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Abstract: Electrospinning polyvinyl alcohol (PVA) nanofibrous membranes have gained increased
attention for their uses as separators for lithium-ion batteries (LIBs) due to their high porosity and
excellent electrolyte wettability, but their poor mechanical and thermal properties have limited their
further development. In this work, a crosslinked PVA composite separator (PVA /CA-H) was first
prepared via the electrospinning of the PVA and citric acid (CA) mixed solution and then the heating
of the nanofibrous membrane, and the effects of the amount of CA on the structure and performance
of the PVA /CA-H separator were investigated. The hydroxyl group of PVA and the carboxyl group
of CA were crosslinked under the heat treatment, resulting in a slight reduction in the porosity and
pore size of the composite separator compared to pure PVA, and to compensate for this issue, the
mechanical strengths, as well as the thermal dimensional stability of the PVA /CA-H separator, were
significantly improved. Meanwhile, the PVA /CA-H separator exhibited good electrolyte uptake
(158.1%) and high ionic conductivity (1.63 mS cmfl), and, thus, the battery assembled with the
PVA/CA-H separator exhibited a capacity retention of 96.3% after 150 cycles at 1 C. These features
mean that the crosslinked PVA composite separator can be considered as a prospective high-safety
and high-performance separator for LIBs.

Keywords: polyvinyl alcohol; crosslinking; separator; mechanical properties; lithium-ion batteries

1. Introduction

Lithium-ion batteries (LIBs) play a pivotal role in the development of new energy and
environmental protection, as well as other major technological fields, due to their excellent
performance, such as low cost, high energy density, high power, prolonged service life,
etc. [1]. The separator, a crucial component of the LIB, serves as a channel for lithium-ion
migration between the electrodes, in addition to its function in physically separating the
positive and negative electrodes [2]. The internal resistance and interfacial structure of
battery are directly influenced by the separator’s performance, which also has an impact on
other aspects of cells, such as discharge capacity, cycling efficiency, and safety. Therefore, an
ideal separator is required to have uniform pore distribution, high porosity, good electrolyte
wettability, robust mechanical strength, and great thermal stability.

Currently, microporous polyolefin separators, primally referring to polypropylene
(PP) and polyethylene (PE) separators, are considered to be the most popular separators
utilized in LIBs due to their good chemical stability, desirable mechanical strength, and low
cost. However, these polyolefin separators present poor thermal stability owing to their
inherent low melting point (i.e., <165 °C) [3]. More importantly, they cannot effectively
meet the requirements of the rapid charging and discharging of high-power batteries
because of their low porosity and poor electrolyte wettability, and, thus, the safety and
cycle life of the batteries are affected. Many efforts have been made to address these issues

Batteries 2023, 9, 556. https:/ /doi.org/10.3390/batteries9110556

https:/ /www.mdpi.com/journal /batteries


https://doi.org/10.3390/batteries9110556
https://doi.org/10.3390/batteries9110556
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/batteries
https://www.mdpi.com
https://orcid.org/0000-0003-1377-426X
https://orcid.org/0000-0002-2386-2901
https://doi.org/10.3390/batteries9110556
https://www.mdpi.com/journal/batteries
https://www.mdpi.com/article/10.3390/batteries9110556?type=check_update&version=2

Batteries 2023, 9, 556

20f12

affecting polyolefin separators, such as grafting polar functional groups [4,5] and coating
organic polymers [6,7] and inorganic particles [8,9] on the surface, thereby improving their
electrolyte wettability and thermal stability. In addition to the surface modification based
on polyolefin separators, a variety of novel materials, such as polyvinylidene fluoride
(PVDF) [10,11], polyacrylonitrile (PAN) [12,13], polyimide (PI) [14,15], or cellulose [16,17],
have been built into separators via different methods, including electrospinning, phase
separation, vacuum filtration, freeze-drying, etc. [18]. Many of these separators displayed
excellent overall performance and have the potential to be polyolefin’s substitutes.

