
[61]. The obtained discharge capacity values are 164, 154, 133 and 58
mAh~g'1 for C/8, C/5, C/2, and 1C rates, respectively.

To compare the charge/discharge profiles between the membranes,
Fig. 5b) illustrates the corresponding profile curves at the C/5-rate. The
discharge capacities for the different membranes are as follows: 140,
135,124,137,164, and 135 mAh-g’1 for the 3Control, 3CHI20, 3CHI40,
7Control, 7CHI20, and 7CHI40 membranes, respectively. It is evident
that the 7CHI20 membrane exhibits the highest discharge capacities
among the tested membranes at the C/5-rate. Fig. 5¢) shows the rate
performance of all membranes, depicting the discharge capacity as a
function of cycle number. All membranes showed good cycling stability
throughout the cycle number and the discharge capacity value is higher
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when compared to commercial glass fibre separator, indicating excellent
interaction between the electrolyte solution with chitosan and collagen
polymer. It is observed that the 7CHI20 membrane, exhibited the most
favorable discharge capacity values, showing an outstanding battery
behavior. Furthermore, a close correspondence is noted between the
discharge and charge values for all C-rates, suggesting minimal charge
loss during the process and so, indicating a coulombic efficiency close to
100 % [62]. Indeed, the electrochemical stability and efficiency in
capturing and releasing electrical charge in the 3CHI20 membranes can
be emphasized at high C rates. Additionally, the consistent results across
different charging rates highlight the reproducibility and stability of the
system.

Additionally, Fig. 5d) presents the capacity retention for membranes
during the discharge process normalized to the C/8 rate. Regardless of
membrane composition, a decrease in capacity retention is observed due
to the lithium diffusion phenomenon between the separator membrane
and cathode electrode [63]. Moreover, all membranes exhibit an
excellent reversibility process, as the discharge capacity at C/8, after the
C-rate test, returns to its initial value in all samples.

Considering that 3CHI20 membranes exhibit excellent cycling
behavior at high C-rates, Fig. 6a) shows the charge and discharge value
for this sample at C and 2C-rates over 100 cycles. It is observed that
coulombic efficiency is very close to 100 %, with a discharge capacity
value at C-rate of 52 and 42 mAh-g! for the first and 100 cycle
respectively, the capacity fade being around 20 %. Also, it is detected
that, after >200 cycles, this sample presents an excellent recovery ca-
pacity value (Fig. 6a).

To enhance our understanding of the battery performance exhibited
by the collagen-chitosan membranes, Electrochemical Impedance
Spectroscopy (EIS) was performed both prior to and after galvanostatic
cycling, as illustrated in Fig. 6b, where the Nyquist plot of the cathodic
half-cells featuring the 3CHI20 membrane is presented before and after
cycling. In both Nyquist plots, a semicircle is discernible at high-
frequency range, along with a straight line at the lower-frequency
range. The semicircle characterizes the interfacial and charge transfer
resistances, while the straight line delineates the Li* diffusion process, i.
e., the membrane/electrode interface [64]. Notably, cycling induces an
increase in resistance from 880 Q to 1632 Q, attributed to the formation
of the solid electrolyte interphase (SEI) layer during cycling. The for-
mation of a SEI is a complex process occurring in lithium-ion batteries
during initial charge and discharge cycles. As the lithium ions move
from the cathode to the anode during the first charge, interactions be-
tween the electrolyte components and the anode lead to the creation of
secondary products. These secondary products undergo electrochemical
reactions with lithium in the anode, resulting in the development of a
thin layer of solid compounds known as the SEI. The SEI serves as a

-1
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crucial protective role, acting as a barrier that prevents direct reactions
between the liquid electrolyte and the lithium metal in the anode,
thereby mitigating issues such as lithium dendrite formation and
improving battery safety and longevity. Over time, the SEI continues to
evolve and stabilizes through subsequent charge-discharge cycles,
influencing the overall performance and aging characteristics of the
battery [65].

Table 4 compares the ionic conductivity value and discharge ca-
pacity value of the sustainable separator developed in this work with
other separators based on sustainable polymers reported in the
literature.

This is the first time that this collagen and chitosan-based porous
membrane has been reported as a separator for lithium-ion battery ap-
plications, in which its battery performance is comparable to other
sustainable separators.

In summary, this work demonstrates that it is possible to produce
battery separator membranes based on collagen and chitosan with
excellent cycling performance. The best membrane with high values of
discharge capacity at high C rates was the 3CHI20 sample. This high-
lights the potential of sustainable separators created through this
method.

3.5. Environmental assessment

In the manufacturing stage of separators for lithium-ion batteries, the
freeze-drying process exhibited the highest environmental impact
throughout the life cycle of collagen-chitosan membranes (Fig. 7).
Freeze-drying emerged as the primary contributor to the overall envi-
ronmental burden across all impact categories. Specifically, freeze-
drying had a significant influence on categories such as global warm-
ing, terrestrial acidification, and marine eutrophication, with its
contribution exceeding 93 % in most cases.

