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ABSTRACT

The state-of-the-art pellet type sodium solid-state batteries (NaSSBs) suffer from inadequate
humidity stability and poor mechanical properties, resulting in nonnegligible ohmic losses,
limited crucial current density, and low energy density. To address these challenges, a dry
process was proposed to fabricate NazPSs (NPS) film with only 0.2 wt.%
polytetrafluoroethylene (PTFE) binders. The DFT results revealed that PTFE with hydrophobic
groups improves moisture stability by reducing the available adsorption sites for H-O on the
surface. Furthermore, NaSSBs comprising NPS film and NaCrO, (NCO) cathode exhibited a
high specific discharge capacity of 119.6 mAh-g"! with an initial Coulombic efficiency (ICE)
0f 99.33%. After 24-hour exposure of NPS film to a dry room (RH, 0.1%), a high conductivity
retention of 90% and stable cycling can be achieved for 100 cycles with a capacity retention of

83.5%, representing a significant advancement towards scaling up and practical application of

NaSSBs.




NaSSBs have gained attention as a promising technology for large-scale energy storage,
which offers various advantages over conventional alkali metal ion batteries with
flammable organic electrolytes, including intrinsic safety, high volumetric energy density,
and cost-effectiveness'™. Initially, pellet-type NaSSBs were demonstrated to have
reasonable electrochemical performance based on advanced sulfide electrolytes®. However,
the progress of the application of the sulfide electrolytes in developing competitive NaSSBs
was hindered by their low ionic conductivity, air and moisture instability, ohmic losses, and
sluggish Na* migration kinetics in ultrathick pellet-type NaSSBs. These issues limited the
overall energy density, resulting in cell failure after long cycling®®. Reducing the thickness
of the SSE layer and improving the anti-moisture stability is crucial to address these
challenges. These improvements are essential to realize the practical applications of
NaSSBs.

The scalable production process is critical in driving the broad implementation and
industrialization of highly competitive SSBs’. Various manufacturing techniques have been

investigated, such as atomic layer deposition (ALD)'?, solvent-assisted casting!!-1?

, and dry-
film (DF) processing'*!'%. The DF process has been recognized as the most promising approach
among these methods to be applied in large-scale production at low cost. The ALD method
alternately introduces a small amount of precursor gases to react on the substrate surface to
form a film. It is suitable for precisely controlling film thickness and composition. However,
the ALD process comes with high environmental and equipment standards and production

costs; it is ideal for nano-coating on functional devices'®. Solvent-assisted casting utilizes

solvents to form films in a liquid environment but suffers from quality control and extra energy



cost!®!”. The sulfide electrolyte NPS, which is extremely sensitive and prone to degradation in
moisture conditions, is primarily synthesized through a solid-state reaction via ball milling.
Electrolyte films produced using this liquid-phase method have significantly reduced ionic
conductivity and difficult quality control. DF processing stands out for its simplicity, speed,
and cost-effectiveness, which is suitable for mass production and compatible with industrial
applications. It allows for a broader film thickness range, helping to balance the trade-offs
between energy density and the mechanical stability needed to prevent dendrite growth and
extend cycle life in SSBs.!®!°. For example, incorporating deformable sulfides allows for a
thin yet durable film, even with a small quantity of inactive PTFE binder. This approach
ensures that the overall ionic conductivity is not compromised by adjusting the PTFE
loading ratio, fiberization temperature, calendar loop, and fiberization direction®.
Recently, Zhang et al. presented a highly flexible Lis.4«PS44Clis film with a thickness of
approximately 30 pm?!. This film exhibited superionic conductivity of up to 8.4 mS-cm™! at
room temperature, comparable to organic electrolytes. He et al. reported DF processing of
air-stable Na3SbS4 under atmospheric conditions??. This work addresses the limitations of
traditional SSEs, such as their susceptibility to moisture and organic solvents, by fabricating
thin, high-performance films in air. However, it should also be pointed out that the investigation
into the influence of the PTFE ratio on the performance of SSE films and the discussion of the
interface phenomenon is missing from this work. Further study is needed on the chemical and
electrochemical stability of SSE films at the interface between the anode and SSE films, as

well as their cycling performance in half/full cells.