Polyvinyl alcohol (PVA), one of representative polymers, has also been selected as the
original material for the separator’s fabrication. Due to its regular molecular structure with
a large number of hydroxyl groups in the molecular chain, PVA exhibits excellent process-
ability, electrolyte wettability, and chemical stability, all of which give it the opportunity
to be applied in the field of separators. It has been reported that technologies including
solution coating [19], non-solvent induced phase separation [20], and freeze-drying [21]
have been applied to fabricate the PVA into composite separators, most of which present
improved electrolyte affinity due to the rich hydroxyl group in PVA, thereby enhancing the
electrochemical performance of the separator. Moreover, electrospinning is one of the most
common techniques used to fabricate PVA separators, as it regulates pore homogeneity
and affords the separator excellent porosity, which facilitates the transport of lithium ions
at the electrode—electrolyte interface [22-24]. However, it is generally difficult for a nanofi-
brous separator to possess high porosity and robust mechanical strength at the same time,
primarily because the nanofibrous membrane is composed of a 3D network interweaved
by the nanoscaled fibers.

Crosslinking, one of the most common modification strategies, has the ability to link
two or more molecules together via chemical bonds, and, thus, the crosslinked product not
only shares the advantages of one specific molecule but also typically presents superior
thermal and mechanical properties [25]. As PVA has multiple hydroxyl groups in its molec-
ular chain structure and is easily crosslinked with various chemical groups, crosslinking
PVA to prepare composite separators has also piqued the interest of researchers. For ex-
ample, Fartash et al. [26] prepared PAN/PVA /MA separators via electrospinning, using
malonic acid (MA) as a crosslinking agent with enhanced tensile strength and reduced
thermal shrinkage. In another research, Gong et al. [27] fabricated the PVA/HNT composite
separator via the electrospinning of PVA containing halloysite nanotubes (HNTs), followed
by crosslinking via immersion in a glutaraldehyde dispersion. The PVA/HNT separa-
tor showed excellent thermal stability and mechanical properties due to the interlocking
interconnections between the thermally resistant HNTs and the PVA matrix.

In this contribution, a crosslinked PVA composite nanofibrous separator for LIBs
was prepared via electrospinning and the heat-induced crosslinking of PVA and citric
acid (CA). CA is an organic acid containing carboxyl groups, which can be esterified with
hydroxyl groups on the chain of PVA macromolecules under heating conditions [28]. Thus,
it is reasonable to infer that crosslinking PVA with CA is a feasible strategy for property
enhancement. Therefore, the morphology, chemical and porous structures, and mechanical,
thermal and wettability properties, as well as the electrochemical and battery performances,
of PVA composite separators with different CA contents were investigated. The obtained
composite separator (PVA /CA-H) was capable of (i) possessing high porosity (68.9%) and
good electrolyte uptake (158.1%); (ii) exhibiting excellent thermal properties and mechanical
properties, increasing the tensile strength of PVA by 78.4% (from 7.4 MPa to 13.6 MPa); and
(iii) demonstrating high ionic conductivity (1.63 mS cm™!), which speeds up ion transport
and significantly boosts the battery cycle performance. The remarkable properties of the
PVA/CA-H composite separator show its potential in applications of LIBs for high safety
and outstanding electrochemical performance.
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2. Experimental
2.1. Materials

Polyvinyl alcohol (PVA, 1788), citric acid (CA), sodium hypophosphite (SHP), and
n-butanol were supplied by Aladdin Reagent Co., Ltd. (Shanghai, China). Lithium metal
(Li) anode and lithium iron phosphate (LiFePO,) cathode were provided by Shenzhen
Kejing Technology Co., Ltd. (Shenzhen, China). Lithium hexafluorophosphate (LiPFg, 1 M)
in ethylene carbonate, ethylmethyl carbonate, and dimethyl carbonate (EC/EMC/DMC,
1/1/1, v/v/v) was supplied by Ferro Corp (Mayfield Heights, OH, USA). All materials
were ready for use without further purification.

