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Abstract

This study delves into the production and evaluation of cellulose acetate (CA) separators with a focus on their application
in lithium-ion batteries. The primary objective is to optimize battery performance by customizing separator characteristics
through the integration of diverse additives and water-pressure treatments. Three distinct categories of additives were
investigated, which include hydrated metal nitrates, organic compounds, and metal compounds. The impact of these additives
on pore generation and porosity was comprehensively analyzed. Among the hydrated metal nitrates, Cd(NO5),-4H,0 emerged
as a highly effective plasticizer in comparison to Ni(NO;), and Mg(NOs),. This superiority can be attributed to the relatively
larger ionic radius of cadmium (Cd) among these three elements, facilitating the dissociation of Cd ions into cations and
counteranions. Within the realm of organic compounds, glycerin proved to be more efficient in inducing the formation of
abundant pores in CA polymers when compared to propylene glycol and lactic acid. As for the metal compounds, they
exhibited notable effectiveness in preparing porous CA polymers for battery separators. However, these materials tend to
yield larger pore sizes, potentially due to their higher dissociation energy. The findings of this investigation underscore the
feasibility of employing a range of additives to craft porous cellulose acetate separators. These resulting separators exhibit
varying degrees of porosity, positioning them as promising candidates for enhancing lithium-ion battery performance.
Consequently, this review contributes to the ongoing advancement of cutting-edge battery technologies by tailoring separator
materials to specific requirements.
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Introduction of batteries, including the cathode, anode, electrolytes, and

separators, to achieve the improved performance, safety, and

The global issues on energy problems, combined with the
compelling shift toward sustainable and renewable resources,
has driven extensive research and technological advance-
ments in energy storage. With scientific development,
rechargeable batteries have emerged as crucial enablers for
effectively harnessing and distributing intermittent energy
sources like solar and wind power [1-5]. This importance
has heightened the focus on optimizing various components
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ecological sustainability. Of these components, separators
have historically held a position of great importance due to
their impact on safety. By physically isolating the positive
and negative electrodes while facilitating the movement of
lithium ions essential during the charge/discharge processes,
separators play a critical role in ensuring stable battery oper-
ation. Over time, the significance of separators has evolved
beyond mere segregation, encompassing vital functions such
as ion conductivity, mechanical resilience, thermal stability,
and operational safety [6-31]. In particular, polypropylene
(PP) have been utilized as battery separator since it has high
mechanical property, electrochemical stability and easy pro-
cessibility. However, although PP separators showed various
advantages, they have limitations such as short circuits, and
relatively modest ionic conductivity, and low thermal stabil-
ity related with safety [16, 17].
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Thus, the efforts to address the limitations of PP as a
battery separator have been substantial, driven by the aim
to enhance battery performance, safety, and efficiency. In
particular, to overcome the limited thermal stability of PP
separators, much research has focused on developing separa-
tor materials with improved resistance to high temperatures
by utilizing specific materials such as ceramic, inorganic
composites, and polyimides as thermally resistant polymers.
Furthermore, for the vulnerability of PP separators to punc-
ture-induced short circuits, nanocomposite and multi-layered
films have been proposed to enhance mechanical strength.
By incorporating these materials with high mechanical prop-
erty, the risk of internal short circuits by physical collapse
can be minimized. For enhancement of ionic conductivity
for battery, the research has focused on surface modifications
of separator. When modified separator promote efficient ion
movement between electrodes, the internal resistance can
be diminished, and higher power output can be generated
[18-21].

Recently, various nanomaterials have been researched
to overcome the limitations of PP separators. For example,
nanoporous polymers and nanofiber-based materials, offer
both the increased surface area and enhancement of ion
transport pathways. Furthermore, these materials have
attracted much interest since they can improve both thermal
and mechanical properties for stable operation of battery
[28-31].

Furthermore, another approach such as functional
coatings onto surface of PP separators has been researched
for solving the drawbacks. The specific coatings with flame-
retardant, thermal-resistant, and mechanically reinforcing
properties have been developed with various organic,
inorganic, and their hybrid materials [22, 23].

