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Abstract

Sodium (Na) batteries are being considered as prospective candidates for the next generation
of secondary batteries in contrast to lithium-based batteries, due to their high raw material
abundance, low cost, and sustainability. However, the unfavorable growth of Na metal deposition
and severe interfacial reactions have prevented their large-scale applications. Here we propose a
vacuum filtration strategy through amyloid fibril modified glass fiber separators to address these
issues. The modified symmetric cell can be cycled for 1800 h, surpassing the performance of
previously reported Na-based electrodes under an ester-based electrolyte. Moreover, the Na/
NasV,(P0O,); full cell with a sodiophilic amyloid fibril modified separator exhibits a capacity retention
of 87.13% even after 1000 cycles. Both experimental and theoretical results show sodiophilic
amyloid fibril homogenizes electric field and Na ion concentration, fundamentally inhibiting dendrite
formation. Simultaneously, the glutamine amino acids in the amyloid fibril have the highest
adsorption energy for Na, resulting in the formation of a stable NasN and NaN,O,-rich solid
electrolyte interface film on the anode during cycling. This work provides not only a

possible
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pathway to solve dendrite problem in metal batteries using environmental-friendly

biomacromolecular materials, but also a new direction for expanding biomaterial applications.

1. Introduction

The dramatic growth of high-power electronic devices, coupled with the fact that traditional Li
ion batteries are nearly approaching their theoretical energy density limitation, has prompted
enthusiasm for more advanced batteries.™ Undoubtedly, the direct application of alkali metals as
anodes is a promising strategy for increasing the theoretical specific capacity.m Theortically, the
natural abundance of Na in the earth crust (23.6x10° ppm) is three orders of magnitude greater than
that of Li (20 ppm).”! However, the uncontrolled growth of Na dendrites in the presence of
commercial ester-based electrolytes results in low Coulombic efficiency (CE), inferior cycling

performance and even safety concerns after long-term cell operation.”

To accelerate the commercialization of rechargeable Na metal batteries, it is crucial to address
the serious issues caused by dendrite growth. Basically, dendrite inhibition can be achieved through
modifications of three battery components: the anode, the electrolyte and the separator. Among
them, anodic modification can be used to build 3D host structures or to apply sodiophilic coatings to
inhibit dendrites.*”! Nevertheless, anodic modification frequently raises significant safety concerns
due to the high activity of Na.®! In contrast, electrolyte modification can be achieved by adding
additives,” althoughs solid electrolyte interface (SEI) film formed using electrolyte additives are
relatively stable but does not completely prevent dendrite penetration, especially after long-term
cycling."™™ Noticeably, the separator is an essential component of the battery and directly affects

safety performance. Therefore, the modification of separators to prevent dendrite penetration is an
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1 However, it is well known that uneven electric field

important and promising strategy.
distributions and ion concentration distributions inevitably form within the pores in the separator
during the deposition of Na. Additionally, both Na ions and electric fields tend to focus at
protrusions with high surface energy.[13] As a result, Na nucleation and growth tend to occur more
commonly at tip sites, leading to non-uniform Na deposition. The formation of Na protrusions
further enhances the strength of the local electric field surrounding them, causing Na protrusions to
evolve into Na dendrites during cycling.™ This phenomenon is more serious in ester-based
electrolytes due to the difficulty forming stable SEI films on the anode surface.™™ Consequently,

physical modification based on the separator perspective is better than anode modification to

improve the electric field distribution and stabilize Na batteries.

Biomacromolecular structures such as proteins are enriched with polar groups can homogenize
ionic fluxes and induce uniform metal deposition.® For example, modified soybean protein fibers
provide a good modulation of Li deposition by forming a LiF-rich SEI membrane.” Besides, collagen
hydrolysate induces a deionization shock and diffuses cations on Li or Zn anode to promote
homogeneous metal deposition.™® However, there is still a lack of interpretation on how protein
molecules affect metal deposition and SEI components, and in particular which amino acids play an

crucial impact during repeated cycles.