Recent dry-processed research endeavors have predominantly concentrated on
developing LiSSBs with considerable progress?. There has yet to be a suggestion or
investigation on utilizing similar methods for NaSSBs. This gap in exploration presents a
noteworthy research opportunity to discuss the potential of dry-processing-based NaSSBs
and to reveal general instructive principles regarding process-performance relations. In this
context, it is vital to incorporate advanced sulfides and dry processes to establish
competitive NaSSBs. Specifically, the key to successful dry processing is a comprehensive
understanding of PTFE binder-component interactions. Assessing the feasibility of dry-
process NaSSBs requires considering the dry-process film's ionic conductivity, mechanical
properties, and humidity stability. However, there is still a lack of systematic understanding
regarding the sulfides to PTFE ratio and process parameters, which are closely associated
with these indicators. Additionally, previous studies demonstrated that PTFE can be
reduced to produce highly conductive carbon at a low potential, leading to current leakage
and short-circuit issues in batteries?*?. Since sodium (-2.71V vs. standard hydrogen
electrode, or SHE.) and sodium-tin alloy anodes (-2.4 to -2.1V vs. SHE.) possess an intrinsic
low redox potential to the SHE?, it is necessary to examine the suitability of the PTFE
binder for sodium battery systems??8. Moreover, despite extensive research on dry films,
primarily focusing on film quality evaluation at the battery performance level, there
remains a lack of information about in-depth systematic investigation into the interfacial
phenomenon between the electrolyte film and the electrodes*-*.

Herein, we introduce the inaugural study of a dry-processed sulfide film incorporating

PTFE binders, systematically elucidating the interactions between these components. We



investigated the PTFE tolerance and its effects on the ionic conductivity of NPS films from
a low percentage of 0.2% to a high ratio of 5%. The interfacial phenomenon of NPS films
was examined to study the reduction products of PTFE and the degradation mechanisms of
ionic and electronic conductivity due to the interfacial reactions. A comparison between
films and pellets was also conducted, showing higher CCD stability without short-
circuiting from the NPS film. Due to industrial production being conducted in dry rooms,
we also investigated the humidity stability and dry room compatibility of NPS films. With
careful material characterization, the degradation mechanism of NPS was further revealed
to be a reversible hydration reaction that happened at the beginning and, subsequently, a
hydrolysis reaction causing irreversible ionic conductivity loss. For the dry room stability
of NPS, we uncovered the relationship between conductivity decay and exposure time by
comparing ionic conductivity and cycling stability of NPS film and pellet. Cells with the
pristine and 24h-exposed dry-processed film with NaCrO> (NCO) as cathode and excess
NasSns as anode exhibit a reversible capacity of 119.6 mAh-g' and 110.4 mAh.g?,
respectively, with a capacity retention of 88% and 83% at 0.2 C at an area capacity of 1
mAh-cm™ This performance surpasses pellet-type batteries, emphasizing the advantages of
utilizing dry-processed film electrolytes. Moreover, we compared the stability between the
NPS and LPSCI films, which shows a drastic difference in electrochemical stability despite
their similar trend in improving air stability by incorporating PTFE. The present study
significantly contributes to a comprehensive understanding of feasibility, compatibility,
interfacial stability, and moisture resistance in the dry fabrication process, advancing the

field of NaSSB development.



e f g
NPS-PTFE1%film . Observed 78 e il = |
Q —— Calculated E T q\ % ¢
i i —— Difference 2] e b
: - - [ ki
E I XzBr_a(g)g‘lggsmon g 10l -.\\ ] > al
= . =
z g b o
e=) g (=
g So0sf B AN g2t
= 2 @ ® g
8 o g
[N IRIAT ]
I ||: NN RTETE § ook {o & g a3l
! ! 1 ! | | = 1 ! 1 ! 1 1 || ||
5 10 15 20 25 30 35 40 0 02 05 1 2 5 S site P site Na site
26 (deg, Mo Ka) PTFE (wt%)