Very recently, as substitutes of PP for separator, cellulose
materials have been much interested since it has thermally
stable characteristics, chemical resistance, long-term
stability, and low cost [16-27]. Thus, much research has
been investigated for processing of cellulose materials
to replace the PP for stable battery. For porous cellulose,
processing is mainly dependent on phase separation method.

Phase separation is a well-known fundamental
phenomenon that arises from both kinetic and
thermodynamic behaviors. This phenomenon entails the
spontaneous transformation of a homogeneous material
into distinct phases with varying compositions and
morphologies. Such behaviors are primarily observed in
materials comprising multiple components when subjected
to environmental changes. Notably, phase separation
occurs due to the thermodynamic driving force. When a
specific system deviates from its equilibrium state, the free
energy for thermodynamic stability tends to be minimized.
Materials containing components with differing affinities
for each other are inherently unstable, as maintaining
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the homogeneous mixture requires additional energy.
Consequently, the free energy of the materials decreases by
segregating their components into separate phases, while
each constituent exhibits a favorable interaction with others.
As aresult, the phase separation occurs to reduce interfacial
energy between the segregated phases, potentially resulting
in the formation of porous structures through precipitation
with time [18-23].

However, phase separation method has the disadvantage
in viewpoint of pore structure since it only forms the random
structure. For the fast lithium-ion transport, the structure
close to a straight line is more desirable. To form the
structure close to a straight line, our group have suggested
new method based on water-pressure process for cellulose
acetate with various additives [16-27]. In this review, the
research results on additives are summarized and a strategy
to further increase the porosity is suggested.

Table 1 Chemical structure of hydrated metal nitrate as additives for
pore generation in cellulose acetate
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Results and Discussion
Hydrated Metal Nitrate as Additives

As additives to generate pores in cellulose acetate, hydrated
metal nitrates were introduced as shown in Table 1.

For hydrated metal nitrates, the study to utilize the
Ni(NO;),-6H,0 presents a novel approach to enhance
lithium-ion battery separator materials through the
creation of nanoporous cellulose acetate (CA) polymers
[16]. It utilized an inorganic complex and water pressure
treatment to generate interconnected nanopores within
the CA polymer matrix. The resulting porous structure
exhibited improved electrolyte uptake capacity and
stability, making it a promising candidate for advanced
battery separators. The fabrication process, characterization
techniques, and electrochemical performance of porous
CA polymer are extensively investigated. In detail,
the water pressure treatment induced the formation of
interconnected nanopores within the CA polymer matrix.
The electrochemical performance of the porous CA polymer
was evaluated, revealing enhanced stability and reduced
resistance compared to conventional separators. The
improved properties of porous CA polymer is generated
from the plasticization effect induced by the incorporated
Ni(NO;),-6H,O and the subsequent water pressure
treatment. The generated nanopores contribute to enhanced
electrolyte uptake and stable lithium-ion transfer within
the battery. As a result, the proposed approach of creating
nanoporous cellulose acetate polymer through inorganic
complex and water pressure treatment holds promise for
advancing lithium-ion battery. The resulting porous structure
with improved electrolyte uptake and stability makes it a
potential candidate for high-performance battery separators
[16].

Other approach presents a novel approach for enhancing
the porosity of CA polymer matrices by incorporating
Zn(NO;),-6H,0 and applying external water pressure [17].
This study is to enable controlled pore size and distribution
in the polymer structure. The experiment involves
introducing Zn(NO;),-6H,0 to an acetone/water solvent,
resulting in an observable increase in porosity and pore size
on the CA/Zn(NO;),-6H,0 polymer matrix surface. This
enhancement is attributed to molecular interactions between
Zn ions, nitrate ions, and water molecules, causing modified
evaporation dynamics and subsequent pore formation. Water
flux measurements at various ratios of Zn(NO;),-6H,0
indicate the effects of the added compound on water flow
through the polymer matrix.

