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Sodium-ion batteries (NIBs) have emerged as an alternative electrochemical energy storage to replace lithium-ion batteries (LIBs).
Separator is one of the key components that dictates the cell performance of NIB. Significant progress has been made in electrolyte
research, however for most cases glass fiber has been used as separator due to its remarkable electrolyte wettability despite its many
disadvantages. In this study, we evaluated commercially available porous materials as separator material for NIB. Porous
polyvinylidene fluoride (PVDF) membrane stands out as a universal separator which exhibits high compatibility with a wide range
of electrolytes and electrodes and demonstrates high electrochemical stability evaluated in hard carbon/Na half cells and
NaNi; 3Fe;3Mn 30, (NEM111)/hard carbon full cells. This research highlights the PVDF membrane as a viable separator for
advancing NIB research, enabling the development of new electrolyte materials without the separator constraints of wetting

limitations or excessive electrolyte consumption.
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Sodium-ion batteries (NIBs) have attracted significant attention
due to higher abundance and availability of sodium in the Earth’s
crust, making NIBs a more cost-effective alternative to lithium-ion
battery (LIB).! Additionally, NIBs offer an improved temperature
range, allowing them to function more effectively under extreme
conditions.> While LIBs perform optimally within a narrow tem-
perature range of 15°C-35°C, their performance deteriorates
significantly at extreme temperatures.” Besides, NIBs have demon-
strated faster charging capabilities at higher rates compared to LIBs
leveraging on the faster kinetics of Na™ storage in hard carbon (HC)
anodes.* Notably, as NIBs utilize an aluminum current collector at
anode, they can be fully discharged and stored at zero volts.” This
simplifies the transportation of NIBs and reduces the risk of thermal
runaway.’ Upon these factors, NIBs can outperform over lithium-ion
counterparts. Despite their merits, NIBs currently face a key
limitation: their lower energy density compared to LIBs. This
disparity is due to the standard redox potential of Na*/Na is
—2.7V (vs standard hydrogen electrode, SHE), which is less
negative than that of Li*/Li (—3.04 V, vs SHE), resulting in less
energy stored per unit charge.” This indicates higher-voltage
cathode materials with higher specific capacity for NIBs are needed
to achieve compatible energy density to LIBs. However, it triggers
more severe parasitic reactions with electrolytes due to expanded
voltage range. To mitigate this drawback, extensive research
and deveIO]i‘)ment has been employed for high-voltage stable
electrolytes.'%1°

Although research on improving the performance of NIBs has
advanced significantly, (P_articularly in the development of
cathodes'®™'? and anodes,?~ studies on separators remain limited.
Separators are critical components in NIBs, as they directly impact
electrochemical performance, safety, and the compatibility between
the electrolytes and electrodes. An effective separator not only
ensures the separation of the positive and negative electrodes but
absorbs sufficient electrolyte to facilitate Na* ion transport. For LIB
applications, commonly used separators are polyolefin thermoplas-
tics like polypropylene (PP) and polyethylene (PE).>* Polyolefin
separators offer improved mechanical strength, which helps prevent
dendrite penetration, and do not require excess electrolyte volume to

“E-mail: zzhang@anl.gov

achieve good electrochemical performance.>> However, they have
limited wettability with conventional carbonate-based electrolytes
dissolved with sodium salt for NIBs, resulting in a high contact angle
due to the hydrophobic nature of the separator surface.”® This
wetting incompatibility with various electrolytes hinders the separa-
tor’s performance in electrochemical testing, as premature cell
shorting has been reported due to poor wetting and higher
resistance.”’” New non-carbonate electrolytes have the same wett-
ability issue which has impeded the development progress. To solve
the above issue, a porous and thick glass fiber (GF/C) separator is
commonly used and reported for NIB research.?*3°