Figure 1. The fabrication of the NPS films and their physical properties. (a) The digital
photo of fabricated SSE film with PTFE from the top side and bending appearance shows
good mechanical properties. SEM images of the SSE dry film from the (b) surface and (c)
cross-section side. The PTFE fibers are dyed into pink to increase their visibility. (d) EDX
mapping of sodium, phosphorus, sulfur, and fluoride elements across the thickness of the
NPS films. (e) Rietveld refinement of the XRD pattern of a representative SSE film. (f) The
NPS films' ionic conductivity and tensile strength with different %PTFE. (g) Computed

adsorption energies of PTFE onto the S, P, and Na sites of NPS.

Film characterization
NPS films were prepared using the dry process and incorporated PTFE binder with

different weight percentages (wt.%) of 0.2%, 0.5%, 1%, 2%, and 5%. After the thickness was
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regulated to approximately 125 pum, NPS films showed a smooth surface with good
mechanical properties, which can be bent without cracking or breaking (Fig.1a). Scanning
electron microscopy (SEM) was used to examine the morphology of the film from surface
and cross-section direction (Fig.1b, c). The PTFE fibers tangling with the NPS particles
distributed within the NPS films can be observed under high magnification. Energy-
dispersive X-ray spectroscopy (EDS) mapping was conducted to validate the uniform
distribution of the NPS particles and PTFE network within the electrolyte substrate
(Fig.1d). X-ray diffraction (XRD) was used to analyze the composition of the NPS film. The
XRD Rietveld refinement can be indexed to the tetragonal phase NPS (PDF #00-048-1271)
with no prominent PTFE peak (Fig. S1) detected from 1% PTFE film (Fig. le) due to the
detection limit. The pattern parameters of the NPS from Rietveld refinement results are
shown in Table S1. Compared with pristine NPS, the crystal parameters have negligible
change.

Increasing the proportion of PTFE binder in the electrolyte improved the film's malleability
and mechanical strength®’. As shown in Fig. 1f, the tensile strength of the NPS films rose from
88.04 kPa of 0.2% PTFE film to 693.36 kPa of 5% PTFE film. The good mechanical
properties were quantitatively demonstrated by this test, which benefit the resistance to
the sodium dendrite growth during the cycling and extend the life of the cells. However,
this came with a trade-off: the intertwined non-conductive PTFE fibers distributed in the
NPS particles created physical barriers that obstructed ion transfer, decreasing Na*
conductivity (ona:). To illustrate, the ona+ of the NPS powder is 1.49x10* S-cm™. At the same

time, NPS dry film with 0.2%, 0.5%, 1%, 2%, and 5% PTFE were recorded as 1.20x10%,
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1.15x10%, 1.04x10*%, 8x10°, and 3.18x10° S-cm!, respectively (Fig.1f). By using the density
functional theory (DFT) simulations, the interaction between the NPS and PTFE fibers
(modeled as n-C7F16) was evaluated (Fig. S2, 3). Fig. 1g shows the adsorption energies for
the adhesive effects between PTFE (n-C7Fis) and different sites of NPS crystal structure.
The strong adhesion occurring at the sodium sites simultaneously hinders the diffusion of
the Na* and further decreases the ionic conductivity. However, as discussed in the later

section, it can act as a protective agent to prevent hydrolysis for the NPS film.
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Figure 2. Chemical stability of the NPS films with 0.2%, 1%, 2%, and 5% PTFE ratio, tested



as a configuration of NPS film|[NaoSns. (a) The OCV evolution of NPS films in 10 hours; (b)
DC polarization to determine the electronic conductivity under 1V bias; (c) Comparison of the
attenuation of ionic conductivity of the NPS film with different %PTFE; (d, e, f, g) XPS
characterization of 5% PTFE films before and after the reaction with NagSn4 anode: C 1s, S 2p,
P 2p and F 1s binding energy regions of the spectrum; (h, i) The photos of the NPS films with
5% and 1% PTFE to reveal the changes after reaction directly.