The experiment demonstrates that the introduction of
Zn(NO;),-6H,0 leads to enhanced porosity and pore size
on the polymer matrix. This enhancement is attributed

Table 2 Ionic radius of metal

Tabl o1 Metal Tonic
ion in additives radius
(pm)
Ni 83
7/n 88
cd 109

to interactions between Zn ions, nitrate ions, and water
molecules. Thus, it is thought that the study successfully
demonstrates the feasibility of enhancing porosity in cel-
lulose acetate polymer matrices through the introduction
of Zn(NO3),-6H,0 and external water pressure. This novel
method offers controllable pore size and distribution, with
potential applications in diverse industries [17].

Another approach is to utilize the Cd(NO;),-4H,0
for porous CA battery with water pressure as an external
physical force to investigate the effect of ionic radius
as shown in Table 2. When the CA was complexed with
Cd(NO;),-4H,0 and exposed to external water pressure, the
water flux through the CA was, surprisingly, observed to be
above 250 LMH (L/m?h), which is higher flux than those
of CA/other metal nitrate salts (Ni(NO;), and Mg(NO3),)
complexes as shown in Table 3 [18]. The higher value of
Cd(NO;),-4H,0 indicated that the abundant pores were
generated in cellulose polymers, when compared at the same
water pressure. From these results, it is concluded that the
Cd(NO;),-4H,0 played a role as effective plasticizer than
Ni(NOs;), and Mg(NO3),. In detail, ionic radius of the Cd
among the three elements was the largest, resulting in that
the relatively larger Cd ions can easily be dissociated into
cations and counteranions. As a result, the free nitrate ions
can be easily hydrated with water molecules than those of
Ni(NO;), and Mg(NOs),, and the plasticization on cellulose
acetate is more effective. Therefore, it can be concluded
that it is desirable to select the hydrated metal salts to have
relatively larger ions for abundant pores in cellulose acetate.
Thus, if the relatively large ions are utilized, the porosity of
cellulose acetate will be increased.

Organic Compounds as Additives

As additives to generate pores in cellulose acetate, organic
additives such as glycerin, propylene glycol, and lactic acid
were introduced as shown in Tables 4 and 5.

For the glycerin as organic additives, the research pre-
sents a novel approach to creating high porosity nano-porous
cellulose acetate membranes [20]. The study with glycerin
aimed to develop a cost-effective and environmentally
friendly process for generating pores in cellulose acetate
without the use of inorganic salts. Glycerin can be well
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Table 3 Comparison of pore
size and porosity by metal
additives

Polymer (M, Additives Water flux (L/m? h) Porosity References
at 8 bar

Cellulose acetate (30,000) Ni(NO;),-6H,0 95 13.85% [16]

Cellulose acetate (30,000) Zn(NO),-6H,0 182 >13.85% [17]

Cellulose acetate (30,000) Cd(NO;),-4H,0 250 >13.85% [18]

Table 4 Chemical structure of organic additives for pore generation
in cellulose acetate

Additives Chemical structure
Glycerin O H
HO OH
Propylene glycol
OH
Lactic acid O

|
OH

OH

dispersed within the cellulose acetate matrix, leading to
plasticization of the polymer chains and subsequent pore for-
mation upon water-pressure treatment. The hydration effect
of glycerin, attributed to its hydroxyl groups, facilitated the
generation of flexible regions in the cellulose acetate matrix.
Consequently, water-pressure forces tore out the weakened
glycerin-plasticized regions, resulting in abundant nano-
sized pores with high porosity. Through various analyses, it
was confirmed that glycerin interacts with cellulose-polymer
chains, enhancing the thermal stability of the resultant mem-
branes. As a result, porosity measurements indicated a high
porosity of 78.3% with an average pore diameter of 630 nm.
Water flux data demonstrated the dependence of flux on the
cellulose-polymer/glycerin ratio, with an optimal ratio of
1:0.5 yielding the highest flux of 7.4 LMH [20].

