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Abstract

The development of reliable and affordable all-solid-state sodium metal
batteries (ASS-SMBs) requires suitable solid-state electrolytes with cost-
efficient processing and stabilized electrode/electrolyte interfaces. Here,
an integrated porous/dense/porous NasYSi4O;, (NYS) trilayered scaffold
is designed and fabricated by tape casting using aqueous slurries. In this
template-based NYS scaffold, the dense layer in the middle serves as a
separator and the porous layers on both sides accommodate the active
materials with their volume changes during the charge/discharge
processes, increasing the contact area and thus enhancing the utilization
rate and homogenizing the current distribution. The Na/NYS/Na
symmetric cells with the Pb-coated NYS scaffold exhibit significantly
reduced interfacial impedance and superior critical current density of up

to 3.0mA cm 2

against Na metal owing to enhanced wettability.
Furthermore, the assembled Na/NYS/S full cells operated without
external pressure at room temperature showed a high initial discharge
capacity of 970 mAhg~' and good cycling stability with a capacity of

600 mAh g~" after 150 cycles (based on the mass of sulfur). This approach
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1 | INTRODUCTION

Lithium-ion batteries (LIBs) play a pivotal role in
portable electronics and electromobility due to their
superior specific energy and excellent cycling perform-
ance."? However, with the substantial consumption of
lithium resources and critical cathode materials, includ-
ing nickel, cobalt, and other metals, the cost and
environmental impact of resources used for LIBs are
soaring during recent yeeurs..3"5 In addition, batteries, as
energy storage devices for the interconversion between
electrical and chemical energy, play a crucial role in the
utilization of intermittent energy sources by delivering
stabilized voltage and shifting peak load.®™® Compared to
conventional LIBs, the all-solid-state sodium metal
batteries (ASS-SMBs) could provide an ecologically
friendlier alternative in the grid-scale energy storage
market.”?

There is no doubt that solid-state electrolytes (SSEs)
with high ionic conductivity and chemical stability are the
essential components of solid-state batteries (SSBs).'**°
Since the discovery of the Na* ion conductivity in §-
AlLO;,"” Li* and Na* ionic transport has been identified in
oxides, sulfides, and polymers and has strongly triggered
the research in the field of solid-state ionics.'®® As early as
the 1960s, high-temperature Na/S and Na/NiCl, batteries
using Na™ ionic conductors such as 8/f"-Al,O; as separa-
tors have been designed and commercialized for large-scale
energy storage.”’>' However, these high-temperature
batteries with liquid electrodes usually have limited energy
efficiency and give rise to high safety concerns.*” Therefore,
the development of room-temperature (RT) Na* ionic
conductors and safer sodium batteries such as SSBs is of
great significance.” > Nonetheless, SSBs operating at RT
usually suffer from a very high interfacial impedance due to
the poor solid-solid contact at the interfaces between the
SSE and both electrodes.’**® Furthermore, maintaining a
stable interface and good contact is also challenging due to
the considerable volume changes of active materials,
resulting from repeated electrochemical reactions in the
electrodes.®**® The deterioration of interfaces can conse-
quently induce dendrite formation in the anode compart-
ment and underutilize active materials in the cathode,
hence causing battery degradation or even failure.*”**** In
practice, various strategies are applied to avoid the battery

paves the way for the realization of economical and practical ASS-SMBs

from the perspective of ceramic manufacturing.
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fading of SSBs. For example, the application of external
stacking pressure, cosintering of composite electrodes, and
modification of interfaces are required to ensure stable
interfaces.*>*™*

Recently, silicate-based NasYSi,O;, (NYS) Na* super-
ionic conductor sheets were fabricated by our group®®
using the well-established tape casting technique. They
exhibit good RT conductivity (1mScm™) and a wide
electrochemical stability window (>8V vs. Na*/Na).
However, some challenges still exist related to the
utilization of NYS sheets in SSBs: the fabrication of thin
but robust electrolytes, the construction of stable
electrode/electrolyte interfaces, and the selection of
compatible cathodes.””*® To tackle the aforementioned
challenges, the well-established aqueous tape casting
technique is employed to fabricate a porous/dense/
porous NYS trilayered structure with scaffolds for the
electrode materials. The NYS layers with a total thickness
of 300-400 um provide the necessary ionic conductivity
and stability, whereby the dense layer in the middle
separates both electrodes and the porous layers on both
sides accommodate the active materials. With high
capacity and low-cost advantages, elemental sulfur is
used as the cathode active material of choice® and
coupled with a Na metal anode to create a Na/NYS/S
battery that can operate at RT. The half- and overall-cell
reactions are as follows:

