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Abstract: The global environmental crisis necessitates reliable, sustainable, and safe energy storage
solutions. The current systems are nearing their capacity limits due to the reliance on conventional
liquid electrolytes, which are fraught with stability and safety concerns, prompting the exploration
of solid-state electrolytes, which enable the integration of metal electrodes. Solid-state sodium-ion
batteries emerge as an appealing option by leveraging the abundance, low cost, and sustainabil-
ity of sodium. However, low ionic conductivity and high interfacial resistance currently prevent
their widespread adoption. This study explores polyvinyl-based polymers as wetting agents for
the NASICON-type NZSP (Na3Zr,Si; POj;) solid electrolyte, resulting in a combined system with
enhanced ionic conductivity suitable for Na-ion solid-state full cells. Electrochemical impedance spec-
troscopy (EIS) performed on symmetric cells employing NZSP paired with different wetting agent
compositions demonstrates a significant reduction in interfacial resistance with the use of poly(vinyl

acetate)}—(PVAc-) based polymers, achieving an impressive ionic conductivity of 1.31 mS cem !

1 at

at room temperature, 63.8% higher than the pristine material, notably reaching 7.36 mS cm™
90 °C. These results offer valuable insights into the potential of PVAc-based polymers for advancing

high-performance solid-state sodium-ion batteries by reducing their total internal resistance.

Keywords: solid-state sodium-ion batteries; NASICON; NZSP; symmetric cells; ionic conductivity;
electrochemical impedance spectroscopy; polyvinyl-based polymers; wetting agents

1. Introduction

The urgent need to meet the ever-increasing global energy demands with efficient
and sustainable energy storage solutions has driven the quest for alternatives to present
lithium-ion batteries. While these batteries have been instrumental in various applications,
they face challenges such as limited energy density, finite cycle life, and environmental
concerns related to lithium extraction and processing [1,2]. In response, solid-state batteries,
particularly sodium-ion systems, have emerged as promising alternatives. Solid-state
batteries employ solid electrolytes that allow for the use of metallic anodes, resulting
in higher energy densities and prolonged cycle lives [3]. Beyond performance, these
devices offer other advantages such as eliminating the risk of electrolyte leakage, allowing
for the creation of simpler designs that can more easily be adapted to each individual
application [4]. Solid-state electrolytes are also more chemically and mechanically stable,
offering greater resistance to dendrite formation and penetration [5].

Solid-state sodium-ion batteries (SSIBs) combine the advantages of solid-state tech-
nology with the abundant and widely distributed nature of sodium, making them more
sustainable and cost-effective compared to their lithium-ion counterparts [2]. However,
SSIBs encounter performance-related challenges that need to be overcome in order to make
them a true alternative to lithium-based systems. The lack of performance arises mainly
from the larger sodium ionic radius, which hinders ionic mobility and adsorption and
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causes larger volumetric variations during the charge/discharge process, ultimately lead-
ing to lower capacity and cycling stability [4,6]. Another major hurdle is the poor quality of
the electrode/electrolyte interface. Since both the electrode and the electrolyte are solid
materials, the effective contact area is greatly reduced when compared to liquid electrolyte
systems, resulting in a reduction in the overall ionic conductivity of the cell.