Chemical and electrochemical stabilities

The chemical and electrochemical stability of NPS films contacted with sodium-tin alloy
(NasSns was selected since its high Na* diffusion kinetics that lead to better galvanostatic
cycling stability?*!) were comprehensively investigated. The open-circuit voltage (OCV)
evolution and electrochemical impedance spectroscopy (EIS) were used to reveal the chemical
stability between the NPS films with different PTFE weight percentages (5%, 2%, 1%, and
0.2%) and NaoSns anode. For the 5% PTFE film, the OCV fell to 0 V within 3h (Fig. 2a),
indicating the cell was internally short-circuited. The electronic conductivity showed
noticeable fluctuation in the late period of the test (Fig. 2b). Other cells with PTFE content
lower than 2% showed stable OCV, suggesting NPS films at lower PTFE ratio films (0.2% to
2%) did not suffer a reaction that changed the electronic conductivity seriously when contacted
with NaoSns. Over a continuous testing period of 24h, .. remained stable at 3.049x10° S-cm
1, 2.781x10° S-em!, and 2.632x10° S-cm!, for 2%, 1%, 0.2% PTFE films respectively.
Despite higher PTFE content resulting in increased electronic conductivity, these films did not
form an electronic conductive pathway penetrating the electrolyte layer and causing the short
circuit®. Lastly, the ona+ degradation of NPS film from NagSns alloy contact was analyzed by
EIS, as shown in Fig. 2c and S4. The ona+ of the 2% PTFE film experiences a reduction of
approximately 28% (from 7.989x10 S-cm™! to 5.788%107 S-cm!) post 21h of interaction with

the NaoSns anode. The ona+ of 0.2% PTFE film slightly decreased from 1.2x10# S-cm™ to
10



1.14x10* S-em™!, suggesting that low PTFE ratio enhances the interfacial stability of NPS film
against NaoSns anode. The EIS plots describing the impedance evolution of the interfacial
reaction between the NPS film (0.2% or 2% PTFE) and the NaoSn4 anode are shown in Fig. S5
a,b. After 20 hours, the impedance of the cell with 2% PTFE film shows a drastic increase,
while the impedance of the cell with 0.2% PTFE film does not change significantly. The
equivalent circuit fitting was performed using the data at Oh and 20h for the 2% PTFE film cell,
with the results shown in Fig. S5c, d. At Oh, the EIS curve reveals a resistance of about 387Q
in the high-frequency region, corresponding to the resistance of the pristine NPS film. After
20h of contact with the anode, the resistance of the NPS film increased to 4382, indicating that
a reaction occurred between NPS and the sodium-tin alloy, leading to a decrease in its ionic
conductivity. Simultaneously, a new semicircle appeared in the mid to low-frequency region,
corresponding to an interfacial resistance of 492.6Q) between the anode and the electrolyte,
suggesting that PTFE was reduced after contact and resulted in the formation of SEI, which
increased the overall impedance of the cell.

To study the NPS film || NagSns4 interfacial reaction and its products, the 5% PTFE film after
the reduction was disassembled from the anode for X-ray photoelectron spectroscopy (XPS)
analysis. As shown in Fig. 2d, the C 1s spectrum exhibits a significant decrease in the peak
intensity of the C-F (288.32 eV), C-C-F (286.51 eV), as well as the C-F» (291.94 eV) relating
to the defluorination process of PTFE. Also, the increased signal intensity with the binding
energy of 284.8 ¢V indicates the formation of electronic conductive sp? carbon as a product.
Additionally, a comparison of the FTIR spectrum between the pristine PTFE and its reduced