2.2. Preparation of PVA/CA-H Nanofibrous Separator

As shown in Figure 1, the PVA /CA-H composite separator was prepared in the fol-
lowing manner. Firstly, the PVA/CA electrospun solution was prepared. Indeed, 0.8 g
of PVA was dissolved in 9.2 mL deionized water, and certain amounts of CA and SHP
(PVA:CA:SHP = 8:2:0.2, 8:4:0.4, 8:6:0.6, 8:8:0.8, w/w/w) were added and heated via stirring
at 85 °C for 4 h to obtain the mixed PVA/CA solution. Secondly, the PVA/CA mem-
brane was fabricated via the electrospinning of the mixed solution with a feed rate of
0.30~0.35 mL h™1, a high voltage of 24~26 kV, and a collector distance of 16 cm. According
to the mass ratio of PVA to CA, these PVA/CA composite membranes were denoted as
PVA/CA-2, PVA/CA-4, PVA/CA-6, and PVA/CA-8, respectively. Finally, the PVA/CA-H
nanofibrous separator was obtained by treating these PVA /CA samples in the vacuum
oven at 120 °C for 3 h and labeled as PVA/CA-H2, PVA/CA-H4, PVA/CA-H6, and
PVA/CA-HS, respectively.

A High Voltage

Electrosplnnlng

Heatmg

120 °C

PVA/CA-H
PVA/ CA nanofibrous separator

Figure 1. Schematic diagram for the preparation of the PVA /CA-H nanofibrous separator.

2.3. Characterization

The morphologies of PVA and its composite membranes were visualized using field
emission scanning electron microscopy (FE-SEM, Hitachi 5-4700, Hitachi, Tokyo, Japan).
The chemical structure changes in PVA /CA before and after heating were examined via
Fourier infrared spectroscopy (FT-IR, Nicolet 5700, Thermo Electron Co., Ltd., Waltham,
MA, USA) in the range of 450 to 8000 cm ! at room temperature. The nanofibrous mem-
branes’ pore sizes were determined using a Porometer 3G through-hole size analyzer
(CFP-1500a, Porous Materials, Inc., Ithaca, NY, USA) with a sample size of 5cm x 5 cm.
The porosity of the separator was obtained via the n-butanol absorption method. The
separator was dipped into n-butanol for 2 h, and its porosity was determined using the
following Equation (1):

Porosity (%) = We = Wo

x 100% @
where wy and w; stand for the separator’s mass before and after n-butanol soaking, respec-
tively; p represents the density of n-butanol (0.8098 g/cm?); and V is the volume of the
sample separator.
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The contact angle of the electrolyte (1 M LiPFs, EC/DEC/DMC 1:1:1) of the separator
was measured using a contact angle analyzer (DSA100, Kriiss GmbH, Hamburg, Germany).
The electrolyte uptake (EU) was determined according to Equation (2) after immersion in
the electrolyte for 2 h.

Wy, — W,

a

EU (%) = x 100% )
where w, and w;, represent the mass of the separator before and after absorbing the elec-
trolyte, respectively.

The uniaxial tensile test was carried out on the samples using an Instron universal
testing machine (Instron 5967, Instron Co., Ltd., Boston, MA, USA), with a clamping
distance of 20 mm and a tensile speed of 20 mm/min. The puncture load of the separator
was measured at a constant speed of 20 mm/min via the Instron universal testing machine
equipped with a 2.5 mm diameter needle. Five specimens were measured for each sample,
and the average value was taken. The thermal stability of the separators was tested using
a thermogravimetric analyzer (TG, SDTQ600, Perkin Elmer, Waltham, MA, USA) with a
heating rate of 10 °C/min under nitrogen from 30 °C to 700 °C. The separator’s thermal
dimensional stability was evaluated by measuring the dimensional change after around 1
h of heat treatment at 120 °C and 180 °C.