GF/C separator has been proven to be an effective separator due
to its high porosity, high electrolyte wettability, and high ionic
conductivity.*'? Notably, GF/C can wet most solvents, including
carbonates, esters, ethers, ionic liquids, and many others, demon-
strating excellent compatibility with various solvent systems. These
attributes enable its popular use for the further development of
electrolytes in NIBs. However, GF/C has limitations, such as high
porosity, low mechanical strength, significant thickness (>260 pm),
and poor workability.>® The high thickness results in excessive
electrolyte uptake, leading to the consumption of large amounts of
electrolyte. Reports also indicate that the practical application of GF/
C is compromised in NIBs due to sodium dendrite formation,
growth, penetration and electrical circuit shorting.>**

Numerous research efforts have been devoted to developing
advanced electrolyte systems in combination with compatible
separators for NIBs. Some included direct use of gel polymer
electrolytes (GPE) as separators and some introduced a GPE coating
on conventional separators like GF/C to improve the mechanical
strength,*® and other compositions through an electrospinning
method for a nanofiber electroactive (3-phase separator with or
without coating another polymer material.>’=° Still, GPE is me-
chanically weak and the GPE coating on materials like GF/C, PP, etc
makes the separator fabrication exhausting. Among GPEs, poly
(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP)-based
gel polymer electrolytes have been typically prepared using various
solvents. However, PVDF-HFP lacks good ionic conductivity itself,
undergoes thermal shrinkage, and has poor mechanical strength.*’
To efficiently advance the electrolyte frontier, a highly wettable
separator must be identified that can deliver consistent electroche-
mical performance without negatively impacting the results.
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In this study, a commercially available porous polyvinylidene
fluoride (PVDF) membrane was investigated as a separator for NIBs.
As a result, the chemical properties of PVDF enable a lower
electrolyte contact angle of close to 0°, enhancing electrolyte
wettability and facilitating the absorption of various solvents, thus
mitigating compatibility issues with electrolyte formulations in
NIBs. Furthermore, PVDF offers sufficient mechanical strength,
and its comparatively smaller thickness ensures reasonable electro-
lyte uptake. In HC/Na half-cell tests, the PVDF separator signifi-
cantly improved anode capacity at varying rates. In full-cell
configurations based on HC anode and NaNi;;Fe;;3Mn; 30,
(NFM111) cathode, it demonstrated a capacity retention of 70.1%
over 200 cycles with high Coulombic efficiency. These results
highlight the high stability and compatibility of PVDF separators
presenting stable electrochemical performance, which lays a founda-
tion for advanced electrolyte studies for NIBs.

Experimental

Materials.—The chemicals used for the electrolyte formulation
included sodium hexafluorophosphate (NaPFs, American Elements),
ethylene carbonate (EC, Gotion), dimethyl carbonate (DMC, Sigma-
Aldrich), ethyl methyl carbonate (EMC, Gotion), fluoroethylene
carbonate (FEC, Sigma-Aldrich). The chemicals used for the wetting
test of the separators include ethyl methyl carbonate (EMC),
dimethyl carbonate (DMC), propylene carbonate (PC, Sigma-
Aldrich), 1,3-dioxolane (DOL, Sigma-Aldrich), diethyl carbonate
(DEC, Gotion), fluoroethylene carbonate (FEC), acetonitrile (AN,
Sigma-Aldrich), N-propyl-N-methylpyrrolidinium  bis(fluorosul-
fonyl)imide (PMpyrFSI, Solvionic), 2H-tetrafluoroethyl 2,2,3,3-
tetrafluoropropyl ether (TTE, Apollo Scientific), dimethyl sulfoxide
(DMSO, Sigma-Aldrich), diethylene glycol dimethyl ether
(DEGDME, TCI America), dimethyl ether (DME, Sigma-Aldrich),
tetrahydrofuran (THF, Sigma-Aldrich), and trimethyl phosphate
(TMP, Sigma-Aldrich). The chemicals used for the preparing the
hard carbon laminates (Fig. S4a) included hard carbon powder (MTI
Corporation), super C45 carbon black (Timcal), N-methylpyrroli-
done (NMP, Sigma-Aldrich), and 8% polyvinylidene fluoride in
NMP (APV Engineered Coatings). The commercially available
separators included glass fiber (GF/C, Whatmann, Cytiva 1822—
125), polyvinylidene fluoride membrane (PVDF, Durapore, Sigma-
Aldrich VVLP04700), trilayer polypropylene-polyethylene-polypro-
pylene (PP/PE/PP) membrane (C2325, Celgard), and monolayer
surfactant-coated polypropylene (PP) membrane (C3401, Celgard).