Negative electrode: xNa < xNa* + xe™, 1)
Positive electrode: S + xNat + xe™ < Na,S, @)

Overall: S + xNa < Na,S(0 < x < 2), 3)

where the theoretical capacity (Cy,) of 1675 mAhgg™" is
based on the fully sodiated state (Na,S).>'”* In the
following, the capacity is referred to the weight of sulfur
(gs™"). In conventional Na/S batteries with liquid
electrolytes, S and polysulfides dissolve into the electro-
lyte and then shuttle to the Na metal anode, resulting in a
severe self-discharge behavior and continuous capacity
degradation of the batteries.**>*>> Furthermore, S as the
cathode active material usually undergoes severe volume
changes during charge and discharge so that the S
electrode sheets manufactured by typical coating
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processing detach from the current collector inducing
irreversible capacity loss.”" In contrast, the dense NYS
layer used here effectively prevents the shuttling of S and
the open porosity present in the NYS scaffold addition-
ally provides space for the volume swelling of S during
sodiation while increasing the contact area between S
and NYS electrolytes. For the infiltrated Na metal anode,
the NYS porous structure can be coated with Pb to
effectively improve the interfacial wettability between Na
and NYS.° This reduces the interfacial impedance,
increases the contact area, and distributes the local
current.

Therefore, the main benefits of the porous/dense/
porous NYS trilayered scaffold structure fabricated by
aqueous tape casting are as follows: (1) stable interfaces
between the electrode active materials and the NYS
electrolyte enable pressureless Na/NYS/Na symmetric
cells and Na/NYS/S full cells with good cycling stability;
(2) the porous structure provides a host for the S
composite cathode while increasing the contact area
and improving the utilization rate; (3) the thin Pb-coating
of the porous NYS scaffold effectively improves its
wettability with the Na metal®® and distributes the local
current; and (4) the aqueous tape casting process used for
the fabrication of NYS ceramics is eco-friendly and has
the potential for scale-up. This work presents a promis-
ing design for pressureless ceramic-based Na/S batteries
and provides a new paradigm for the development of
cheap and reliable ASS-SMBs. It also shows for the first
time the application of NYS in a realistic cell design
beyond the generic use of ceramic pellets.*"’

2 | EXPERIMENTAL SECTION

2.1 | Fabrication and synthesis

Preparation of NasYSi,O;, precursor for tape casting:
The raw materials Na,CO5-H,O (99%; Aldrich), Y,0;
(99.999%; VWR), and SiO, (99%, 1-5um; Honeywell
Fluka) were mixed in a stoichiometric ratio and milled
with ZrO, balls (3 and 5mm in diameter, 200 rpm) and
ethanol as a dispersant for 24 h. After ball-milling, the
mixture of raw materials was heated in an oven (60°C for
24 h) in flowing N,. The white powder was calcined at
950°C for 5h in air. Then, the calcined powder was
roughly ground in an agate mortar and subsequently
ball-milled for 24 h to decrease the particle size of the
NYS precursor for the subsequent fabrication of the NYS
tape. Part of the NYS precursor was sintered at 1100°C
for 6 h in air to obtain the pure NYS phase and then ball-
milled to obtain fine particle sizes as an additive in the
S composite cathode.