The sodium-ion solid-state electrolyte NazZr,Si;POq; (NZSP) is a NASICON (Na su-
per ionic conductor-) type material, widely recognized as one of the most promising in SSIB
research due to its 3D paths for the movement of sodium ions and strong covalent frame-
work [7]. NZSP has an initial reported high ionic conductivity of 0.67 mS cm~! at room
temperature, which has since been increased to as high as ~2 mS cm~! through novel man-
ufacturing techniques, such as solution-assisted solid-state reaction, spark plasma sintering,
sol-gel reduction, and an additive-assisted solid-state process, although the traditional
solid-state method remains the simpler procedure [8-12]. The stable NASICON structure
offers mechanical strength and some resistance to dendrite formation [5,13]. The chemical
and thermodynamic stability and resistance to air and humidity of NZSP also have the
added benefit of making it compatible with a wide range of electrode materials [14,15].
The main challenge currently hindering the application of NZSP as a solid electrolyte in
SSIBs is the high interfacial resistance at the electrode/electrolyte interface, resulting in a de-
crease in ionic mobility and total ionic conductivity of the cell [5]. Considerable efforts have
been made to overcome this challenge, namely, by doping elements in bulk and adjusting
the chemical composition of the grain boundary [7,11]. Leng et al. successfully decreased
the grain-boundary resistance and achieved a high ionic conductivity of 1.36 mS cm™!
for a Mg?*-doped NZSP [16]. Introducing additional interphases, such as ionic liquids,
liquid electrolytes, or polymers as wetting agents, is another established efficient strategy
used to modify the interface of NZSP and achieve more intimate electrode contact and
stability [14,17]. Fu et al. employed a coating of epoxy resin to F~-assisted NZSPF, and
obtained an ionic conductivity of 0.67 mS cm~! at ambient temperature, paired with an
improvement in dendrite growth inhibition [18].

In this work, three wetting agents: Poly(vinyl alcohol) (PVA), poly(vinyl acetate)
(PVAc), and commercial PVAc-based wood glue are analyzed in symmetric cells with gold
blocking electrodes, with the aim of finding the configuration that results in the lowest total
resistance when applied to the NZSP solid electrolyte.

Ion conduction in polymer electrolytes is generally understood to occur mainly in the
amorphous region of the host polymer matrix, where the molecular chains move more freely
than in the crystallized region and oscillate above the glass transition temperature, enabling
ion conduction [19]. Polymer electrolytes have good flexibility for compensating electrode
volume changes during battery operation and low interfacial resistance, although they
typically suffer from low ionic conductivity at ambient temperature and less stability,
compared to ceramic electrolytes [5].

Polyvinyl-based polymers have been shown in various studies to have good per-
formance as dielectrics in supercapacitors [20] and as a host polymer in solid polymer
electrolytes [21]. Bhargav et al. synthesized an NaBr:PVA polymer electrolyte with an
ionic conductivity of 1.36 x 107* S cm~!, while Sasikumar et al. successfully implemented
PVAc in a P(VAF-HFP)-LiTFSI-EC complex, resulting in a blend solid polymer electrolyte
with a higher ionic conductivity of 1.1 mS ecm~! [22,23]. These limited but promising
results regarding polyvinyl-based electrolytes provide the impetus for the investigation
of these polymers in the role of wetting agents for solid-state electrolytes, such as NZSP,
integrating the advantages of ceramic and polymer. The use of glycerin as a plasticizer
for these polymers is also considered, due to its successful implementation in sodium-
ion polymer electrolytes, as a means to provide increased mobility for sodium ions by
reducing the crystallinity of the polymer electrolytes and increasing the prevalence of the
amorphous region [5,20,24].
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2. Materials and Methods
2.1. Material Preparation

The NZSP ceramic electrolyte was used as-purchased from 4 to One Co., Ltd., Ulju-gun
Ulsan, Republic of Korea. This pellet is fabricated in mass-production facilities via the solid-
state reaction route, which includes consecutive processing steps of NazPO4-12H,0, SiO,
and ZrO; precursor mixing, calcination at 400 °C and 1000 °C, compaction, and sintering at
1230 °C, resulting in a circular-shaped pellet with 20 mm diameter and 1 mm thickness with
a bulk density of 3.03 g cm 3 (92% of the theoretical value) and a high ionic conductivity
of ~0.8 mS cm ™1 [10,25,26].