product is shown in Fig. S6. The formation of the C=C bonds is clearly observed, supporting
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the existence of such products, which caused a severe shorting penetrating the whole electrolyte
layer, as shown in the OCV evolution test?’. Fig. 2¢ reveals that NasS in the S 2p peak position*?
(161.8 eV) is one of the products of NPS after being reduced by NaoSn4 alloy. From the P 2p
spectrum (Fig. 2f), the reduction in PSs* intensity also reflects the degradation of NPS;
Accordingly, the characteristic peak of NasP (127.9¢V)? indicates another decomposition
product besides NasS. Insulating NaF shown in the F 1s peak position** (684.5 €V) was
confirmed as the other side-product from PTFE reduction (Fig. 2g). The XPS results
demonstrate that PTFE in the electrolyte films suffered reduction (Eq. 1) and permeated the
entire electrolyte layer at a high content (5%), appearing as black products (Fig. 2h) on both
the anode and cathode sides after the reaction. Nevertheless, the films are relatively stable at <
2% of PTFE (Fig. 21). Besides PTFE being reduced by contacting NasSns, NPS also undergoes
decomposition on the anode side, which is confirmed by the sodium sulfide (Na>S) and sodium
phosphide (Na3P) being generated on the interface between the NPS electrolyte and the NaoSny4
anode, attributing to the decrease of ona+ in all NPS films*>-¢, Based on the XPS analysis, the
decomposition reaction of NPS film when contacted with NaoSns can be described in reaction
(Eq. 2).

(C,Fy), + 4n Na - 4n NaF + 2n C (sp?) (D

Na;PS, + 8 Na —» 4 Na,S + Na;P (2)

12
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Figure. 3 Electrochemical stabilities characterized by CCD test and cell performance of the
NPS films. (a) The trend of the CCD for NPS pellet and films with 0.2%, 0.5%, 1%, and 2%
PTFE ratio without soft shorting; (b) Symmetric cell plating and stripping at 0.2 mA/cm?; Cell
performance of the film cells tested as NCO||NPS film (or pellet)|NaoSns cell configuration; (¢)
Voltage profile as a function of specific capacity for the 1% cycle; (d) EIS of the NPS pellet or
film cells before cycling; (e) Long-term cycling performance of the NPS pellet or film cell; (f,
g) Comparison of the first three-cycle specific discharge capacity and CE of the half cells.

Critical current density (CCD) tests for symmetric NagSn4||[NPS film|[NaoSn4 cells were
conducted to evaluate the electrochemical stability of NPS films. NPS pellet exhibits a CCD
of 0.8 mA-cm, as shown in Fig. S7, similar to the previous report’’. The 1% PTFE film began
to show a soft short circuit, a condition where there is a partial path of dendrites that does not
immediately lead to a full short circuit, when the current density exceeded 1.0 mA/cm? (Fig.
3a), indicating the current leakage and the risk of decreasing the Coulombic efficiency?’. A

similar trend was observed with the 0.5% and 0.2% films, which displayed soft shorting at
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current densities of 1.1 mA-cm™ and 1.2 mA-cm?, respectively. However, 2% PTFE film can
only sustain a CCD of 0.4 mA-cm™. The trend of the CCD for NPS powder and films without
soft shorting shows a clear improvement when employing NPS film with a PTFE ratio lower
than 1%.

To assess the cycling stability during sodium plating/stripping, symmetrical cells were
assembled and tested at a current density of 0.2 mA-cm. As the cycling progressed, the voltage
profile indicating the ohmic response began to rise, suggesting an increase in cell impedance
by forming the passivation layer®®. After about 1200h of operation, a voltage difference of 91.5
mV between the 0.2% and 0.5% films was observed despite their nearly identical voltages at
the start of cycling (Fig. 3b). In comparison, the cell constructed with NPS powder showed a
rate of impedance increase similar to that observed for the 1% PTFE film. The cell with 2%
PTFE suffered a significant increase in voltage, and the soft shorting appeared after 70 cycles.
The cycling performance of the NPS films with a PTFE ratio lower than 1% is better than that
of the NPS powder, which can be attributed to the lower achievable thickness using the dry
film process. For a pellet cell, at least 70 mg NPS must be added to serve as a support layer to
avoid cracks and being broken, which is around 400 pm thick. But for a film cell, since the
thickness of the NPS film is only around 120 pum, it reduces the impedance by 70%. In addition,
the smoother surface of the SSE layer without cracks obtained by the dry film method benefits
the ionic conduction pathways at the interface and reduces the interface resistance'**°. This
advantage is particularly noticeable when the PTFE content is decreased to 0.2%, with limited
influence from PTFE, which shows minimal change on overpotential for 1200 h operation.