CARBON ENERGY-WI LEY—L 2o

Fabrication of porous and dense NYS tapes: The
aqueous slurry for dense and porous tapes was prepared
by mixing methylcellulose (Alfa Aesar), polyethylene
glycol (Merck), and glycerol (99%; Merck) in deionized
water with the assistance of a stirrer IKA, RET Basic).
Then, the finely ground NYS precursor powder was added
to the slurry. For the preparation of the porous tape,
spherical polymethylmethacrylate (PMMA; Merck) parti-
cles with an average diameter of 100 um were admixed to
the slurry acting as a pore former. Both suspensions for
dense and porous layers were homogenized in vacuum
(~10*Pa) with ZrO, balls (5mm in diameter) in a
planetary mixer (ARE-500; Thinky) at 1000rpm for
10 min to form uniform slurries for the subsequent casting
step. The mixed slurries were individually transferred to
the slurry reservoir of the tape-casting machine and then
cast on a Mylar substrate using a height-adjustable doctor
blade. A slit width of 400 um in thickness and 10 mm s~
casting speed was applied. After drying naturally at RT
overnight, the dense and porous green tapes were easily
peeled off from the Mylar substrate. The obtained green
tapes were thin and flexible and could be punched into the
desired round-shaped samples with varying diameters and
laminated into multilayer structures. Each piece of tape
was first pressed with 60 MPa at RT for 2 min to improve
the green density, which can break and flatten the PMMA
spheres in the porous tapes to some extent. Then, these
pressed tapes were laminated together to obtain the
porous/dense/porous trilayered structure by subsequent
warm pressing at 80°C with 120 MPa for 2 min. Finally,
the laminated tapes were sintered in air with a heating
rate of 60°Ch™" until 600°C for 1h to decompose the
organic additives, followed by a heating rate of 180°Ch™"
up to 1100°C for 6 h to densify the tapes. During sintering,
the green tapes were placed between two sintered NYS
pellets prepared with the same raw powder. This
prevented the tapes from bending into a bowl shape and
sticking to the substrate during the sintering process.

Preparation of S composite cathode paste: polyviny-
lidenfluorid (M, = 600,000; Sigma-Aldrich) powder was
dissolved in N-methyl-2-pyrrolidone (NMP; Merck)
under magnetic stirring (IKA, RET Basic). The poly-
ethylene oxide (PEO) (M,, = 200,000; Alfa Aesar) powder
was added to acetonitrile (Merck) and agitated until
completely dissolved. The anhydrous NaClO, powder
(Alfa Aesar) was then added to the PEO solution with the
molar ratio of EO:Na™ = 10:1. Both solutions were mixed
together and stirred until homogeneity was achieved.
The elemental sulfur powder (Alfa Aesar) as the active
material, the carbon black of super P (Alfa Aesar) as
the electronic conductor, and NYS powder with pure
phase as the bifunctional plasticizer to decrease the
crystallinity of PEO chains and increase the Na* ionic
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conductivity were added into the solution and mixed
with stirring for 6 h to get a uniform and concentrated
paste. Different weight fractions of S (20, 32, 40, 50,
60 wt%) in the composite cathode were fabricated (see
Table S6). The last step was homogenization in a high-
speed mixer device (ARE-500, 1500 rpm for 10 minutes;
Thinky) to completely mix the paste.

Fabrication of symmetric and full cells: (1) For the
Na/NYS/Na symmetric cells, both porous sides of the
NYS scaffold were sputter-coated with a Pb layer (Pb
target: micro to nano, 70-PB5708; Cressington Sputter
Coater 108 Auto Series) to ameliorate the wettability
between the Na metal and NYS ceramic. The Pb layer
was sputtered at a current of 20 mA for 120 s, which gives
rise to a uniform Pb coating with a thickness of 50 nm.
The weight ratio of Pb in the Na anode side is about
5wt% (0.1 mg Pb and 2.0 mg Na). The diameter of the
sintered NYS scaffold varied between 10 and 14 mm
(usually 12mm). The Na metal was heated to melt
(120-150°C) in a glass bottle, and then the liquid Na
metal was pipetted and dropped on both sides of the Pb-
coated NYS scaffold. The melting and dropping of the Na
metal were conducted in an Ar-filled glovebox (p
(0,) < 1.0 ppm and p(H,0) < 0.5 ppm; Glovebox System).
Once the Na metal had solidified, the Al foils (0.01 mm in
thickness; Dezhi Company) were attached on both sides
as current collectors and mounted in a pouch cell with an
aluminum-plastic film (Dezhi Company) and sealed in
the glovebox. (2) For the assembly of the full cells, one
side of the NYS scaffold was coated with a Pb layer to
accommodate the Na metal as an anode. The other side
filled with the prepared S composite cathode paste was
poured and gently squeezed into the porous layer. An
excess of paste was gently scraped off. The filled scaffold
was dried naturally (48 h) in a ventilated hood to remove
the solvents. The areal loading of S was calculated from
the mass difference before coating and after complete
drying, which is usually in the range of 0.9-1.0 mg cm 2.
The procedure of loading the Na anode was the same as
in the case of symmetric cells.