The SUPERTITE® (Ideias adesivas Unecol S.L., Valencia, Spain) PVAc-based wood glue
and commercial 95% glycerol-content glycerin were used as-obtained from general stores.
Poly(vinyl alcohol) ([-CH,CHOH-],; ; My = 89,000-98,000, 99+% hydrolyzed) was acquired
from Sigma-aldrich (CAS No.: 9002-89-5) and dispersed in ultrapure water (12% wt.)
at 85 °C for 3 h until complete dissolution. Poly(vinyl acetate) ([(CH,CH(O,CCH3)l,,;
My ca. 170,000) was acquired from Sigma-aldrich (CAS No.: 9003-20-7) and dispersed in
Dimethylformamide (15% wt.) over 4 h at 50 °C until complete dissolution.

Each composition of an NZSP pellet coated with a polymeric wetting agent under-
went testing in a symmetric cell configuration with gold ion-blocking electrodes, aiming
to assess the corresponding impedance response. Beyond blocking ion transfer at the
electrode/electrolyte interface, gold was employed in this role because of its high electrical
conductivity and stability [27]. An average wetting agent mass loading of 45 mg cm~2 was
coated on each side of the NZSP pellet using the doctor blade technique. The different
wetting agent + pellet combinations were placed between the gold electrodes and sealed
with Teflon tape.

2.2. Experimental Methods

All galvanostatic measurements were conducted with a Gamry interface 1010E poten-
tiostat (Gamry Instruments, Warminster, PA, USA), using a two-electrode configuration.
Electrochemical impedance spectroscopy (EIS) was performed in the 0.1 Hz to 10 MHz
range, from which the ionic conductivity and total resistance values were obtained for each
cell configuration by fitting the obtained Nyquist plots to the corresponding equivalent cir-
cuit. For temperature variation tests where close control and monitoring of temperature and
humidity were required, a TMAX-80L environmental battery test chamber from Xiamen
Tmax Battery equipments Ltd. (Xiamen City, Fujian Province, China) was employed.

Chemical characterization of the polymeric PVA-based wetting agents was performed
via Fourier transform infrared with attenuated total reflection (FTIR-ATR) spectroscopy, using
a Perkin Elmer spectrum BX system spectrometer in transmission mode, at the 4000-400 cm ™!
wavenumber range. SEM morphological measurements of the NZSP electrolyte surface
were performed using a Phillips FEI/Quanta 400 FEG high resolution scanning electron
microscope. From the characteristic X-rays generated during the SEM imaging acquisition,
an EDS diffractogram was also produced under a working voltage of 15 keV in order to
confirm that the NZSP solid electrolyte has the expected composition.

3. Results and Discussion
3.1. FTIR Chemical Characterization

FTIR-ATR spectra of the different polymeric matrices are recorded at room temperature
and displayed in Figure 1. For pure PVAc and PVAc-based glue, identical peaks can be
observed for both polymer matrices, especially in the 1500450 cm~! magnified range.
The peaks located at 1434 cm~! and 1372 cm ™! are attributed to CH, and CHj3 bending
vibrations, respectively [28]. A typical band of PVAc located at 1230 cm ™!, from the C-O
stretching, is identified in both polymers [29]. The peaks at 1105 cm~! and 1029 cm™!
were associated with C-C-C, C-C-O and C-C symmetric stretching vibration, typically,
as well as for PVAc polymers [28-30]. The smaller bands at 947 cm~ ! and 801 cm ™! are
more pronounced in the pristine polymer due to the CH3 and CH, rocking vibrations.
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The band between 686-568 cm ™! is related to the acetate group, from the structural skeleton
of PVAc, assigned as bending vibration of the CH3COO group [28]. In fact, the resulting
spectra exhibit similar band profiles without a band shift, confirming the PVAc base in the
composition of the commercial glue, and are in good agreement with the found literature.
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Figure 1. FTIR-ATR absorption spectra of (a) PVAc and PVAc-based glue in the magnified range
of 1500-450 cm ™! and (b) PVA in the 4000-450 cm~! range. The symbols v, J, w, and p represent
stretching, bending, wagging, and rocking vibrations, respectively.