When comparing our results with a previous study that analyzed the
environmental impact of collagen and chitosan scaffolds [27], we
observed several key differences. The previous study used glycerol as a
plasticizer and mechanical stirring in its process. The results of that
study showed that the marine eutrophication and land use categories
were significantly influenced by the use of glycerol, with contributions
of 20 % and 17.5 % respectively. Furthermore, mechanical stirring
significantly impacted the analyzed categories, with contributions
ranging from 29 % to 48 %. In contrast, our study did not use glycerol
and significantly reduced the impact of mechanical stirring by using
Ultraturrax, which accounted for only 2.5 % to 6 % of the impact in the
analyzed categories. In the previous study, freeze-drying was also a
significant contributor to the environmental impact, but its impact was
more evenly distributed with other processes, such as the use of glycerol
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Table 4
Sustainable separator membranes applied in LIB applications.
Polymer matrix Electrolyte Porosity/ Tonic condutivity Discharge Ref
Uptake (%) (mS.cm™) capacity (mAh.g'l)
Mesoporous cellulose nanocrystal 1 M LiPF6 in EC:DMC and ionic liquid, 1-ethyl-3-methylimidazo- 75.3/275 2.7 85@2C [66]
(MCNC) lium bis(trifluoromethylsulfonyl)imide, [C2 mim][NTf2]
Poly(L-lactic acid), PLLA 1 M LiPF6 in EC:DMC 72.7/350 1.6 93@C [671
Silk fibroin 1 M LiPF6 in EC:DMC 65/1100 0.32 54@2C [68]
Silk fibroin/sericin 1 M LiPF6 in EC:DMC 85/160 4.09 85@2C [69]
Poly(3-Hydroxybutyrate-Co- 1 M LiPF6 in EC:DMC —/300 5.2 30@C [70]
Hydroxyvalerate), PHBV
Carrageenan 1 M LiPF6 in EC:DMC 90/700 1.34 25@C [71]1
Cellulose/soy 1 M LiPF6 in EC:DMC 85/>1000 5.8 112@C [72]
Wool/soy 1 M LiPF6 in EC:DMC 83/400 1.22 40@2C [73]
Collagen/Chitosan 1 M LiPF6 in EC:DMC 97.3/~900 0.71 42@C In this
work
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Fig. 7. Relative contributions in each impact category for the most relevant processes involved in the manufacture of collagen-chitosan samples.

and mechanical stirring. Therefore, it is worth noting that the absence of
glycerol and the replacement of mechanical stirring by mixing with
Ultraturrax are proved environmentally friendlier options to manufac-
ture the membranes. However, addressing the impact of freeze-drying
and exploring improvements in the process could be a crucial advance
towards more sustainable production practices. In this regard,
freeze-drying process could be optimized by reducing energy con-
sumption through the implementation of more energy-efficient
freeze-drying technologies, such as optimized cycles that minimize
processing time [74]. Additionally, integrating renewable energy sour-
ces, such as solar panels or wind energy, to power the freeze-drying
process could help reducing greenhouse gas emissions. Finally, with
industrial scaling, freeze-drying could lead to a relatively lower impact,
as larger quantities of membranes could be processed in a single cycle.
This would increase process efficiency and reduce environmental
impact. Additionally, other manufacture processes could be explored to
develop porous membranes. In particular, electrospinning, a process
that uses an electric field to produce fine fibers from a polymeric solu-
tion, could offer advantages in terms of energy consumption reduction,

resulting in porous structures suitable for lithium-ion battery separators.
4. Conclusions

Considering the circular economy and sustainability issues for the
development of added value products through the valorization of waste
materials, in this work sustainable membranes, based on collagen and
chitosan with different amounts of each polymer, were prepared by
freeze-drying. Regardless of the membrane composition, a porous
morphology with interconnected pores and porosity above 90 % is ob-
tained, where the pore size is affected by the polymer concentration. For
all membranes, a high electrolyte uptake process above 400 % is ob-
tained. The use of chitosan increases mechanical and thermal stability
compared to pure collagen-based membranes. According to the elec-
trochemical results, the collagen content has the largest impact on the
ionic conductivity value, which is greater than 0.49 mS-cm-1 for all
membranes. Furthermore, these membranes allow battery cycling at
room temperature for various C rates and show discharge capabilities
larger than 140 mAh-g-1 at C/8 rate. The lithium transference number of
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these membranes is 0.20. The best membrane for C and 2C rates is
3CHI20 due to its ionic conductivity value and presents 42 mAh-g-1 after
100 cycles at C rate, indicating excellent reversibility process. In addi-
tion to the battery performance, the environmental assessment associ-
ated to the development of the membranes revealed that the freeze-
drying process is the most significant contributor in relation to all the
stages involved in the production of the membranes. Therefore,
reducing energy consumption through the optimization of this process
and the integration of renewable energy sources is proposed as an
improvement towards more sustainable manufacture processes. Given
the demand to combine more environmentally friendly materials and
advanced applications aligned with the circular economy paradigm, the
membranes developed in this study offer a promising replacement for
conventional LIB separators.
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