All the separators were tested for electrochemical properties by utilizing an electro-
chemical workstation (BioLogic SP-300, BioLogic Science Instruments, Seyssinet-Pariset,
France). The assembly of all test cells (CR2025) was carried out in a glove box (high purity
argon atmosphere) filled with 60 pL of electrolyte (LiPF4) solution and different electrodes.
The separator’s interfacial impedance was evaluated for interfacial compatibility profil-
ing via electrochemical impedance spectroscopy (EIS) at an amplitude of 10 mV within
a frequency range of 0.1 Hz to 0.1 MHz. The separator used for this measurement was
sandwiched inside the LiFePO,/liquid-electrolyte-immersed separator/Li cell. Linear
sweep voltammetry (LSV) was used to evaluate the separator’s electrochemical stability
via the assembly of the stainless steel (SS)/liquid-electrolyte-immersed separator/Li cell.
And the LSV test was conducted at a scan rate of 5mV s~! between 3.0 and 6.0 V versus
Li/Li*. The separator’ bulk impedance was measured via the assembly of the SS/liquid-
electrolyte-immersed separator/SS cell and by utilizing EIS with an amplitude of 10 mV
and a frequency range of 0.1-0.1 MHz. The ionic conductivity (o) was determined using
EIS and obtained via Equation (3):

d
TRxA

where ¢ represents the ionic conductivity (S cm ! or mS cm’l), d is separator’s thickness
(cm), A is the area of the SS electrode (0.8 x 0.8 x 7 cm?), and R is the bulk resistance of
the separator ((2).

The battery cycling performance of the separator was investigated using a CR 2025
button-type half-cell. The separator was positioned between the lithium metal anode
and the LiFePO, cathode (LiFePO,/Acetylene black/PVDF = 80/10/10). The cycling
performance and C-rate performance measurements were conducted by utilizing the
battery cycle tester (BTS 5 V 10 mA, Neware Corporation, Shenzhen, China), with a voltage
range of 2.5-4.2 V. The cells’ cycling performance was tested at 1 C for 150 charge/discharge
cycles. The C-rate Performance was assessed at current densities of 0.1, 0.2, 0.5, 1, 2, 3, and
5C.

®)

3. Results and Discussion
3.1. Morphological Analysis

The SEM images of pure PVA membranes and PVA/CA composite membranes before
and after heating treatment are presented in Figures 2 and S1. As can be seen, the pure
PVA nanofibrous membrane presents a large number of randomly oriented nanofibers
with an average diameter of 170 nm (Figure Sla), and regardless of whether or not they
are heat-treated, the nanofibers on these PVA/CA composite membranes (Figure 2a—h)
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are also uniformly distributed to form a 3D interweaving network with a thickness of
~80 um (Figure S1b). Compared to the non-heat-treated PVA /CA membranes (Figure 2a-d),
bonding or adhesions between fibers can be clearly seen in the heat-treated PVA/CA-H
membranes (Figure 2e-h), and these bonds become more pronounced as the concentration
of CA increases. In particular, for the sample of PVA/CA-HS in Figure 2h, almost all the
fibers stick together, and the original fibers lose their fibrous shape, with only a few holes
being left.

Figure 2. SEM images of PVA /CA composite membranes before heating—(a) PVA-CA-2, (b) PVA-CA-
4, (c) PVA-CA-6, and (d) PVA-CA-8—and after heating—(e) PVA-CA-H2, (f) PVA-CA-H4, (g) PVA-
CA-H6, and (h) PVA-CA-HS.