Characterization.—The surface and cross-sectional morphology
of the separators, as well as the surface of the HC and NFM111
electrodes, were examined using a scanning electron microscope
(SEM, Hitachi S-4700-I CFE-SEM with EDS). The working
distance was 13-14 mm, and the accelerating voltage was 5.0kV.
The mechanical strength properties including the tensile strength and
Young’s modulus were obtained by using a universal tensile strength
tester (Instron 3300 Series universal Testing System) with a
stretching rate of 5mm s~'. Separator dimensions were fixed at
40cm x 1.0cm. The electrolyte uptake measurements were
investigated by immersing the separators in 1.0 ml of the 1.0 M
NaPF¢ in EC/EMC/DMC 1/1/1 by volume with 5wt% FEC
electrolyte solution for 8 h. The absolute mass of the electrolyte
and electrolyte uptake percentage was calculated by using Eq. 1:*!

M- M)

Electrolyte Uptake(%) = X 100% [1]

o

where M, is the mass of the separator and M is the mass of the
electrolyte-soaked separator.

The contact angle measurements were investigated using a
contact angle meter (CAM-plus). The volume of electrolyte dropped
on the separator’s surface was fixed at 20 pl. Images were taken a
couple of seconds after the electrolyte was dropped on that surface
and the contact angle line was adjusted on the display window. The
contact angle was calculated using 26 with the angle observed by
aligning the display line towards the apex of the droplet on the
separator surface.

Electrochemical Measurements

Electrical impedance spectroscopy (EIS) was accomplished using
an electrochemical workstation (Solartron Analytical 1470E Cell
Test System) in order to obtain the ionic conductivities and
activation energies of the separators. Symmetric cells were tested
composed of stainless steelllseparatorlistainless steel between
100 kIZI3Z to 0.1 Hz. The ionic conductivities were calculated using
Eq. 2:

o= !
R, XA

(2]

where R), is the bulk resistance, / is the thickness of the separator, A
denotes the contact area between the separator and the electrodes,
and o is the ionic conductivity.

Linear sweep voltammetry (LSV) was achieved through an
electrochemical workstation (Solartron Analytical 1470E Cell Test
System) with cells comprised of Na-metalllseparatorllaluminum foil
and Na-metalllseparatorlistainless steel. The test protocol was set
from open current voltage to 5.0 V (vs Na*/Na) with a scan rate of
1.0 mV s™.

The rate test for the HC/Na half cells was charged and discharged
with different rates from 0.02 C to 1 C (1 C = 300 mA g_l) with the
voltage range of 0.01V to 2.0V. The NFMI111/HC full cell
electrochemical performance was evaluated after formation (0.1 C)
with C/3 with a cutoff voltage of 1.0 V-4.15V. All tests were
conducted at 30 °C in a battery cycler (Neware Technology).

Results and Discussion

Physical properties of separators.—Table 1 summarizes the
specification and physical properties of GF/C, PVDF, C2325, and
C3401 separators including their composition, pore size (um),
porosity (%), and thickness (um). GF/C exhibits significantly larger
pore size a few magnitudes higher than other separators and this
infinitely high porosity yields no barrier of electrolyte absorption and
ion transport in NIBs. Specifically, GF/C has a fibrous structure with
fiber widths ranging from 0.25 to 1.5 pm, contributing to its large
pore size and exceptionally high porosity (Fig. 1). PVDF, C2325,
and C3401 separators exhibit microporous structures with notable
differences in pore size and porosity. PVDF has a pore size of
0.1 um, which is over twice as large as C3401 (0.043 pm) and more
than three times larger than C2325 (0.028 pm). In addition to its

Table 1. Physical properties of GF/C, PVDF, C2325, and C3401 separator.