In Figure 1b, a common peak profile for the PVA spectrum was obtained in the
4000-400 cm ! range at room temperature. A broad band located at 3280 cm ! corresponds
to the O-H stretching vibration (3550-3200 cm 1) due to the water molecules and/or PVA
intramolecular hydrogen bonds [31]. The peaks at 2923 cm~!, 1435 cm~!, and 1332 cm™!
were ascribed to the stretching, bending, and wagging C—H vibrations [32], respectively,
while those located at 2348 cm ™! are associated with O=C=0 bending vibration due to
CO, adsorption. The peaks detected at 1660 cm ™! and at 1076 cm ™! correspond to C=O
stretching vibrations from the acetate group and C-O stretching vibrations, all associated
with the PVA structure [32-34]. The intense peak at 832 cm ™! is attributed to the PVA
structural skeleton, assigned as C-H rocking vibrations [32].

3.2. EIS Results at Room Temperature
3.2.1. Pristine NZSP

The performance of the different wetting agent solutions can only be evaluated after
establishing the pristine NZSP baseline without any wetting agent. First, an EDS diffrac-
togram of the NZSP pellet was obtained to confirm that it has the expected composition
and relative element percentage, as displayed in Figure 2b.

The electrochemical performance baseline was obtained by conducting an EIS test on
an Au/NZSP/Au symmetric cell and the subsequent analysis of the resulting Nyquist plot
presented in Figure 2a. This plot was then fitted to the corresponding equivalent circuit
for this cell configuration, which encompasses a resistor R; that accounts for the ohmic
resistance of all the components of the cell, followed by a parallel of another resistor, Ry,
and a constant phase element, CPE;, that represent the grain-boundary resistance, both in
the bulk and at the electrode/electrolyte interface, associated with charge accumulation
through the double layer capacitance (EDLC) [35,36]. By adding the values obtained for R
and R», the total resistance of the cell, R; = 67.7 k() , was calculated. This value can then
be used to calculate the ionic conductivity of the system, by using Equation (1), where ¢
represents the thickness, and A represents the surface area of the solid electrolyte pellet:

t
c=—-—

R,A (S/cm)

(1)
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The markedly high value obtained for the total resistance corresponds, in turn, to an
ionic conductivity of 6.03 x 10~* mS cm~!, which is much lower than both the initially
reported conductivity of 0.67 mS cm~! and the value indicated by the manufacturer for
this specific NZSP pellet of ~0.8 mS cm~! [8,10]. This discrepancy is due to the fact that
this conductivity in ideal conditions is obtained by coating the ion-blocking electrodes
onto the NZSP pellet directly, using techniques such as sputtering, thus minimizing the
electrode/electrolyte interfacial resistance [36,37]. In this study, the focus is on reducing
the interfacial resistance of NZSP under practical real-world cell operating conditions,
where the effective electrode/electrolyte contact surface area is smaller compared to the
electrode deposition case. The numerous microscopic irregularities expected to be present
on the surface of the solid NZSP pellet are evidenced by the high magnification SEM
images shown in Figure 2 and are responsible for the imperfect contact with the elec-
trodes and the high interfacial resistance measured [10]. Incorporating polymeric wetting
agents can effectively mitigate the effect of these defects and microscopic irregularities
by wetting/adhering to the electrode surface and creating a more homogenous interface,
improving the electrode/electrolyte interface properties and causing a reduction in inter-
facial resistance, thereby increasing the overall ionic conductivity, as is evidenced in the
following sections [38].

o R

= Experimental
Fitting

80 R1 R2

CPE2

S
CPE1

Element Wt% At%
(o} 6.91 15.51
(e] 27.76 46.8
Na 7.38  8.65
Si 11.89 11.41
P 6.97 6.07
Zr 39.1 11.56

Zreal (kQ)

T T
80 100 120 140

Figure 2. (a) Nyquist diagram for Au/NZSP/Au symmetric cell fitted to the respective equivalent
circuit (inset). (b) EDS diffractogram of the NZSP pellet with relative weight (wt.%) and atomic (at.%)
percentage table inset. (¢) SEM imaging of the NZSP pellet surface with 200x magnification (500 pm
scale), 1000 x magnification (100 um scale) and 5000 x magnification (20 um scale).