2.2 | Characterization

2.2.1 | Crystal structure characterization

The crystal structure of the as-prepared NYS scaffold was
determined by X-ray diffraction (XRD; Bruker D4
Endeavor) with Cu K, radiation. The refinement of the
XRD pattern was carried out with Fullprof Suite software
to get the detailed lattice parameters of the unit cell. The
XRD sample was NYS powder, which was ground in an
agate mortar from the as-sintered NYS trilayer.

2.2.2 | Morphological characterization

The microstructure of the NYS scaffold was analyzed
with scanning electron microscopy (Hitachi TM3000).
The NYS scaffold was coated with a thin Au layer to
improve electrical contact before being transferred to the
sample chamber.

The pore volume of the porous layer in the NYS
scaffold was determined with Archimedes' method. The
sintered NYS scaffold was immersed in liquid propanol
for 24 h and then weighed after removing the propanol
residuals on the surface. The density of propanol at RT

was 0.8034 g cm ™.

2.2.3 | Particle size measurement

The particle size measurement was conducted with a
laser-scattering particle size distribution analyzer
(LA-950; HORIBA). The particle size distribution of
the NYS precursor powder after calcination is shown in
Figure S7.

2.2.4 | Electrochemical measurements

All electrochemical performance tests were performed
with an electrochemical workstation (BioLogic VMP300)
equipped with climate chambers (VT4002; Voétsch) to
adjust the temperature. The a.c. impedance measure-
ments of the Na/NYS/Na symmetric cells were per-
formed in the frequency range from 7 MHz to 1 Hz with
an alternating voltage amplitude of 5mV. The fitting of
the impedance data was carried out with Zview software
(Scribner Associates Inc.). The temperature-dependent
impedance spectra were recorded between -20°C and
80°C and then plotted in an Arrhenius diagram to
determine the activation energy (E,) of Na* ionic
conduction. The critical current density (CCD) was
measured with Na/NYS/Na symmetric cells by gradually
increasing the current density at RT. The cycling stability
of the Na/NYS/Na cells was measured with galvanostatic
cycling at 1.3mA cm™> and 1.3 mAhcm™. The signals
occurring during cyclic voltammetry (CV) were recorded
between 0.5 and 8 V (vs. Na*/Na) with a scanning rate
of 0.01mVs™" to obtain the electrochemical window of
the Au/NYS/Na cell (Au as the cathode and Na as the
anode), in which the Au was coated with a sputter coater
device (20mA applied current; 150s coating time).
The long-term galvanostatic charge and discharge
performance of the Na/NYS/S full cells were tested in
the voltage range of 1.0-3.3V versus Na*/Na, whereas
3.5V was applied for the test at different current
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densities (from 0.017 to 3.4mAcm > The impedance
spectra of the full cell were measured with the same
setting as in the case of the symmetric cells. The CV
curves at the different scanning rates from 0.01 to
100 mV s~! were recorded in the range of 1.0-3.5V vs.
Na*/Na. The electronic conductivity of the composite
cathode was characterized using Ni/composite cathode/
Ni symmetric cells by applying a constant voltage of 0.1V
and recording the current. The electronic conductivity
can be calculated according to Ohm's law using the
constant current value. The Na™ ionic conductivity of the
composite cathode was measured with symmetric cells
composed of NYS dense tape/composite cathode/NYS
dense tape. The NYS dense layers act as Na® ion
reversible electrodes and electronically blocking electro-
des to eliminate the contribution of electronic
conduction.