Separator Composition Pore size (um) Porosity (%) Thickness (jum)
GF/C Borosilicate Glass 1.2 80-85 260
PVDF Hydrophilic PVDF Membrane 0.1 70 125
C2325 Trilayer microporous membrane (PP/PE/PP) 0.028 39 25
C3401 Surfactant coated monolayer microporous membrane (PP) 0.043 41 25
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Figure 1. SEM images of the surface morphology for (a) GF/C, (b) PVDF, (c) C2325, and d) C3401 separator.

larger pore size, PVDF’s 70% porosity can enhance electrolyte
absorption without possibly impeding ion flow. Although GF/C’s
high porosity allows it to easily absorb electrolyte, its substantial
thickness (260 pm) necessitates a larger electrolyte amount to fully
wet the separator. In contrast, PVDF has a reduced thickness of
125 pm, making it a more suitable choice for minimizing electrolyte
volume during cell assembly. Despite the lowest thickness (25 jum)
and porosity (35%—40%), both C2325 and C3401 separators suffer
from sufficient electrolyte wetting issue and concludes as unsuitable
separators for NIB research.

Electrolyte Wettability of Separators

Unlike GF/C, most battery separators are composed of high
molecular weight polymers, and their chemical and physical proper-
ties are highly dependent on the polymeric backbones and micro-
porous structure. Figure 2 shows the chemical structure of poly-
olefin-based separators.**~*® The fluorination in PVDF backbone,

CH,

Polyethylene
(PE)

Polypropylene
(PP)

compared to the hydrocarbon chains in PE and PP, alters its
dielectric constant, polarity, mechanical and thermal stability.*”*8
Additionally, electrolyte affinity can be distinguished based on the
polymer backbone. As reported by Changzhen et al., hydrocarbon
polymers exhibit low dipole moments, limited electronegativity, and
low surface energy. As a result, they demonstrate poor wettability
toward electrolyte solvents with high dielectric constants, such as
DMC, PC, and EC.* In contrast, due to the stronger polarity and
higher electronegativity arising from the C-F bond, the PVDF
separator can readily absorb polar electrolytes.so’5 !

To further evaluate its electrolyte wettability, PVDF membrane
was tested with various electrolyte solvents that could be potentially
used in NIB and the results are compared with GF/C, C2325 (a
trilayer PP/PE/PP membrane), and C3401 (a surfactant-coated
monolayer PP membrane) (Fig. 3). When 50 pl of electrolyte solvent
was applied to the surface of the separator, PVDF and GF/C
exhibited simultaneous wetting behavior for all the solvents. Due
to the high porosity of GF/C, each solvent is easily absorbed, while

F F

Polyvinylidene
fluoride (PVDF)

Figure 2. Molecular structures of polyethylene (PE), polypropylene (PP), and polyvinylidene fluoride (PVDF) materials.
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Figure 3. Schematic of wetting capability for the GF/C, PVDF, C2325, and C3401 separators using various electrolyte solvents.

the wettability of other separators is limited by surface tension
resulting from their lower porosity. Remarkably, the solvent wett-
ability of the PVDF is broader, likely due to the fluorinated
backbone structure and higher porosity. In contrast, separator
C2325 exhibited non- wetting behavior with solvents such as
DMC, PC, FEC, AN, DMSO, TMP and PMpyrFSI (Fig. S1). The
surfactant-coated separator C3401 allowed slightly higher
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< =

120

1004

Absolute Mass of Electrolyte (mg)
B [e)] (o]
o o o
1 " 1 i 1 "