3.2.2. Wetting Agent Performance at Room Temperature

Three polymeric materials were considered as potential wetting agents: PVA, PVAc-
based glue, and PVAc. The different NZSP+polymer combinations were tested via EIS
spectroscopy of the Au/NZSP+wetting agent/ Au symmetric cells, obtained at room tem-
perature. After fitting the data to the corresponding equivalent circuit model, the best
wetting agent candidate is the one that results in the lowest total resistance and highest
ionic conductivity. The Nyquist plots and fittings for each wetting agent+NZSP composi-
tion, at ambient temperature, are presented in Figure 3. From these plots and the fitting
parameters, the total resistance and ionic conductivity values were calculated, as shown
in Table 1.

All the tested polyvinyl-based polymers were able to effectively improve the interfacial
contact between the NZSP and the gold electrodes and demonstrated improved ionic
conductivity without any observed chemical instability. Of the three, PVAc-based glue stood
out as having the best performance, closely followed by PVA and PVAc at a distant third.
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Coating PVAc-based glue onto the NZSP solid electrolyte resulted in an impressive ionic
conductivity of 1.31 mS cm ™!, more than 2000 times larger than the one obtained with the
pristine pellet and, remarkably, 63.8% higher than the maximum ionic conductivity for the
NZSP pellet, indicated by the manufacturer [10]. Using PVAc-based glue as a wetting agent
for NZSP is a simple and cost-effective way of not only unlocking the full ionic conductivity
potential of the solid electrolyte, dramatically reducing the interfacial resistance at the
electrode/electrolyte interface, but also attaining a higher ionic conductivity than the
pristine material.

In an effort to further improve the performance of PVAc-based glue, glycerin was em-
ployed as a plasticizer and mixed with PVAc-based glue in different percentages, with the re-
sults presented in Figure A2 showing a clear tendency for ionic conductivity improvement,
with the decrease in glycerin content, culminating in a maximum value of 1.16 mS cm~1,
obtained with 10% glycerin content. This value is very close but crucially below the one
attained with a cell employing only PVAc-based glue (1.31 mS cm 1), leading to the conclu-
sion that, contrary to expectations, adding glycerin to PVAc-based glue does not result in
an improvement in ionic conductivity.

a b c
40 50 200
= PVAc-based glue experimental - = PVA experimental = PVAc experimental
PVAc-based glue fit PVA fit PVAc fit
Rt Rz cpe2 40 R1 R2 cpe2 1604 w1 2 cpe2
304 CcPE CPE1 cPE1
. [
=~ ~ 304 [ ] ~ 120
g . g g .
€20 5 " £
N . N N [
! ] ' 204 1 ' 80
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- - - - A
10 o v " u
y 10 " 40 . u
» sesRiEmy [} »
ot L l-. f -V.
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Zeeal () Zrea (V)

Figure 3. Nyquist diagram with equivalent circuit fitting (inset) for (a) PVAc-based glue, (b) PVA,
(c) PVAc symmetric Au/NZSP + wetting agent/Au cells.

Table 1. Total resistance and ionic conductivity for the pristine NZSP pellet, compared to the pellet
coated with the three wetting agents, in order of increasing ionic conductivity.