Herein, we propose that filtering a uniform layer of amyloid fibrils (AF) over the separator
physically induces a uniform electric field and Na* concentration, which fundamentally inhibits the
formation of dendrites, and additionally generates a stable SEl film further stabilizing the Na metal
anode. Specifically, we found that the addition of AF allowed an increased proportion of Na-dense

crystalline surfaces to occur during Na deposition, which enhanced the reversibility of the Na metal



Accepted Article

battery. We also discover that glutamine amino acids in amyloid fibrils have the highest binding
energy for Na, resulting in the presence of a Na;N and NaN,O, rich SEI film during cycling, and then it
improves the interface generated by the ester-based electrolyte on the anode surface. Therefore, a
unique dendrite-free metal deposition has been achieved in terms of physical fiber structure and
chemical composition modulation in the amyloid fibrils. In this case, the symmetrical Na metal
batteries remain stable cycle over 1800 h, which is nearly 6 times higher than that of unmodified
battery. Moreover, the capacity retention rate of amyloid fibrils modified Na metal full cells coupled
with the high load cathode (Na;V,(PO,)s) can provide 87.13% high capacity retention rate even after
1000 cycles, which are far higher than those of the unmodified counterparts (69.46% after 200

cycles).

2. Results and Discussion

2.1. Preparation of Amyloid Fibrils@Glass Fiber Separator

The amyloid fibrils@glass fiber (AF@GF) separator was prepared in two steps: the synthesis of
amyloid fibrils in combination with the vacuum filtration of amyloid fibrils onto the GF separator
(Figure 1a, Figure S1, Supporting Information). Typically, we firstly prepared amyloid fibrils containing
a variety of amino acids through a series of methods such as acid washing, dialysis and hydrolysis
based on the abundance of amyloid fibrils in B-lactoglobulin, as described in the materials preparation
section. Fourier-transform infrared (FT-IR) spectroscopy is used to analyze the AF1, AF5, and AF10
samples, which are produced by hydrolysis for 1, 5, and 10 hours, respectively (Figure 1b). The typical
protein absorption peaks at 1649.1 cm™ and 1535.3 cm™ are observed, assigning to amide | (C=0

stretching) and amide Il (N-H in-plane bending/C-N stretching), respectively. These
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peaks are mainly associated with the vibrations of peptide bonds in the AF samples. [15-20]

Additionally, other absorption peaks at 1450.4 cm™ (C-H,z5), 1234.4 cm™ (C-O stretching), 2964.5
cm™ (C-Hs), 3292.3 cm™ (0-H) and 3411.9 cm™ (N-H) are also demonstrated.”?? The abundance of
polar groups in the AF5 is expected to effectively reduce the concentration polarization in Na metal
battery.m] The presence of N in the AF5 is demonstrated by the amide/NH;" at 400.1eV and N-H/C-N
at 399.7eV in the N1s spectrum, while the presence of C and O is chiefly in the form of C-C, C=0, C-O,
and O-H (Figure 1c, Figure S2, Supporting Information).“g' I Furthermore, Raman spectroscopy
indicates that the amide | band at 1669.3 cm™ in the AF5 is considered to be the C=0 bond, relative
to the absorption of amide | being caused by the stretching vibration of the short C=0 bond in
protein (Figure 1d).”®! The other characteristic peaks at 1449.7 and 1238.6 cm™ are assigned to the

presence of amide IIl, in terms of C-N stretching and N-H bending vibrations of the peptide bond.®