)]
(]
L "

o
I "

C2325

GF/C PVDF C3401

- 800

T
~
o
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- 600

absorption of these solvents, but the underlying PP membrane
remained resistant. This pronounced difference in electrolyte wetting
highlights the advantages of GF/C and PVDF separators for
screening various solvent systems, as their enhanced wettability
minimizes the risk of separator-induced performance limitations.
The electrolyte contact angle of the separator was evaluated by
depositing a quantified amount (50 pl) conventional electrolyte of

(b) GF/C

Figure 4. Separator wettability with baseline electrolyte. (a) Electrolyte uptake of the GF/C, PVDF, C2325, and C3401 separators. The solid bar indicates the
absolute mass of electrolyte (mg) that can be absorbed by the separator. The shaded bar indicates the electrolyte uptake (%), which can be calculated using Eq. 1.
Images of 50 pl of the electrolyte added onto each of the (b) GF/C, (c) PVDF, (d) C2325, and (e) C3401 separators.
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Figure 5. (a) Ionic conductivity and activation energies (E,) of the GF/C, PVDF, C2325, and C3401 separators. (b) LSV profiles of GF/C, PVDF, C2325, and

C3401 separators.

1.0M NaPFg in EC/EMC/DMC (1/1/1 by volume) + 5 wt% FEC
onto the separator surface. Similar to the pure solvent wetting
analysis, GF/C and PVDF readily absorbed the electrolyte solution
(Figs. 4b and 4c). However, the edges of GF/C remained dry due to its
exceptionally high electrolyte uptake. In contrast, C2325 and C3401
exhibited poor wettability, as evidenced by their significantly higher
contact angles (Figs. 4d—4e). Specifically, the contact angle for C2325
was 74°, and for C3401, it was 70° when same amount of electrolyte
was applied to the separator surface (Figs. S5¢—S5d). GF/C and PVDF
showed no measurable contact angle, indicating excellent wettability
(Figs. S5a-S5b). With the exceptional wetting properties of GF/C and
PVDF, separator-induced performance limitations from wetting of
electrolyte are unlikely for these materials.

The electrolyte uptake is a critical parameter, as insufficient wetting
of the separator can compromise battery cell performance.’* Electrolyte
uptake refers to the volume of electrolyte required to fully saturate the
separators. After soaking the separators in baseline electrolyte, the
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| —C3401
0 T T T
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Strain (%)
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absolute mass of electrolyte retained within each separator was
measured. GF/C exhibited a significant increase in both the absolute
mass of electrolyte retained within the separator and electrolyte uptake
(Fig. 4a). This behavior can be attributed to its high porosity, substantial
thickness, and excellent wettability, which enable it to absorb the
electrolyte effectively, like a sponge. In contrast, PVDF exhibited a
lower absolute mass of electrolyte within the separator, primarily due to
its significantly lower porosity and thickness compared to GF/C.
Similarly, the thickness and porosity of C2325 and C3401 are
considerably lower than those of GF/C and slightly lower than those
of PVDF, resulting in a reduced absolute mass of electrolyte retained
within these separators. The PVDF separator, with a larger mass
(17.6 mg) compared to C2325 (3.7 mg) and C3401 (4.5 mg), exhibits
lower electrolyte uptake due to the reduced electrolyte mass relative to
the separator mass. The increased wettability of PVDF enables it to
achieve lower electrolyte uptake, thereby reducing electrolyte usage in
relation to the separator mass.