Wetting Agent Total Resistance ((2) Ionic Conductivity (mS cm™1)
Pristine NZSP 6.77 x 104 6.03 x 1074
Pure PVAc 192.65 0.21
Pure PVA 83.39 0.31
PVAc-based glue 31.23 1.31

3.3. Temperature Variation

A subsequent test was performed to ascertain whether these polymers can maintain
satisfactory performance and chemical stability at the elevated temperatures commonly
encountered in real world battery operation. Three symmetric cells employing PVA, PVAc,
and PVAc-based glue were tested inside an environmental battery test chamber in the 25 °C
to 90 °C temperature range. The results are displayed in Figure 4, both in terms of direct
EIS results and in the form of ionic conductivity as a function of temperature.

The obtained results are in accordance with the ones obtained at ambient temperature,
with the cell employing PVAc-based glue still displaying the lowest total resistance and
highest ionic conductivity at every step of the tested temperature range, outperforming
both pristine PVA and PVAc. This large gulf in performance between the glue and the
pristine polymers, mainly PVAc, can likely be attributed to the different composition of the
glue, highlighted in Section 3.1.

PVAc-based glue reached an admirable maximum ionic conductivity of 7.36 mS cm™
at 90 °C, 5.6 times larger than that obtained at 25 °C. Although high temperatures typically

1
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increase the prevalence of the amorphous region of the polymer matrix, increasing ionic
conductivity, this temperature is higher than the glass transition temperature of PVA,
typically in the 75-85 °C range, a transition that predominantly affects the amorphous region
of the polymer [21,22,39]. Additionally, high temperatures promote solvent evaporation,
causing the polymer to become hardened and brittle [40]. However, as shown in Figure Al,
upon returning to ambient temperature, the cell still displayed similar performance in

terms of resistance and ionic conductivity, as it did before testing.
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Figure 4. Nyquist diagrams for the Au/NZSP+polymer/Au cells employing (a) PVAc-based glue,
(b) PVA, (c) PVAc in the 25 to 90 °C temperature range. (d) Ionic conductivity for each wetting agent

as a function of temperature

In addition to testing at high temperatures, low temperature performance is also of
interest for applications in near and below-freezing environments, where batteries typically
tend to struggle [41]. The same battery test chamber was used as before, this time in the
—10 °C to +20 °C temperature range. The results, displayed in Figure 5, show a gradual
increase in interfacial resistance, accompanied by a reduction in ionic conductivity, as the
temperature decreases, for the PVAc-based glue. The lowest value reached at —10 °C of
0.205 mS cm ! represents a 78.5% decrease compared to the conductivity at 20 °C. Note-
worthily, this value is still 522 times larger than that of pristine NZSP at room temperature,
and of the order of magnitude of PVAc and PVA at room temperature, meaning the PVAc-
based glue still performs exceedingly well as a wetting agent, even at below-freezing
temperatures. Furthermore, when returning to ambient temperature after the test had
concluded, the cell employing PVAc-based glue was able to maintain a performance close to
the baseline measured before testing (Figure A1), meaning that the decrease in performance
due to exposure to extreme temperatures is a reversible process.
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Figure 5. Low temperature testing performance for Au/NZSP+polymer/Au cell using PVAc-based
glue displayed in the form of (a) Nyquist diagrams as a function of temperature and (b) ionic
conductivity as a function of temperature.

3.4. Na-Ion Full Cell Internal Resistance

Building on the findings from the previous sections, EIS tests were performed on a
Na-ion solid-state full cell employing a hard carbon (HC) anode, a carbon coated sodium
vanadium phosphate (NazV(PO4)3) cathode, and the developed composite NZSP + PVAc-
based glue electrolyte.

NVP is an orthophosphate polyanionic compound with NASICON structure that has
been identified as one of the most promising cathode materials for sodium-ion batteries.
NVP has a high theoretical capacity of 117.6 mAh/g, rich Na™ transport channels, and
high structural stability and rate capability [42,43]. NVP typically lacks electronic conduc-
tivity, but this drawback can be effectively mitigated by mixing or applying a coating of
a conductive carbon layer, forming a new composite material: NVP/C [44]. A sodiated
version of NVP/C has been demonstrated by Ruan et al. to work well with the NZSP solid
electrolyte, against Na metal, achieving a discharge capacity of 81.6 mA h/g at a current
density of 20 mA /g, dropping to 62.23 mAh/g after 50 cycles [9]. Hard carbon, an insertion-
type carbon-based material, was chosen as the anode due to the ease of manufacture and
procurement of precursor materials, low working potential, and a high sodium storage
capacity of approximately 300 mAh/g [45].