In order to examine the adhesions produced via the heating process, infrared spectra
tests of different nanofibrous membranes are carried out, and the results are shown in
Figure 3a. The PVA /CA nanofibrous membranes show characteristic peaks similar to those
of pure PVA nanofibrous membranes. Peaks at 3314, 2949, and 1098 cm ™! correspond to
the stretching vibration of O-H, the C-H vibration of alkyl, and the stretching vibration of
C-O, respectively [29]. We found a peak at around 1708 cm ! in the spectrum of pure PVA,
which should be attributed to the fact that the C=0O stretching of acetate groups remained
in the 1788 type of the PVA raw material [29,30]. Meanwhile, the PVA /CA-H composite
membranes treated via heating present an intensified C=O characteristic peak at 1708 cm !,
indicating that the chemical crosslinking interaction between the hydroxyl group of PVA
and the carboxyl group of CA is induced via the heating treatment. The intensities of
the ester group absorption peaks enhance with the increase in citric acid concentration,
suggesting that the crosslinking degree between PVA and CA strengthens with the increase
in CA content. Moreover, the water-solubility of the crosslinked PVA/CA membrane
is checked. As seen in Figure 3b, the PVA/CA membrane without heating treatment
dissolves rapidly in water, while the heat-treated PVA /CA-H membrane remains intact,
further indicating that the thermal crosslinking reaction between PVA and CA successfully
occurred after the heating treatment.

Figure 4a displays the pore size distribution of pure PVA and crosslinked PVA/CA-H
composite membranes. It is observed that the pore size of the pure PVA nanofibrous
membrane is centrally distributed up to 0.4 pm, and all the PVA /CA-H membranes present
smaller pore sizes in the range of 0.1-0.4 um due to the blockage of those adhesions.
Meanwhile, the pore sizes of the composite membranes decrease gradually with the increase
in the citric acid content (Table 1), while the pore size after thermal crosslinking is smaller
than that before thermal crosslinking (Figure S2a). However, the pore sizes of these
membranes are still larger than those of the commercial PP membrane (20-50 nm) because
of the different preparation methods used.
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Figure 3. (a) FTIR spectra of different membranes; (b) optical pictures of PVA/CA membrane and
PVA/CA-H membrane immersed in water.
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Figure 4. (a) Pore size distribution of PVA and its composite membranes, and (b) porosity of
commercial PP separator and different PVA composite membranes.

Table 1. Basic parameters of PVA and its crosslinked PVA /CA-H composite separators.

Sample Thickness Density Mean Pore Porosity Tensile Strength ~ Elongation Electrolyte
(um) (g/cms) Size (um) (%) (MPa) at Break (%) Uptake (%)
PVA 70+£5 0.29 0.4181 84.9 7.4 70.8 374.3
PVA/CA-H2 79+ 4 0.55 0.2742 75.3 12.9 65.9 174.3
PVA/CA-H4 80+5 0.65 0.2251 68.9 13.2 57.8 158.1
PVA/CA-H6 81+4 0.71 0.1727 64.0 13.7 47.3 118.2
PVA/CA-HS8 82+3 0.77 0.1255 60.0 13.6 319 84.5

It is well known that nanofibrous membranes subject to electrospinning usually have
high porosity because of the 3D network formed via the random arrangement of nanofibers,
and, in this study, the effect of crosslinking on the porosity is examined. As shown in
Figure 4b, the porosity of the pure PVA membrane is higher than 80%, while the porosity of
the PVA/CA-H membrane decreases gradually with the increase in the CA concentration,
and it is lower than that before heating (Figure S2b) due to the thermal crosslinking of PVA
and CA, which makes the membrane less porous. Although the PVA/CA-H membrane’s
porosity decreases to a minimum of 60.1%, it is still superior to that of the commercial PP
membrane (Celgard 2400, 54.4%). Higher porosity allows greater electrolyte uptake in the
separator, and it is beneficial in promoting rapid ion transport and giving higher ionic
conductivity, which will be discussed later in this paper.
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3.2. Mechanical Properties