(b)

—GF/C —PVDF
Cost

“r\\\

C2325 —C3401

Strength

Linear Sweep
Voltammetry

Wettability

Figure 6. (a) Tensile strength of GF/C, PVDF, C2325, and C3401 separators. (b) Radar chart for properties of GF/C, PVDF, C2325, and C3401 separators. The
parameters include cost (inverse of separator purchase cost), strength (stress resistance before tearing), LSV (electrochemical stability reflected by the
decomposition voltage), wettability (wetting compatibility with pure solvents), ionic conductivity (separator-induced resistance), and thickness (inverse of
separator thickness). Workability of PVDF separator - (c) folding, (d) twisting, and (e) crumpling.
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Ionic Conductivity and Electrochemical Stability

Ionic conductivity measurements were conducted to assess the
kinetics and resistance associated with each separator by assembling
stainless steelllseparatorslistainless steel symmetrical cells. All the
symmetrical cells assembled used 100 pl of baseline electrolyte 1.0 M
NaPFg in an EC/EMC/DMC (1/1/1 by volume) + 5 wt% FEC. High
separator resistance indicates poor Na* ion transport kinetics. As shown
in Fig. 5a, the large pore size and high porosity of GF/C contribute to its
superior ionic conductivity, resulting in lower resistance. PVDF exhibits
slightly lower ionic conductivity than GF/C, which can be attributed to
its smaller pore size and reduced porosity. However, the exceptional
wettability of PVDF enhances its ionic conductivity despite having
lower electrolyte uptake compared to C2325 and C3401. In contrast,
(2325 and C3401 demonstrate poor ionic conductivities, primarily due
to their smaller pore sizes and limited electrolyte wettability.

The electrochemical window of the separators was evaluated by
linear sweep voltammetry (LSV) (Fig. 5b). Aluminum foil was used
as working electrode and Na metal as reference and counter
electrodes at a sweep scan rate of 1 mV s~ ', All separators exhibited
nearly identical LSV profiles when the voltage increased from the
open-circuit voltage to 5.0 V vs Na™/Na, suggesting the separators
play a minimal role during the LSV, as the primary contribution,
particularly at voltages below 5.0 V, arises from electrolyte decom-
position. The slope observed at 3.75V in the LSV curves can be
attributed to the oxidation of the baseline electrolyte, a trend
consistent across all separators evaluated.
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Mechanical Strength of Separators

The tensile strength of separators is a critical property for battery
cells, as a robust separator can resist tears or punctures caused by
sodium metal dendrites. GF/C was found to be brittle, tearing at a strain
of less than 2% (Fig. 6a). This poor mechanical strength is attributed to
its composition of inorganic borosilicate glass fibers and its large pore
size.”® Although GF/C is thicker than other separators, its structure
unravels easily and tears under minimal stress, making it inadequate for
practical applications. In contrast, PVDF demonstrated improved
mechanical strength, withstanding up to 17% strain before tearing.
This enhanced tensile strength allows PVDF to endure various
operating conditions without mechanical failure, improving its suit-
ability for use in NIB and sodium metal batteries (Figs. 6¢c—6¢). C2325
and C3401 exhibit enhanced mechanical strength compared to GF/C
and PVDF. These separators can withstand over 40% strain with C2325
reaching a stress limit of 6.68 MPa at 6.71% strain and C3401
achieving 5.76 MPa at 7.49% strain. Additionally, the Young’s
modulus value for PVDF is 93.2 MPa, 328.8 MPa for C2325, and
402.4 MPa for C3401 whereas no such value is obtained for GF/C due
to its immediate tearing during testing. These results demonstrate that
C2325 and C3401 can effectively stretch and deform under stress,
which enhances their ability to resist dendrite punctures. This deforma-
tion capability is critical for preventing dendrite-induced short circuits
in battery cells.”> Although the mechanical strength of C2325 and
C3401 is significantly improved, their electrolyte wetting limitations
still make them unsuitable for electrolyte development in NIBs.
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Figure 7. Electrochemical performance of separators. (a) C-rate performance of GF/C, PVDF, and C2325 in HC/Na cells (100 pl of electrolyte with a cutoff
voltage of 0.01-2.0 V), (b) cycling performance of the GF/C and PVDF separators in NFM111/HC full cells (50 ul and 100 pl of baseline electrolyte with a
cutoff voltage of 1.0—4.15 V). Voltage profiles of the second cycle at 0.05 C and first cycle at all other C-rates for (c) GF/C separator and (d) PVDF separator in