NCO || NPS film || NaoSn4 cells were assembled to evaluate the cycling performance of the
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electrolyte films with different PTFE ratios. For comparison, the discharge capacity and
Coulombic efficiency (CE) of the NPS powder cell were assessed as a control, and cells with
0.2-2% PTFE film were loaded with the same cathode active material (8.3 mg-cm™ NCO, about
1 mAh-cm?). All batteries were tested at 40 °C, starting with four formation cycles at C/10 and
then cycled at C/5. Fig. 3c reveals that the specific discharge capacity of the first cycle
decreases with higher PTFE content: 120 mAh-g!, 113 mAhg!, and 110 mAh-g! for
electrolyte with PTFE contents at 0.2%, 0.5%, and 1%, respectively. Cells with NPS pellet
electrolyte exhibit a specific discharge capacity of 108 mAh-g’!, slightly lower than the 1%
PTFE cell. ICE of 0.2% PTFE film cell reached 99.33%, higher than the other pellet cells
reported before®’. The improved EC performance of the film cells can be attributed to the lower
film thickness, facilitated Na* transport, and reduced overpotential and ionic conductivity,
which can be proved by EIS (Fig. 3d).

Cyclic voltammetry (CV) was used to characterize the electrochemical reaction inside the
battery at different voltages (Fig. S8). The oxidation/reduction peaks at 3.03V/2.6V and
3.3V/3.07V correspond to the Cr**/Cr*" redox couple and the phase transformation of the NCO
cathode. No extra peak related to the reaction of the PTFE at the low voltage region was
detected, indicating the reduction of PTFE occurred only at the anode/electrolyte interface.
After 100 cycles, the capacity retention of film cells was 88 %, 83%, and 81%, for 0.2%, 0.5%,
and 1% PTFE film electrolyte, respectively, surpassing the 79 % retention of NPS pellet
electrolyte (Fig. 3e). The NPS film prepared by the dry process can have up to 1% PTFE content
in NCO || NPS film || NaoSn4 system without reducing the cycle performance and causing

failure. While a higher content of PTFE improves the processability and mechanical properties
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of the electrolyte film, the higher risk of cell shorting makes it infeasible for full cell
applications. Similar results were demonstrated when using a lower potential anode, NaisSn4
(0.1V vs. Na/Na"), instead of NaoSns (0.3V vs. Na/Na*)?%37 which was depicted in Figure S9
and further discussed in the supporting information.

To better manifest the reduction behavior of PTFE at different anodic potentials, PTFE was
pressed as a pellet and contacted with Na;sSns and sodium metal, and the interface was
observed after being held at 1 MPa pressure for 10 minutes. As shown in Fig. S10, the sample
in contact with sodium metal formed large amounts of black products at the interface as a sticky
interlayer, which is evenly distributed and has a specific thickness. Their adhesion to the
sodium metal surface makes the PTFE layer challenging to separate, revealing a violent
reaction. However, it was found that the PTFE layer in contact with the sodium-tin alloy is
reduced more mildly than that of the sodium metal. As seen from Fig. S10f, no interlayer with
a certain thickness was formed, and the surface of PTFE became darker with black products. It
is easy to be separated into two complete pieces when disassembling. This test more intuitively

proves that PTFE has different reducing properties under different anodic potentials.
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Figure 4. A comparison of the electrochemical properties and half-cell performance between
NPS films with various PTFE ratios and pellets before and after exposure to the dry room. (a)
The change of the ionic conductivity after exposure to the dry room for 24h; (b) The ratio of
the residual ionic conductivity to the pristine value; (c) SEM images and EDS mapping of
oxygen element distributed on the NPS films after exposure to show the extent of the
degradation; (d) The hydrolysis energy barriers for NPS powder and NPS film (NPS@n-C7F1¢);
Comparison between the pristine and exposed samples of the first cycle (e) discharge capacity
and (f) CE; (g) Long-term cycling performance of the half-cell assembled with dry-room
exposed NPS.