Morphology variation of the produced amyloid fibrils was further investigated by transmission
electron microscope (TEM), in which the hydrolysis time remarkably affects morphologies of the
amyloid fibrils (Figure 1e, Figure S3, Supporting Information). Specifically, the dimensions of the AF5
(hydrolysis time for 5 h)are approximately 3.3 um in length and 12.4 nm in diameter, but the length
and diameter values of the AF1 change to 1.3 um and 42 nm, respectively. Worse, the morphology
of the AF10 is indistinguishable, probably due to long hydrolysis time leading to amyloid fibrils
agglomeration and breakage.”” In this regard, the AF5 may expose more surface groups compared
with other samples. After the AF5 has been prepared, it is decorated to the GF separator by vacuum
filtration. During the compounding process, the ionic conductivity (o) of AF5@GF decreases slightly
in contrast to that of the GF separator, but the GF does not react with the AF5 to form new

substances (Figure S4, Supporting Information). Scanning electron microscope (SEM) images reveal
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that the amyloid fibrils deposited on the GF separator exhibits a disordered morphology. Notably,
the amyloid fibrils agglomerate on the surface due to fibril gelation (Figure S5, Supporting
Information) when the concentration of the amyloid fibril solution is 5 wt.%. The SEM and energy-
dispersive X-ray spectroscopy (EDS) data reveal that the thickness of the deposited amyloid fibril is 1,
5 and 10 um, with the AF5 concentrations of 1, 2 and 5 wt.%, respectively (Figure 1f-j, Figure S6,
Supporting Information). According to these observations, we selected an amyloid fibril
concentration of 2 wt.% for subsequent testing, which can achieve more uniform and abundant

amyloid fibril deposition but avoiding fibril gelation.

To further assess the effects of amyloid fibril on separator intrinsic properties, we investigated
their related physical properties, such as wettability, mechanical properties, elastic modulus and
adhesion force. Both separators are found to be wettable by the liquid electrolyte (1.0 M NaClO, in
EC:DEC=1:1 vol.% with 5.0 wt.% FEC), with initial contact angles of 28.42 and 34.82 for the GF
separator and the AF5@GF composite separator, respectively. (Figure S7,Video S1, 2, Supporting
Information). Additionally, the stress-strain curves (Figure S8, Supporting Information) display the
tensile strength of the AFS5@GF separator is approximately 5.1 times higher than that of the
commercial GF separator. Meanwhile, the elastic modulus is improved remarkably. This trend has
further confirmed by atomic force microscopy (AFM) via quantitative nano-mechanics mode,
wherein the elastic modulus of the AF5@GF separator surface is found to be about 25.2 £ 0.6 MPa,
which is higher than that of the GF separator, at 13.9 + 0.8 MPa. Besides, the adhesion force of the
AF5@GF separator has enhanced at least 3.5 times higher than that of the GF separator (Figure S9,
Supporting Information). These findings demonstrate that the AFS5@GF separator exhibits

superior
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mechanical resistance and excellent puncture resistance, which might effectively prevent Na

dendrites from penetrating the separator.’®

2.2. Sodium Deposition

To probe Na deposition behavior of separator, we studied the reversibility of Na
plating/stripping for the Na| Al asymmetric batteries with the GF separator or the AF5@GF separator
in a conventional ester-based electrolyte. TEM and FTIR test results show that there is no significant
change in the morphology and functional groups of AF5 after immersion in the electrolyte for 24
hours, implying that the AF5 is stable in the electrolyte (Figure S10, Supporting Information). As
shown in Figure 2a and Figure S11, the CEs of the Na|Al batteries with the GF separator exhibit a
slow rise for approximately 30 cycles followed by a decline, and the average CEs remain at a low
value of 68.8% during the initial 50 cycles, when operated at 0.5 mA cm™ and 1 mAh cm™. However,
the Na|Al batteries with the AF5@GF separator can run for 150 cycles with an average CE of 91.6%.
In addition, the nucleation overpotential of the Na|Al battery assembled with the AF5@GF separator
is only 0.245 V, which is 9% lower than the bare GF separator, signifying that the deposition barrier

of Na ion on the former can be reduced on the electrode (Figure 2b).