3 | RESULTS AND DISCUSSION

3.1 | Fabrication, microscopic, and
crystal structure of NYS trilayer

The NYS precursor was prepared using a ball-milling
process followed by heat treatment, as shown in
Figure 1A. For the following tape casting, the NYS
precursor was mixed with the binder and plasticizer. The
porous layers required the addition of a pore former.
Here, spherical polymethylmethacrylate (PMMA) beads
were used to prepare the porous layers. The NYS and
NYS/PMMA green tapes were laminated together before
cosintering. The slurry preparation and the sintering
protocol followed the preparation of dense tapes of
NYS.*® The microstructure (Figure 1B) of the sintered
tapes shows that the dense and porous layers are very
tightly joined, which facilitates the rapid migration of
Na* ions in the NYS phase and results in a robust
mechanical scaffold with good flatness due to the
symmetric geometry of the laminates. The thicknesses
of the dense and porous layers were 90 and 170 um after
sintering, respectively. The dense layer (Figure 1C) can
effectively support the entire trilayered laminate and
separates both electrodes due to the high hardness
(2 GPa) and elastic modulus (45 GPa), which is sufficient
to maintain excellent mechanical properties during
cycling.*® The micron-scale interconnected open pores
in the porous layer (Figure 1D) can accommodate
electrode active materials and simultaneously provide
continuous Na™ ionic transport pathways. The pore
volume in the porous layer is about 68% as determined by
Archimedes’ method and very suitable for infiltration.
The NYS phase crystallized in rhombohedral symmetry

CARBON ENERGY-WI LEY—L o

with a space group of R3¢, which is revealed by the
XRD pattern (Figure 1E) and Rietveld refinement
(refined parameters of the unit cell shown in Figure 1F
are listed in Table S1). An explanation for the appearance
of secondary phases is described in Note S1 at the end of
the Supporting Information.

3.2 | Electrochemical performance of
Na/NYS/Na symmetric cells

The as-prepared NYS scaffold was used to assemble Na/
NYS/Na symmetric cells to evaluate Na* ionic conduc-
tivity with impedance spectroscopy. Different from the
determination of the electrode area of dense NYS tapes,
the precise contact area between the Na metal and
electrolyte and the influence of tortuosity in the porous
layers are difficult to be analyzed. As a simplified
approach to obtain comparable values of conductivity,
the total thickness of the NYS scaffold and the planar
area based on the tape diameter are used for the
calculation of conductivity. The total ionic conductivity
Otwotal (Sum of conductivities of bulk and grain bounda-
ries) of the NYS scaffold is 1.0mScm™" at RT, which
corresponds to the first semicircle in the fitted impedance
spectra (Figure 2A,B). The values of the individual
components of the fitted impedance spectra are listed in
Table S2. The area-specific resistance (ASR) of the NYS
trilayer is only 43Qcm® based on the following
equation’®:

ASR = i, 4)
o

where [ is the thickness and o is the conductivity of the
electrolyte. For the pristine NYS scaffold in the symmet-
ric cell, the interfacial resistance (Ripterface) 1S s high as
5000 Q cm® (Figure 2A) derived from the second
semicircle in the fitted impedance spectrum. In contrast,
the Rinterface 18 reduced to 25 Q cm?® (Figure 2B) for the
Pb-coated NYS scaffold. This is attributed to the
significantly improved interfacial wettability of the Na
metal on the Pb-coated NYS,”*>® which was confirmed
by the contact angle test (Figure 2C). The Pb coating on
the NYS reduces the initial contact angle between the Na
metal and NYS from 109° to 41°. In the analogous Na/Pb-
coated NYS/Na symmetric cell, the temperature-
dependent total conductivity is plotted in an Arrhenius
diagram (Figure 2D), and the fitted activation energy (E,)
for Nat ion conduction is 0.29 eV, the same value as
previously reported.*