On the other hand, propylene glycol was introduced
into cellulose acetate for the development and properties
of nanoporous polymer membranes [21]. As a result, the

study confirms that water pressure treatment significantly
enhances the flexibility and porosity of CA membranes.
The presence of propylene glycol further increases mem-
brane flexibility. Comparative analysis demonstrates that
nanoporous membranes with propylene glycol exhibit
improved flexibility and compactness compared to glyc-
erin-containing membranes. Therefore, it is concluded that
the water pressure treatment method enhances membrane
flexibility and porosity, and the interaction with propyl-
ene glycol further contributes to improved properties [21].
The average pore diameter, and porosity of the CA/pro-
pylene glycol film were 300 nm, and 69.7%, respectively.
Compared to glycerin as an additive, the average pore size
is smaller, and the pores are well distributed. Since pro-
pylene glycol has fewer hydrophilic groups per molecule
than glycerin, smaller hydration area was formed when it
was dispersed between polymer chains [21]. Thus, as the
water pressure was applied to composite film with smaller
hydrated region, the average pore diameter became dimin-
ished. Furthermore, the porosity was reduced compared to
those in the previous studies with glycerin.

As other approach, utilizing lactic acid-induced plas-
ticization to enhance the porosity and performance of CA
polymers by water treatment method is reported [22]. The
cost-effectiveness and environmental friendliness of the
proposed approach make it a viable solution to address
contemporary water treatment challenges. The incorpora-
tion of lactic acid induces plasticization in the CA matrix,
leading to the formation of micro-sized pores within the
membrane structure. SEM images reveal the presence of
sponge-shaped pores on the membrane surface and cross
section [22]. TGA data demonstrate improved thermosta-
bility of the CA polymer following lactic acid-induced
plasticization. Water flux measurements show that the
1:0.07 mol ratio of CA to lactic acid offers the highest
water flux, indicating optimal porosity (65.3%) and pore
size (380 nm) [22]. As a result, this study successfully

Table 5 Comparison of pore

¢ . A Polymer (M, Additives Pore size Water flux (L/  Porosity References
size gnd porosity by organic m? h) at 8 bar
additives
Cellulose acetate (30,000) Glycerin 630 nm 7.4 78.3% [20]
Cellulose acetate (30,000) Propylene glycol 300 nm 15 69.7% [21]
Cellulose acetate (30,000) Lactic acid 380 nm 5.87 65.3% [22]
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demonstrates the potential of lactic acid-induced plastici-
zation for the fabrication of highly porous cellulose acetate
membranes suitable for battery separator applications.

From these results, it could be concluded as (1)
hydroxyl group is more effective than carboxyl groups for
high porosity and (2) as the number of hydroxyl groups
increases, porosity also increases when organic com-
pounds are utilized for CA separators due to the increased
solvation effect of remined solvents. Thus, when CA sep-
arators are prepared with organic compounds, it can be
expected that the porosity can be controlled by the number
of hydroxyl groups per molecule.

Metal Compounds as Additives

As additives to generate pores in cellulose acetate, metal
compound as additives such as calcium chloride, calcium
oxide and sodium nitrate were introduced as shown in
Table 6.

Among metal compounds, the use of calcium chloride
as an additive appears to be a research focused on the
fabrication and characterization of porous CA separator [24].
The study investigates the effects of CaCl, on the structure,
porosity, and performance of the porous CA as separator
under different conditions, particularly with varying water
pressures. As a result, SEM images showed the development
of irregular reticulated channels and plasticization-induced
pores in the CA polymers. Furthermore, a high porosity of
70.3% and significant water flux improvement (up to 316
flux(LMH) at 8 bar) were achieved using the CaCl, additive
[24]. In particular, FT-IR spectra revealed interactions
between Ca* jons and carboxyl and hydroxyl groups in
the CA polymer chain. The additive was found to enhance
the thermal and mechanical stability of the separators,
confirmed by thermogravimetric analysis (TGA).

Other approach to utilize the metal compound is to use
of calcium oxide (CaO) for porous CA separator [25]. This
study proposes the incorporation of calcium oxide (CaO)
particles into the CA matrix to enhance thermal stability and
porosity. The research aims to develop a composite material
with improved properties for battery separators [25]. The
CA/CaO composite material exhibited a high porosity of
73.1% and a remarkable water flux of 95.25 L/m? h at 8 bar.
Furthermore, the addition of CaO improved thermal stabil-
ity, allowing the composite material to withstand higher

temperatures [25]. As a result, the study’s findings sug-
gest that the CA/CaO composite material could serve as an
improved separator for lithium-ion batteries. The composite
offers both enhanced porosity and improved thermal stability
compared to traditional porous CA separators.