The performance of the AF5@GF separator is better than that of the GF separator, which may

8 The difference in Na

be associated with the deposition morphology of Na.l*”
deposition morphology with and without the AF5 modification has been clarified by in-situ
XRD, SEM and COMSOL simulations. On the one hand, in-situ XRD patterns show that the
proportion of (110) crystal plane deposition of Na after the AF5 modification increased to 77.39%,

while the proportion of low index (200) crystal plane decreased to 22.61% (Figure 2c-e). The

increased proportion of
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close-packed face of the deposited metal enhances the density of deposition and thus improves the
reversibility of the batteries, which is consistent with the phenomenon existing in other metal
batteries. ?*3% On the other hand, SEM images of Al current collector retrieved from the cycled
Na|Al batteries display inhomogeneous loose structure with Na dendrites on Al current collectors
using the bare GF separators at a deposition capacity of 1 mA cm™ (Figure 2f). Such incompact
structures may be related to the inhomogeneous nucleation and deposition of Na caused by the
uneven distribution of the electric field."*? Subsequently, Na dendrites are further evolved by the
non-uniform deposition of Na through a self-amplifying mechanism (Schematic 1). On the contrary,
dendrite-free deposition morphology on the Al collector in the Na|Al battery assembled with the
AF5@GF separator is observed (Figure 2g, Schematic 1). Moreover, the corresponding SEM image of
the AF5@GF verifies that Na deposition might be achieved on this separator, while the pristine GF
separator is still dendritic Na appears (Figure 2h-i). Finally, two-dimensional finite element models
are constructed to characterize the ion migration, electric field distribution and dendrite growth
near the electrodes. The dendrites with a diameter of 0.5 um are taken to compare the dendrite
growth on the electrode with and without amyloid fibrils at the initial state. The governing equations

are as follows: 132

where N; is the mass flux for each species, D;is the diffusion coefficient, c; is the concentration, z;is
the charge number, V is the electrolyte potential, F is Faraday constant. Convection is not considered
in this process, so u is 0. The model is solved in the solver COMSOL multiphasic. Overall, COMSOL
simulations show that severe Na* polarization and electric field inhomogeneity occur in the AF5-free
modified Na batteries after 500 min, leading to free growth of Na dendrites (Figure 2j-k,

Figure
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S12a-d, Supporting Information). In turn, the local Na* concentration of the battery model modified
by the AF5 is obviously uniform, and the local electric field strength is ameliorated, which
effectively inhibits the dendrite formation caused by mass transport and enhances sodium ion
flux. (Figure 2l-m, Figure S12e-h, Supporting Information), in line with the XRD and SEM
results. Besides, the calculated Na' transference number (tna+) for the AFS@GF is 0.82, which
is slightly higher than that of the GF (0.80) (Figure S13, Supporting Information). The main
reason is attributed to the presence of polar -COO groups, which can inhibit the transport of

33-34

ClO, ™ in the electrolyte but favor for the passage of Na* ****. Simultaneously, the repulsive

force among amyloid fibrils makes it easy to form uniform and stable channels during the

film formation process.*”

2.3. Sodiophilic Mechanism of Amyloid Fibril Components

To understand the outstanding electrochemical behavior of AF-modified separator, we
appraised the roles of different groups (leucine: C¢Hi3NO,, alanine: C3;H;NO,, and glutamine:
CsH1oN,0s3) on AF surface.P® Density functional theory (DFT) calculations are employed to investigate
the Na binding energy of various amino acids in amyloid fibrils, with the aim of elucidating their
sodiophilic properties. Detailed insight into the initial and stable adsorption configurations of six
different Na adsorption sites is performed for each amino acid, as shown in Figure 3a-c, Figure S14-
16. It is worth noting that the positions with higher electronegativity have a greater propensity for
Na atom adsorption, as shown by the configuration changes during our analyses. Additionally, the
interaction of Na atom with the surfaces of leucine or alanine is looser than the interaction of Na

atom with the surface of glutamine. The possible reason is related to the small binding energies
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between the two amino acids and Na atoms. In contrast, the latter has a large negative binding
energy. Evidently, glutamine site 1 has the highest binding energy of -0.449 V for Na atom, indicating

that glutamine is the most sodiophilic reason in the amyloid fibril.**!