An ideal separator should have excellent mechanical strength in terms of tensile and
puncture to protect against deformation induced during assembly and resist the penetration
of electrode burrs and lithium dendrites generated during cycling. Figure 5a depicts the
stress—strain curves of pure PVA and crosslinked PVA/CA-H composite nanofibrous
membranes. For comparison, the stress—strain curves of the PVA/CA composite membrane
before thermal crosslinking are presented in Figure S3a. As can be seen, the uncrosslinked
PVA /CA membranes exhibit higher tensile strength and elongation at break than the pure
PVA, increasing by 28.4% and 65.4%, respectively (Figure S3a). The remarkable increase in
elongation at break can be ascribed to the addition of CA, increasing the interstitial volume
of the material and the mobility of the polymer macromolecules [31]. Moreover, once the
PVA and CA are crosslinked, the tensile strength of the composite membrane is further
enhanced from 7.4 MPa to 13.7 MPa with the increase in the CA content, but its elongation
at break decreases from 70.8% to 31.9% (Table 1). The enhancement of tensile strength can
be attributed to the chemical crosslinking reactions and hydrogen bonding interactions;
however, these interactions simultaneously restrict the movement of the molecular chain
segments, thus leading to a decline in elongation at break [32,33]. Therefore, citric acid
crosslinking can appreciably enhance the tensile strength of the pure PVA membrane and
make it compatible with that of the commercial PP membrane (12.1 MPa) in the transverse
direction, even though the longitudinal tensile strength of the PVA /CA-H membrane is
much lower than that of the commercial PP membrane (122.8 MPa) [34].

1.5
164 (a) (b)
1.2
124
©
o Z 09
= <5
~ °
& 84 8
£ 06
a ——PVA
4 —— PVA/CA-H2 034
—— PVA/CA-H4 :
——PVA/CA-H6
5 PVA/CA-H8 B0
5 % - - e PVA  PVAICA PVA/CA PVA/ICA PVAICA

Strain (%) -H2 -H4 -Hé -H8

Figure 5. (a) Stress—strain curves and (b) puncture load—displacement curves for PVA and PVA/CA-H
composite separators.

The puncture performances of different membranes are demonstrated in Figure 5b.
Compared to the pure PVA nanofibrous membrane, the puncture resistance of the PVA/CA
nanofibrous membrane before thermal crosslinking is improved, with the load increasing
from 0.43 N to 0.73 N (Figure S3b). After thermal crosslinking, the load of PVA/CA-H com-
posite membrane is increased to 1.42 N, demonstrating the great increase in the puncture
resistance induced via thermal crosslinking. Moreover, with the increase in the CA content,
it shows a trend of strengthening and then slightly decreasing, which is the same as the
trend of tensile strength. Based on the analysis of tensile and puncture performance, there-
fore, the mechanical properties of PVA nanofibrous membrane are significantly improved,
which should be ascribed to the increased bonding of fibers after thermal crosslinking,
providing greater resistance to deformation during stretching and puncturing.

3.3. Thermal Properties

The TG and DTG profiles of the pure PVA and different PVA /CA-H nanofibrous
membranes are shown in Figures 6a and 54 with regard to the investigation of their thermal
stability. As shown, the first weight loss temperature of all the samples is below 100 °C
owing to the evaporation of water. As the temperature increases, the PVA membrane
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exhibits significant weight loss from 260 °C, with a maximum rate of weight loss detected
at 330 °C (Figure S4). When CA is added to PVA, all PVA/CA-H separators show two
major regions of weight loss: one from 180 °C to 260 °C for the decomposition of CA, and
the other from 260 °C to 510 °C for the decomposition of PVA. In particular, the weight
loss from 260 °C to 410 °C is due to the thermal decomposition of the PVA side chains,
with the products consisting of small particles of carbon and hydrocarbons, while the
degradation process from 410 °C to 510 °C is related to the disintegration of the PVA main
chains [35,36]. Meanwhile, the thermal dimensional stability test is performed by gradually
heating the separators. As shown in Figure 6b, the PP separator shrinks strongly at 120 °C
and melts at 180 °C, while the PVA separator shrinks slightly at 120 °C and severely at
180 °C. In comparison, the thermally crosslinked PVA /CA-H separators can keep their
shape intact at 180 °C, suggesting that their thermal dimensional stability was improved

via the crosslinking modification.