The CCD at RT is measured by gradually increasing
the current density in a symmetric cell until the
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FIGURE 1 (A) Schematic processing steps of the preparation of NYS trilayers: milling of the raw materials, casting the slurries, drying,
cutting, laminating, pressing, and sintering the green tapes, (B) cross-sectional SEM image of the NYS trilayered structure, (C, D) magnified
SEM images of dense and porous layers, respectively, (E) refined XRD pattern after tape casting and sintering, and (F) projection of crystal
structure along the c-axis.
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FIGURE 2 Electrochemical performance of the NYS scaffold in Na/NYS/Na symmetric cells and Na/NYS/Au cells. Nyquist plots of the
Na/NYS/Na cell with (A) pristine NYS scaffold and (B) Pb-coated NYS scaffold. Insets show the magnified spectrum at high frequencies and
the equivalent circuit for fitting. (C) Contact angle measurement for the pristine and Pb-coated NYS scaffold with the Na metal in the

glovebox. (D) Arrhenius plot of the temperature-dependent conductivities in the Na/NYS/Na symmetric cell with linear fitting between

-20°C and 80°C. (E) CCD measurement with a stepwise increase of the current density until short-circuiting. (F) CV profile in the range of
-0.5 to 8V versus Na*/Na in the Na/NYS/Au cell with a scanning rate of 0.01 mV s™". (G) Galvanostatic cycling performance of the Na/
NYS/Na symmetric cell at the current density of 1.3 mA cm ™2 and capacity of 1.3 mAh cm™2 Insets show the magnified profiles in the time

intervals of 0-6 and 400-406 h.

polarization voltage significantly fluctuates and the cell is
short-circuited. The CCD in Na/NYS/Na symmetric cells
with the NYS scaffold is 3.0 mA cm ™ (Figure 2E) against
the Na metal, which is higher than those of the
previously reported CCD with dense NYS tapes®® and
sheets®” (both are 2.2 mA cm™2). This is attributed to the

good ionic conductivity and the increased contact area in
the Pb-coated NYS scaffold. However, an increasing
voltage spike occurs starting at the current density of
1.3mA cm™?, which can be explained by the rate of Na*
ion transport in the vicinity of the Na/NYS interface. At
low current density (<1.3 mA cm™2), the rate of Na* ion
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depletion is lower than the Na metal diffusion at the
stripping side. This leads to low Na vacancy concentra-
tion at the interface and maintains good contact, and
there is no significant irregular voltage signal. However,
when the current density increases, the Na metal
diffusion cannot compete with the Na* ion depletion,
leading to vacancy clustering and void formation at the
interface, which causes a sharp voltage increment at the
beginning of each cycle. When stripping and plating are
reversed, the polarization voltage increases gradually
with the return transport of the deposited Na metal and
here voids also appear near the interface. Therefore, in
the high current density region, the polarization voltages
of the first half cycle and the second half circle show
opposite trends.

The electrochemical stability window of stripping/
plating for Na* ions was tested by CV in Na/NYS/Au
cells (Figure 2F), showing a wide stability range of over
8V (vs. Na*/Na). The sharp redox peaks between
-0.5 and 0.5V versus Na*/Na suggest no visible side
reactions between the Na metal and NYS and high
reversibility. The galvanostatic stability indicates that the
NYS scaffold easily sustains 460 h cycling (Figure 2G) at a
current density of 1.3mAcm 2 and a capacity of
1.3 mAh cm™2 without obvious fluctuation of the voltage.
This cycling stability is better than that of the reported
NYS dense tapes*® resulting from the increased contact
area and improved interfacial wettability between Na and
the NYS scaffold. Furthermore, a cycling stability test at
24mAcm™? and 2.4mAhcm > (Figure S1) was also
conducted to show its practical viability at higher current
density, but cycling failed after the 15th cycle. The
potential curve is not as stable as that at a lower current
density (1.3mA cm™>) and the obvious voltage fluctua-
tion after the 15th cycle can be explained by the
increased amount of the Na metal involved in the
plating/stripping processes and the increased tendency of
void formation at the interface.