Another approach to utilize the metal compound is to
use sodium nitrate (NaNO;) for CA separator [26]. The
study reveals that hydrated NaNO; plasticizes the CA poly-
mer chains, resulting in the formation of pores under the
influence of external forces exerted by water pressure. The
optimal CA:NaNO; molar ratio is identified as 1:0.01, yield-
ing a remarkable water flux of 8.6 LMH and a porosity of
78.15%. The thermal stability of CA remains intact even
with the incorporation of NaNOj;, suggesting that the plas-
ticization primarily increases the interchain distance rather
than directly interacting with CA chains [26]. This research
presents an environmentally friendly and cost-effective
method to manufacture porous CA polymer using sodium
salts. The findings offer valuable insights into the potential
of salt composition in tailoring material properties.

However, it is observed that even though metal com-
pounds as additives are very effective for preparation of
porous CA polymer as battery separator, the pore size is
relatively bigger than those of organic compounds, possibly
due to the high dissociation energy. Thus, these high disso-
ciation energy causes the hydration effect to be diminished
by the aggregation of particles and the decrease in disper-
sion of particles. Therefore, it is important to consider these
effects when metal compounds are utilized for porous CA
separators.

Direction the water moves

%~ . Additives

Cellulose
acetate

Generated
pores

Scheme 1 Pore generation in cellulose acetate with additives by
water pressure in a specific direction

Table 6 Comparison of pore
size and porosity by metal
additives

Polymer (M, Additives Pore size ~ Water flux LMH  Porosity ~ References
(L/m? h) at 8 bar

Cellulose acetate (30,000)  Calcium chloride 860 nm 316 70.3% [24]

Cellulose acetate (30,000)  Calcium oxide 1620 nm  95.25 73.1% [25]

Cellulose acetate (50,000)  Sodium nitrate 531 nm 8.6 78.15%. [26]
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Conclusions

In this review, the fabrication and characteristics of porous
cellulose acetate (CA) separators for lithium-ion batteries
were comprehensively explored as shown in Scheme 1. The
goal of tailoring separator properties to enhance battery
performance was achieved through the incorporation of
diverse additives and water-pressure treatments. Three
distinct categories of additives, including hydrated metal
nitrate, organic compounds, and metal compounds., were
systematically examined for their impact on pore generation,
and porosity. For hydrated metal nitrate Cd(NO;),-4H,0
played a role as effective plasticizer than Ni(NOs;), and
Mg(NO3), since ionic radius of the Cd among the three
elements were largest, resulting in that the relatively
larger Cd ions can easily be dissociated into cations and
counteranions. As a result, the free nitrate ions can be easily
hydrated with water molecules than those of Ni(NO;), and
Mg(NOs),, and the plasticization on cellulose acetate is
more effective. For organic compounds, glycerin is more
effective for generating abundant pores in CA polymers
than propylene glycol and lactic acid. It is confirmed that
hydroxyl group is more effective than carboxyl groups
for high porosity and as the number of hydroxyl groups
increases, porosity also increases when organic compounds
are utilized for CA separators. For metal compounds,
including calcium chloride, calcium oxide, and sodium
nitrate, were introduced as additives to promote pore
formation in CA separators. Even though metal compounds
as additives are very effective for preparation of porous
CA polymer as battery separator, the pore size is relatively
bigger than those of organic compounds, possibly due to
the high dissociation energy. Thus, these high dissociation
energy causes the hydration effect to be diminished by the
aggregation of particles and the decrease in dispersion of
particles. Collectively, this review shows the feasibility
of employing hydrated metal nitrate, organic compounds,
and metal compounds to prepare porous cellulose acetate
separators and it provides guidance for selecting the specific
additive for the purpose. The resultant separators exhibit
diverse porosity and characteristics, positioning them as
strong candidates for enhancing the efficiency of lithium-
ion batteries.
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