NVP/C powder was prepared using a carbothermal reduction method, followed by
calcination [44,46]. NH4VO3;, C;H,04, and NaH,PO,4 were dissolved in deionized water
and stirred at 80 °C for 5 h. The obtained gel was dried in an oven under vacuum at
120 °C for 12 h, after which the resulting powder was calcined at 800 °C for 6 h under Ar
atmosphere. Both the cathode and the anode were prepared by mixing the active material
(NVP/c for the cathode and HC for the anode) with polyvinylidene fluoride (PVDF) and
carbon black in a 8:1:1 mass ratio and using NMP as a solvent to produce a slurry that was
then coated onto stainless steel current collectors using the doctor blade technique.

The Na-ion full cell Nyquist plot obtained at room temperature, displayed in Figure 6,
shows one high frequency z’ axis intercept, followed by two semicircles and a linear tail at
low frequency. This second semicircle is reflected in the new equivalent circuit that now
encompasses a second resistor/CPE parallel element that accounts for the fact that the
electrodes are no longer ion-blocking, so a resistance is attributed to the EDLC arising from
the intercalation/deintercalation of charges into the porous electrodes [37].
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Figure 6. NVP /C//NZSP + PVAc-based glue//HC Na-ion solid-state full cell Nyquist plot,
with equivalent circuit model inset

As before, by adding the values of all the resistance contributions (R, Ry, R3 ), the total
resistance of Ry = 653.14 () was calculated. Given the dimensions of the solid electrolyte
pellet (3.14 cm—2), this value corresponds to an area-specific resistance (ASR) of 2052 () cm?,
substantially lower than that obtained by Jin Oh et al. of 5242 Q) cm? with a similar full
cell configuration of NVP/NZSP+PEO/Na [37]. This result offers further validation of the
remarkable role of PVAc-based glue as a simple, cost-effective, high-performing wetting
agent for Na-ion solid-state batteries with an NZSP solid electrolyte.

4. Conclusions

Solid-state electrolytes play a critical role in advancing battery technology, where
solid-state sodium-ion batteries are appealing due to the abundance, affordability, and en-
vironmental friendliness of sodium. However, they encounter hurdles such as limited
ionic conductivity and high interfacial resistance at the electrode/electrolyte interface,
which limits their performance. This study investigates the use of polyvinyl-based poly-
mers as wetting agents to enhance the functionality of the sodium super ionic conductor
(NASICON-type) NZSP (Na3ZrySipPOy;) solid electrolyte, forming a new composite elec-
trolyte with reduced interfacial resistance and improved ionic conductivity. Through EIS
testing of several Au/NZSP+wetting agent/Au symmetric cells, PVAc-based commercial
glue emerged as the most effective wetting agent, with the composite exhibiting a remark-
able ionic conductivity of 1.31 mS cm~! at ambient temperature, 63.8% higher than the
pristine NZSP. Moreover, the PVAc-based glue was able to maintain a high ionic conductiv-
ity and stability over a large temperature range, from —10 °C to 90 °C, where an exceptional
value of 7.36 mS cm~! was obtained. Finally, a solid-state sodium-ion full cell with NVP/C
cathode and HC anode, using the NZSP+PVAc-based glue composite electrolyte showed a
low total resistance (ASR) of 2052 () cm?. The results presented underscore the potential
of polyvinyl-based polymers, particularly PVAc-based glue, as a cost-effective, adaptable,
stable, and high-performing wetting agent for NZSP, with significant implications for the
advancement of solid-state sodium-ion batteries, offering a pathway towards improved
performance and viability of these sustainable energy storage solutions.
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Abbreviations