HC/Na half cells.
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The electrochemical performance of the separators was evaluated
in HC/Na half cells with 100 pl of baseline electrolyte 1.0 M NaPF¢
in an EC/EMC/DMC (1/1/1 by volume) + 5 wt% FEC. At lower
rates (0.05C, 0.1C, and 0.16 C), significant differences were
observed between separators. PVDF exhibited the highest capacity
and stability, whereas GF/C showed rapid capacity decay, and
C2325 displayed low initial Coulombic efficiency, resulting in
significantly reduced capacity. PVDF has tremendous value for
allowing sufficient electrolyte absorption facilitating an increased
electrochemical stability (Fig. 7a). The instability of GF/C can be
attributed to its high electrolyte demand, which resulted in the
incomplete wetting of the separator compromising its performance.
(2325 demonstrated high resistance and poor wettability for Na™
ion kinetics in the electrolyte, consistent with previous findings,
explaining its poor cell performance. Furthermore, C3401 exhibited
an even lower ionic conductivity than C2325, resulting in a short
circuit after the first cycle of the rate performance test (Fig. S9).

At higher rates (0.33 C, 0.5C, and 1 C), the capacity difference
between GF/C and C2325 narrowed due to significant sodium
inventory loss in GF/C during cycling. PVDF demonstrated high
capacity and stability at elevated rates, which can be attributed to its
excellent wetting properties and lower electrolyte uptake. These
characteristics enable better performance under such conditions.
The primary distinction between PVDF and GF/C separators lies
in the intercalation plateau capacity at lower and higher rates
(Figs. 7c and 7d). For sodium-ion storage within HC, approximately
half of the capacity is derived from adsorption, while the other half
arises from intercalation.”® At each rate from 0.05C to 1C, the
intercalation capacity of GF/C was severely compromised, thereby
limiting the overall capacity. This substantial capacity loss may
result from electrolyte consumption by Na metal due to the
formation of an unstable solid electrolyte interphase, thereby
impairing the electrochemical performance of GF/C, particularly
since it requires a larger electrolyte volume due to its high
electrolyte uptake.’® In contrast, the PVDF separator demonstrates
improved performance, maintaining comparable adsorption capaci-
ties and achieving higher intercalation capacities than GF/C.

NFM111 (Fig. S4b) /HC full cells were finally evaluated using
baseline electrolyte with two different amounts. With a 100 pl
electrolyte addition, both GF/C and PVDF exhibited similar perfor-
mance in terms of capacity retention and Coulombic efficiency
during formation and higher-rate cycling. However, when the
electrolyte volume was reduced to 50 pl, a noticeable capacity
difference emerged, even at low C-rate formation cycles (Fig. 7b).
After the first formation cycle, the Coulombic efficiency of GF/C
was 67.0%, compared to 70.0% for PVDF. The high electrolyte
uptake of GF/C began to inhibit the battery’s performance at this
reduced electrolyte volume, whereas PVDF maintained performance
comparable to that observed with 100 ul electrolyte. Following the
initial formation cycle, PVDF demonstrated similar Coulombic
efficiency and cycling stability to GF/C but sustained a higher
capacity, thereby exhibiting better overall performance. The ex-
cellent wettability and low electrolyte uptake of PVDF enable it to
perform efficiently even with lean electrolyte volumes.

Conclusions

A systematic study of commercially available separator mate-
rials has been performed to address the issue of electrolyte
wettability in NIB. Among the screened separators, porous PVDF
membrane stands out as an alternative separator to GF/C glass fiber
for NIB due to its optimal properties in polarity, electrolyte
wettability, mechanical strength and electrochemical performance.
These properties enable consistent cell performance in NIB
research, supporting the advancement of new electrolytes and
electrodes design and development without interference from the
separator materials.
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