N ®

a
—rn @ o)
——PVA/CA-H2
——PVA/CA-H4
—— PVA/CA-H6
PVA/CA-H8

Weight (%)

0 100 200 300 400 500 600 700 PVA’°A il Pvﬁ’g"

Temperature (°C)

Figure 6. (a) The TG curves of CA and different separators in heating scan, and (b) the optical
photographs of separators treated for 1 h at different temperatures.

3.4. Electrolyte Wettability

The electrolyte wettability and electrolyte uptake of the separator are critical to the
performance of LIBs. The excellent electrolyte wettability of the separator not only improves
the rate of ion transport but also enables faster battery assembly, which, in turn, enhances
the cycle stability and multiplier performances of LIBs. The variation in the electrolyte
contact angle with time for various separators is demonstrated in Figure 7a. It remains
unspread after 10 s, when the electrolyte drops onto the surface of the PP separator because
the PP separator has a hydrophobic surface and low surface energy, resulting in poor
wettability with the electrolyte. The PVA membrane can be quickly wetted by the electrolyte
with only 1.2 s of complete wetting due to its rich hydroxyl group with a high degree of
pro-electrolyte behavior. And the PVA/CA membranes still have excellent electrolyte
wetting properties before thermal crosslinking (Figure S5a). After thermal crosslinking, the
complete wettability of the PVA/CA-H membranes becomes longer, and the wettability
deteriorates with increasing CA. It is attributed to the fact that the excessive addition of CA
leads to a decrease in the porosity of the PVA /CA separators, which hinders the infiltration
of the electrolyte. Nevertheless, the PVA/CA-H composite separators still have better
electrolyte wettability than the commercial PP separator.

The electrolyte absorption capacity of the separators is shown in Figure 7b, in which
the changing trend for the electrolyte uptake of each separator is consistent with that of
the porosity. The PVA membrane has a high uptake value of 374.3% thanks to its excellent
porosity and superior wettability. With the increase in CA, the electrolyte uptake of the
PVA/CA-H separators decreases, and it is lower than that before thermal crosslinking
(Figure S5b), which is attributed to the decrease in the porosity of the separator caused
by the addition of CA. In general, the PVA/CA-H separators still exhibit good electrolyte
uptake performance (>84.5%) compared to the PP separator (79.7%), which is favorable to
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increasing the ionic conductivity and improving the charging and discharging performance
of the batteries.
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Figure 7. (a) Electrolyte contact angle with changes over time, and (b) the electrolyte uptake of
different separators.

3.5. Electrochemical Properties

In the previous section, we comprehensively evaluated the porosity and mechanical,
thermal, and electrolyte wetting properties of various separators. The PVA/CA-H4 separa-
tor is selected for the next step of electrochemical and battery performance testing because
of its high porosity, good mechanical and thermal properties, and excellent wettability.

Figure 8a shows the Nyquist plots of cells assembled with different separators, where
the bulk resistance and ionic conductivity of the separators can be determined. The
ionic conductivity of the PVA /CA-H4 separator is calculated to be 1.63 mS/cm, which is
significantly higher than that of the commercial PP separator (0.59 mS/cm) and the pure
PVA separator (1.27 mS/cm). One of the reasons for this result is the good porosity and
excellent electrolyte wettability of the PVA /CA-H4 separator, which facilitates the efficient
transport of Li-ions during the charging and discharging of the battery.
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Figure 8. (a) Nyquist plots for SS/separator/SS batteries, (b) Nyquist plots for LiFePO, /separator/Li
batteries, (c) LSV curves for Li/separator/SS batteries from 3 to 6 V, and (d) cycling performance
and (e) rate performance for LiFePO,/separator/Li batteries assembled using the commercial PP
separator and PVA and the crosslinked PVA /CA-H separators.