The following abbreviations are used in this manuscript:

SSIB Solid-state sodium-ion battery
NASICON  Sodium super ionic conductor
NZSP Na3ZI‘2512P012
FTIR-ATR  Fourier transform infrared—attenuated total reflection
PVA Poly(vinyl alcohol)
PVACc Poly(vinyl acetate)
CPE Constant phase element
EIS Electrochemical impedance spectroscopy
EDS Energy-dispersive X-ray spectroscopy
SEM Scanning electron microscopy
NVP Sodium vanadium phosphate (NazV,(POy)3)
HC Hard carbon
ASR Area-specific resistance
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Figure A1. EIS spectra of the same symmetric cell employing PVAc-based glue as a wetting agent
before any testing (measured at 25 °C), after testing with high temperatures (measured at 20 °C),
and after testing with low temperatures (measured at 20 °C).
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Figure A2. (a) Nyquist diagrams for PVAc-based glue/glycerin mixture, with 10%, 20%, 30%, and 50%
glycerin content. (b) Ionic conductivity for each glycerin percentage

Table Al. Fitting parameters for the Nyquist plots presented in Figures 2, 4, and 5. R1 and R2
represent the impedance, in (), of the resistive elements of the equivalent circuit. The impedance
of a constant phase element is given by the expression Z = (1/Y0)(jw)”. Yol and Yo2 represent the
capacitance of the constant phase element components, and al and a2 represent the exponent, which
is =1 for a perfect capacitor and <1 for a CPE [47].

CPE1 CPE2
Material Tf'?g))' (Is{)l) (1;12) (;{11) al (;{-Os%‘) az
Pristine NZSP 25 405 %1073 677 x 10* 293 x 10710 0.85 1.27 x 1077 0.68
-10 143 x 107*  199.00 812 x107° 029 6.74 x 107°  0.88
0 6.04 x 107> 111.60 176 x 107*  0.26 7.63 x107% 0.88
10 1.79 x 107*  77.40 512 x107% 020 872 x107° 0.87
20 18.77 23.92 473 x107* 030 1.06 x 107> 0.86
PVAcbased gle coating 25 23.66 7.57 263 x 107 049 1.71 x 107> 0.84
40 16.41 1.65 1.86 x 107®  1.00 1.89 x 107> 0.82
50 13.51 0.50 1.09 x 107> 1.00 2,66 x 107°  0.81
65 8.639 0.05 121 x 1072 0.09 2.86 x 107> 0.81
80 6.295 451 x107° 898 x107° 0.84 298 x 107>  0.82
90 5.54 1.86 x 1073 475 x 10719 0.99 345 x107°  0.81
25 52.48 32.02 374 x 107 0.62 821 x107° 093
40 34.14 12.84 6.75 x 1077 0.79 9.46 x 107 0.92
Pure PVA coating 50 26.68 7.09 1.90 x 1077 0.90 1.04 x 107> 091
65 20.57 0.04 293 x107°  0.89 1.95 x 107> 091
80 13.00 0.03 342 x107° 087 215 % 107°  0.90
90 9.70 0.01 5.85x 107>  0.85 1.78 x 107> 0.88
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Table Al. Cont.

CPE1 CPE2
. Temp. R1 R2 Yol Yo2
Material (OCI; Q) Q) (S-s?) al (S-s?) a2
25 29.35 163.30 547 x 107°  0.87 1.83 x 107°  0.89
40 120.8 0.08 440 x 107 097 398 x107° 0.82
. 50 3.966 94.16 722 x107°  0.82 255 x107°  0.85
Pure PVAc coating
65 70.86 0.02 5.77 x 107 1.00 480 x107° 079
80 52.69 0.01 6.51 x 107> 0.94 6.37 x 107> 0.77
90 44.29 0.01 760 x 107°  0.89 811 x107° 0.76
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