To further understand the interaction between amino acids and Na atoms, the charge density
difference has been calculated to compare adsorption sites of different amino acids on Na atoms
(Site 1). Specifically, the electrons are restricted within the adsorption sites on the leucine and
alanine surfaces, weakening the coupling interactions (Figure 3d-e). However, the charge transfer
from Na to the glutamine sitel is more pronounced, demonstrating the delocalized electron in-
between the conjugation structure (Figure 3f). In addition, the strong adsorption strength of site 1
can also be elucidated in terms of the two-dimensional electronic structure. According to the (100)
crystal plane projection, the glutamine exhibits the highest charge density difference around Na in
contrast to leucine and alanine. Correspondingly, the projection on the (010) and (001) planes
exhibits a similar situation (Figure 3g-i, Figure S17, Supporting Information), indicating that the

glutamine in the amyloid fibril has strongest affinity with Na atom.®”!

2.4. Battery Performance

To evaluate the cycling stability of the AF5@GF separator, the symmetric Na| |Na batteries
were fabricated. Figure 4a and Figure S18a-b exhibit the voltage-time curves of Na||Na batteries
with different separators at 0.5 mA cm™. Notably, the batteries with the AFS@GF separator deliver
virtually flat voltage plateaus over 1800 h with small overpotential (120 mV), illustrating their good
interfacial stability and cyclability. However, for the batteries with the GF separators, the voltage

hysteresis seriously plummets after 310 h, indicating that the battery has appeared short circuit. In
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addition, the AF has a marginal effect on the overpotential, probably due to the nature of the
biomolecule itself, which is common in protein-modified metal cells. [38-41] Inspiringly, we have
achieved significant improvements in stabilizing cycle life of Na metal batteries by means of amyloid
fibril modified separators in ester-based electrolytes, compared to sodiophilic coating techniques
(Al,03, Mg-MOF-74, graphene derivatives, NaBr/Nas;P nanocrystallines) (42481 ' three-dimensional Na
anode designs (carbonized wood composite) ! electrolyte modification methods (Ceo(NO,)s
additive) ® and Na alloy modification strategies (Na-Sn alloy) %, as summarized in Figure 4b,
Figure S18c-h, Figure S19 and Table S1. Additionally, the batteries with the GF, AF1@GF, AF10@GF
separators hardly sustain a current density at 5 mA cm™>, whereas the batteries with the AF5@GF
separator survives in the current density ranging from 0.5 to 5 mA cm™, which can recover to the
initial state once the current density returns (Figure 4c). Electrochemical impedance spectroscopy
(EIS) was also tested after cycling of symmetric cells with the bare GF and the AF5@GF separators at
a current density of 0.5 mA cm™ and a capacity of 1 mAh cm™ (Figure 4d-e, Table S2, Supporting
Information). For symmetric batteries with the GF separator, continuous dendrite growth is
detected because of the uneven distribution of Na ions in the battery system, and the accumulated
SEl layer with poor Na-ion conductivity leads to high resistance. By comparison, the symmetric
batteries with the AF5@GF separator shows a rather stable and consistently low resistance even
after 50 cycles, with only one tenth of the resistance of batteries equipped with the GF separator. It
indicates the stable interface properties of the AF5@GF during cycling due to its interconnected

matrix.

The morphology and composition of the Na surface were investigated using SEM images and

XPS tests after disassembling symmetric batteries cycled at a current density of 0.5 mA cm™ and a