Moisture stability

Industrial battery production typically occurs in a dry room with low water content, reducing
manufacturing costs compared to pure inert gas like argon*. Like most sulfide electrolytes, the
NPS electrolyte exhibits a high sensitivity to water, rapidly deteriorating with moisture and

resulting in a rapid decrease in ionic conductivity*'. Fig. S11 compares the changes of ona+
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over time for NPS in ambient air (RH = 52%, Tqew = 12.7°C) and the dry room (RH = 0.1%,
Tgew = -56°C). Initial exposure led to a rapid ona+ decrease: dry room samples dropped from
1.27x10#S-cm™ t0 5.54x107° S:cm! in 24 hours. Air-exposed samples were reduced to 4.7x10
7S-em! in the same period. The decline in ona+ almost completed at the onset of the exposure,
especially for dry room conditions. XRD and XPS tests were carried out to characterize the
chemical composition changes during exposure. The XRD profile (Fig. S12a) of the sample
exposed to air for 24 hours exhibited multiple mixed peaks. After heating at 220°C for 5 hours
to remove the absorbed/structured water, the peak distribution became similar to that of the
NPS powder. XRD refinement was utilized to analyze the products further (Fig. S12b, Table
S2). The solid byproduct formed during the exposure process was identified as Na;POS3, with
a ratio of 37.91%. Notably, the samples exposed to the dry room exhibited no substantial
alterations in their XRD patterns (Fig. S12c).

The XPS of S 2p and P 2p characterization of the three samples is depicted in Fig. S13. No
new peaks were detected in the S 2p spectrum. Still, a progressive decline in the intensity of
the PS4>" peak at 161.04eV indicates an irreversible sulfur loss due to H,S release. In the P 2p
spectrum, the POS33 peak proves the O substitution of the S during the degradation, discernible
at 132.66 eV. Compared to air-exposed samples, the signal intensity of dry room-exposed
products was significantly lower. To elucidate the reaction pathway during the initial exposure
phase, Fourier Transform Infrared (FTIR) and Raman spectroscopy with better sensitivity to
water were employed to characterize the hydration and hydrolysis processes further. FTIR
spectroscopy (Fig. S14a) revealed -OH peaks at 1627.63 cm™ and 3312.63 ¢m™! within two

minutes of exposure, indicating the presence of absorbed water. Multiple peaks between 596.86
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cm! and 1131.50 cm™ are associated with POS33- bonds but with a limited intensity*>*3. In the
Raman spectrum (Fig. S14b), four characteristic peaks of PS4~ decreased in intensity,
accompanied by a discernible shift towards higher wavenumbers of the v2 peaks. This shift
signifies a contraction in atomic spacing and an escalation in molecular stress, indicative of
modifications in the NPS crystal structure attributable to the incorporation of structure water.
Based on the above results (Fig. S11-12) and discussion, the degradation mechanism can be
described as such a process: at the beginning of the degradation, the H,O molecules adsorbed
induce the formation of crystal water within the NPS, altering its crystal parameters, as a
hydration process. This transformation impacts the transport of sodium ions, leading to a
substantial reduction in ionic conductivity. However, such a process is reversible and can be
recovered via heating. Next, chemical hydrolysis commences as the reaction advances and
oxygen atoms start supplanting sulfur atoms permanently, triggering an irreversible
performance deterioration. Such a reaction, accompanied by the liberation of H>S gas, can be
expressed by Eq. 3.
NazPS, + H,0 - Na3POS; + H,S T 3)
A series of tests were conducted to evaluate NPS film's compatibility under dry room
conditions and reveal its humidity stability. NPS powder and NPS films with varying
concentrations (0.2%, 0.5%, 1%, and 2%) of PTFE were exposed to the dry room maintained
at a dew point of -56°C (RH 0.1%) for 24h. After the exposure, ona.+ measurements revealed
distinct behaviors between the NPS films and NPS powders (Fig. 4a). The NPS films
maintained over 90% of their original ona+. In contrast, the NPS powders exhibited an