Batteries 2023, 9, 556

10 of 12

The interfacial resistance of each separator is shown in Figure 8b, where the semicircle
radius in the impedance spectrum stands for the electrode—electrolyte interfacial resistance
(Rin)- The Rj, of commercial PP, PVA, and PVA /CA-H4 separators are 327.8, 290.4, and
285.2 (), respectively. The lower R;, of the PVA/CA-H4 separator compared to the PP
separator may be attributed to its higher porosity and better electrolyte wettability. As
a result, the PVA/CA-H4 separator has better interfacial stability, which promotes the
transport of ions at the electrode—electrolyte interface, leading to decreased overall cell
resistance and improved cell performance.

As shown in Figure 8c, the electrochemical stability window was evaluated by record-
ing the LSV curves of the separators from 3 V to 6 V. As the current grows at an exponential
rate, the corresponding voltage is the limit voltage of electrochemical oxidation. It is demon-
strated that the anodic stability values of PVA and PVA /CA-H4 separators are as high as
49V and 5.0 V versus Li* /Li, respectively, higher than that of the commercial PP separator
(4.7 V). The ideal electrochemical stability of the PVA/CA-H4 composite separator can be
attributed to its good swelling ability, and its excellent porous structure and good porosity
can trap more electrolytes, as well as delay the electrolytes” decomposition.

3.6. Battery Performance

The cycling and rate performances of cells with the PVA /CA-H4 separator are eval-
uated by using cells with the commercial PP separator and pure PVA separator as the
control groups. Figure 8d shows the cycle performance and Coulombic efficiency of cells
assembled using different separators at 1 C. It can be observed that the PVA/CA-H4
separator has an initial discharge-specific capacity of 131 mAh-g~!, which is higher than
that of the commercial PP separator (123 mAh-g~!) but lower than that of the pure PVA
separator (136 mAh-g~1). In addition, after 150 cycles at 1 C, the cell assembled with the
PVA /CA-H4 separator shows stable a specific capacity, with a capacity retention of 96.3%
and a Coulombic efficiency of 98.8%, while the PP separator exhibits a capacity retention
of 78.4% and a Coulombic efficiency of about 96.8%. It demonstrates that the batteries
assembled via the PVA /CA-H4 separator lose less power during charging and discharging
and have good battery cycling performance, which increases the performance and lifetime
of the batteries.

The rate performance of each separator at 0.1 C to 5 C is demonstrated in Figure Se.
The discharge-specific capacities of the batteries with commercial PP and PVA separators
are 138 and 158 mAh-g~! at 0.1 C, respectively, decreasing to 24 and 27 mAh-g~! at 5C. In
comparison, the cell with PVA /CA-H4 separator exhibits an initial capacity of 160 mAh-g !
at 0.1 C and decreases to 33 mAh-g~! at 5 C. The discharge-specific capacity is recovered
when the rate returns to 0.1 C, demonstrating the excellent reversibility of the cell. The
improved rate performance of the PVA/CA-H4 separator can be attributed to its good pore
size distribution and fast Li-ion conductivity.

4. Conclusions

In summary, we successfully prepared the PVA/CA-H composite separators using
the crosslinking technique and investigated their porous structure and wettability, thermal
and mechanical properties, and electrochemical and battery performance. Although the
PVA /CA-H composite separator showed reduced pore size and decreased porosity due to
crosslinking compared to the pure PVA separator, it exhibited higher mechanical strength
and better thermal stability. Moreover, it still possessed a rich porous structure and good
electrolyte wettability, thus demonstrating high ionic conductivity and desirable electro-
chemical performance. Thus, the cell equipped with the PVA /CA-H composite separator
showed excellent battery performance, having a capacity retention rate of 96.3% after 150 cy-
cles at 1 C. Consequently, the prepared PVA /CA-H composite separator could provide a
promising alternative for the development of high-safety and high-performance LIBs.
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