Accepted Article

capacity of 1 mAh cm™ As cycled number increased, the anode surface in batteries with the
AF1@GF and AF10@GF separators exhibits increasingly inhomogeneous, and dendrites are even
observed after 125 and 175 cycles, respectively. Even worse, the dendrites present on the anode
with the GF separators after only 10 cycles, and the dendrites growth becomes more severe in the
following cycles. (Figure 4f, Figure S20a-i, Supporting Information). Attractively, a smooth and
dense surface can be still observed on the Na anode of the Na metal battery using the AF5@GF
separator, even after 375 cycles (Figure 4g, Figure S20j-l, Supporting Information). This further
proves that the AF5 can suppress dendrite growth by homogenizing the Na ion concentration,
thereby improving the battery cycle stability. Additionally, XPS results suggest that N element in the
AF5 is reduced by Na, relative to the formation of NasN and NaN,O, compounds (Figure 4h). The
mixed ion-electron mixed conductivity of the reduced products facilitates ion transport, resulting in
a uniform ion concentration at the anode-electrolyte interface, which ultimately improves
plating/stripping stability of symmetric batteries.” It is thought that NasN and NaN,O, are
presented during the cycling process because both of them are hardly detected by XPS before the
battery is cycled (Figure 4h), consistent with the results obtained from FTIR spectroscopy. This also
proves that the AF5 remains stable in the electrolyte prior to cycling and the intensity of the N-
containing group peaks of the AF5 decreases relatively after cycling (Figure S21, Supporting
Information). Conversely, the SEI film constituents, including Na,COs, Na,0, and NaF, are present on
the Na surface even before the battery is cycled, suggesting that these constituents are
spontaneously formed via the reaction between Na and the electrolyte (Schematic 1 and Figure S22,

Supporting Information).
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To highlight the potential applicability of the modified separator, full cells consisting of 100 um
Na metal anode, a NasV,(PO,); (NVP)@C cathode active materials (mass loading: 5 mg cm™) and the
AF5-coated separator were tested (Figure 5a, Figure S23a-f, Supporting Information). Specifically,
the long-term durability of Na metal cells with the AF5@GF separator under 1 C has been measured.
Evidently, an outstanding cycling stability and discharge capacity retention rate of 87.13% for 1000
cycles is achieved. This performance is far better than that of Na metal full cells assembled with the
GF, AF1@GF, and AF10@GF separators, respectively (Figure 5b). Moreover, the voltage profiles
obtained from cycling the different cells illustrate a single flat charge voltage plateau and two
distinct discharge voltage plateaus during the initial cycles (Figure 5c-d, Figure S23g-h, Supporting
Information). ®**¥ The charge voltage plateau is attributed to the extraction of Na ions from the
NVP cathode, while the two discharge voltage plateaus are attributed to a two-step Na ion diffusion
process resulting from slow Na® intercalation kinetics. ®***! After that, the voltage hysteresis
between these two discharge plateaus gradually decreases and these two platforms correspondingly
become one upon subsequent cycling. In addition, the voltage hysteresis of the cell assembled with
the AF5@GF separator slightly increases to 0.588 V (1000 cycles), while the voltage hysteresis of the

cell assembled with the bare GF separator enhances sharply to 0.846 V after just 200 cycles.

Furthermore, the interface evolution of different full cells was investigated by in-situ EIS under
galvanostatic charge-discharge mode (Figure 5e, Figure S24, and Table S3, Supporting Information).
The Na|AF5@GF|NVP full cell shows a notable reduction in the SEI impedance (R¢) from the initial
state to the beginning of discharge. Meanwhile, the final R is very close to the initial state R; after
discharge, implying good reversibility of the Na|AF5@GF|NVP full cell. Conversely, the Na|GF|NVP
full cell exhibits a significant increment in R; values within a single cycle. Differing from that of

the
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Na|AF5@GF |NVP full cell, the value of R; of the Na|GF|NVP full cell at the initially discharged state
shows typical irreversible dendrite growth and SEl deterioration. A similar trend has been
established in the evolution of the charge transfer impedance (R.) during the whole cycle.
Additionally, the full cell incorporating the AF5@GF separator exhibits superior rate capability
compared to those other separators (Figure 5f). The full cell utilizing the AF5@GF separator achieves
a discharge capacity of 96.15 mAh g™ at 5C, which is higher than that achieved by cells incorporating

the GF, AF1@GF, and AF10@GF separators.