approximate 38% decrease (Fig. 4b). Since the hydration and hydrolysis of NPS can lead to
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the substitution of the sulfur by oxygen*, the degree of degradation can be qualitatively
assessed by comparing the degree of oxidation. Dispersive X-ray spectroscopy (EDS) was used
to analyze the reaction depth in a cross-section area during exposure by measuring the intensity
of the oxygen. In addition, NaOH was used to eliminate the interference from CO; in the
atmosphere during the exposure in the humility-controlled chamber. When evaluating the
oxygen distribution, the 0.2% PTFE film exhibited a more vigorous oxygen signal intensity
than the 2% PTFE film, indicating a higher level of water absorption. Notably, a stronger
oxygen signal was observed near the surface of the 2% PTFE membrane, suggesting that PTFE
slows down moisture diffusion and hydrolysis in the film. This, in turn, results in less decay in
conductivity (Fig. 4c). By calculating the activation energy barrier of electrolyte hydrolysis, it
was determined that NPS films with PTFE are less prone to hydrolysis (Fig. 4d). This
phenomenon can be attributed to the highly electronegative fluorine atoms connecting as C-F
covalent bonds on the carbon backbone of PTFE, creating a hydrophobic local environment
that enhances the air stability of the NPS films. The consequential limitation in available
reaction sites for hydration and hydrolysis further contributed to higher residual ona+ of the
films with more PTFE. To substantiate the hydrophobic protection effect of PTFE, we
fabricated LPSCI films with 0.2% PTFE and compared their stability with NPS counterparts.
These two SEs showed the same trend in the change of ionic conductivity (Fig. S15). Besides,
the DFT calculation results (Fig. S15¢) are similar to the NPS, indicating that PTFE fibers can
inhibit electrolyte hydrolysis for the same reason.

After 24h of exposure in the dry room, the NPS film was assembled in half cells for the

electrochemical performance test. The performance was then compared with their original
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values. After exposure, all NPS pellet and film cells delivered a slightly lower capacity and
lower ICE (Fig. 4e, f). Specifically, the capacity of the NPS pellet cell receded from 108 mAh-g-
"'to 100 mAh-g!. In contrast, the 1% PTFE film cell presented a modest reduction, from 110
mAh-g! to 107 mAh-g!. From the residual ona+ of the exposed films, the 1% and 0.5% PTFE
films have approximately the same value, which is benefited from the higher PTFE ratio. The
initial discharge capacity and the ICE suggest that films with a higher PTFE content experience
a less pronounced performance decay than their initial values. The performance alterations in
the 0.2% PTFE film cell were parallel to those observed in the pellet cell. These findings
strongly corroborate the hypothesis that by providing a moisture isolation effect, PTFE
enhances the air stability of the NPS films.

In conclusion, this study introduces an innovative NPS film electrolyte produced via a dry-
process technique. It systematically examines the impact of PTFE ratios and their fundamental
mechanisms in determining chemical, electrochemical, and moisture stability. The optimized
NPS film exhibits exceptional flexibility and good ionic conductivity. Leveraging the
minimized PTFE ratio and inherent hydrophobic properties, the films demonstrate outstanding
electrochemical stability, compatibility with sodium-tin alloy anodes, and commendable
moisture resistance, as affirmed by comprehensive characterizations and DFT simulation.
Consequently, NaSSBs constructed using the NPS film showcase remarkable performance and
superior discharge capacity compared to pellet cells and manifest a capacity retention rate of
88% over 100 cycles. Furthermore, a comprehensive comparison between NPS and LPSCI, the
most widely used SSE material in LiSSBs, was conducted regarding PTFE tolerance,

interfacial phenomenon, cycling stability, and dry room stability. Though Li SSE films have
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been well studied, it is important to recognize that Na SSE dry films exhibit distinct properties.
Therefore, a direct translation of knowledge from Li counterparts to Na SSE dry films may not
be applicable. To facilitate understanding, the relevant comparisons were summarized, and they
are presented in Table S3. The sustained operational stability of NaSSBs, particularly in humid
conditions, underscores the potential of such SSE films for practical manufacturing and
widespread applications. This research addresses a critical gap in developing SSE based on

chemical and air-sensitive materials, paving the way for the dry manufacturing of SSBs.
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