3. Conclusion

In summary, we propose a simple strategy of the separator modified by amyloid fibril
biomolecules to achieve homogeneous, compact and reversible sodium metal deposition. It is
confirmed that the amyloid fibril can homogenize electric field distribution and ion concentration,
reducing the growth of non-densely packed surface crystals. Both experimental and theoretical
results indicate that amino acids in the amyloid fibril are strongly sodiophilic, and form stable SEI
films during cycling, providing uniform Na ion transport and dendrite-free Na deposition. As a
consequence, the modified symmetric cells can be cycled stably for 1800 h at 0.5 mA cm™ under an
ester-based electrolyte, overwhelming the majority of similar systems reported so far. Moreover,
the Na/NasV,(PO,); full cell containing amyloid fibril can operate for 1000 cycles and maintain a
capacity retention of 87.13%. The successful exploration to overcome dendrite-growth in sodium
metal batteries demonstrates that the biomolecular-modified separator conception can be

promisingly extended to other metal batteries with high reversibility.

Supporting Information
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Figure 1. (a) Schematic illustration of the synthetic process of the AFS@GF separator. (b) FT-IR

S0 pm

patterns of AF1, AF5, and AF10. (c) XPS profiles of the AF5 in N 1s spectrum. (d) Raman spectrum of
the AF5. (e) TEM image of the AF5. (f-j) Longitudinal-section SEM image and corresponding mapping

of the AF5@GF separator.
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Figure 2. (a) Coulombic efficiency of different separator at 0.5 mA cm™ and 1 mAh cm™. (b) Voltage
profiles of Na nucleation under different separator at 1 mA cm™. (c) Percentage of (110) and (200)
crystalline surfaces of Na deposited under different separator. (d-e) In-situ XRD patterns of Na
deposition processes in Na|Al half-cells with GF separator (d) or AF5@GF separator (e). (f-g) Na
deposition on Al current collector using GF separator (f) or AF5@GF separator (g). (h-i) Na deposition
on the GF separator (h) or the AF5@GF separator (i). (j-m) Simulate the electric field distribution on

Na anode without AF5 (j-k) and with AF5 (I-m) after 500 min.
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the three-dimensional charge density differences with isosurface value of 0.01 e/Bohr® of (d)leucine,
(e)alanine, and (f)glutamine with one Na atom adsorbed. Blue and yellow colors represent losing
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Figure 4. (a) Voltage time profiles of Na plating/stripping process at 0.5 mA cm™ with 1.0 mAh cm™.
(b) Comparison of cycle times of sodium batteries equipped with AFS@GF separator with other
reported sodium batteries at different current densities in ester-based electrolyte. (c) Rate
performances of symmetric batteries using different separators at various current density from 0.5
to 5 mA cm™ with a stripping/plating capacity of 1 mAh cm™. (d-e) EIS values of Na symmetric
batteries with GF separators (d) or AF5@GF separators (e) after different cycles. The inset is the EIS
fitting circuit diagram. (f-g) Na surface SEM morphology of Na symmetric battery after 50 cycles with

GF separator (f) and 375 cycles with AF5@GF separator (g). (h) The N1s spectrum of the Na surface
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Figure 5. (a) Schematic diagram of a Na metal full cell. (b) Long-term cycling performance at a

specific current of 1C. (c-d) A discharge/charge voltage profiles of the full cells of the

Na|AF5@GF|NVP (c) and Na|GF|NVP (d). (e) In-situ EIS results of the Na|AF5@GF|NVP. (f) Rate

capability of the various full cells.
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50X 55 mm

A novel composite separator is fabricated through the vacuum filtration technique, incorporating a
unique amyloid fibril onto a glass fiber separator. The composite separator demonstrates
remarkable efficacy in suppressing the growth of sodium dendrites due to the formation of a stable
solid-electrolyte-interphase film enriched with nitride, which showcasing its potential as a promising

solution in sodium battery technology.
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