3.3 | Electrochemical performance
of the Na/NYS/S full cells

As in a Na/NYS/Na symmetric cell, where the molten Na
metal was infused into the porous layer, the composite S
cathode paste was squeezed into the porous layer and
dried to remove the solvent. Considering the very poor
electronic and ionic conductivity of S, the S content was
optimized by changing the ratio of conducting additives
and S in the composite cathode. The performance of the
composite cathode with different S contents was
evaluated by measurements of electronic conductivity
(Figure S2), ionic conductivity (Figure S3), and specific

discharge capacity (Figure S4). The results are summa-
rized in Table S3. By increasing the mass of S in the
composite cathode, the electronic conducting additive
(super P) and ionic conducting additives (PEO + Na-
ClO,4 + NYS) were decreased correspondingly. The trade-
off between the conductive additives and the S content
revealed that a cathode with 32wt% showed optimal
performance. The XRD patterns with different S contents
(Figure S5) further indicate that the crystallinity of PEO
in the composite cathode increased with a higher S
content, which is unfavorable for Na*t ionic conduction
in the composite cathode.

In the Na/NYS/S full cell, the galvanostatic dis-
charge/charge measurement (Figure 3A) at a current
density of 0.017mA cm ™2 (equivalent to 0.01 C) with a
cathode loading of 1.0 mgcm™2 shows that the highest
discharge capacity is 970 mAh gs~* (based on the mass of
S, equivalent to the areal capacity of 1.0 mAhcm™2),
which is 42% lower than the Cy, of S. The lower specific
discharge capacity reflects the fact that part of the S in
the composite cathode is either not sufficiently accessed
to be electrochemically active or not completely reduced
to Na,S.” The impedance spectra of the full cell at open-
circuit voltage (OCV) indicate that the Ripterface are
94.0 and 327.6 Qcm? (Figure 3B) resulting in a total
resistance of the full cell of 500 Q cm?. The Rinerface Of the
cathode side of the full cell is also evidenced by the high
overpotential in Figure 3A,C,D. There are two discharge
plateaus, located at ~2.5 and ~2.2 V (vs. Na*/Na), and the
latter region contributes to the majority of the capacity
with a relatively smooth voltage decrease. The higher
discharge potential vanishes with increasing cycle
numbers. During the charging process, there are also
two visible plateaus at 2.4 and 2.7V (vs. Na*/Na, mean
voltage), and the latter charge voltage increases toward
2.9V with an increasing number of cycles. The multiple
discharge/charge plateaus indicate a stepwise reaction of
S in the Na/NYS/S full cells.

To analyze the equilibrium potential of the full cell
from a thermodynamic perspective, the differential
capacitance curve (dQ/dU vs. U; Figure 3C) was plotted.
It shows that the equilibrium potentials of the charging
and discharging states are 2.32 and 2.21V, respectively.
This is also evidenced by the CV curve of the full cell
(Figure 3D). The oxidation (i.e., charge process) peak
occurs at around 2.47V (vs. Na*/Na) and the reduction
(i.e., discharge process) peak at around 2.05V (vs. Na*/
Na). The polarization voltage of 0.42V between the
charging and discharging process results from the kinetic
barriers for the migration of Na* ions and electrons at
the interfaces in the composite cathode.®*°!

To study the kinetics of the S composite in the
discharge and charge processes, CV curves were recorded
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FIGURE 3 Electrochemical performance of Na/NYS/S full cells. (A) Galvanostatic discharge and charge profiles at a rate of 0.01 C in
the range of 1-3.3V versus Na*/Na. (B) Impedance spectrum of the full cell. The inset shows the equivalent circuit for data fitting. (C)
Differential capacity curve from the first discharge and charge profile in (A). Q and U denote capacity and voltage, respectively. (D) CV
profile at a scanning rate of 0.01 mV s~ between 1.0 and 3.5V versus Na*/Na.

at different scanning rates (Figure 4A). The plot of the
peak current i, versus the square root of the scanning
rate shows a linear relationship (Figure 4B), indicating
good reversibility of the full Na/NYS/S cell.’>®* As the
scanning rate increases, the polarization voltage also
increases and the system changes from a reversible to a
quasi-reversible state, indicating that electronic conduc-
tivity limits the kinetic properties of the S composite.
The C-rate performance was tested between 0.01 and
2 C in the full cell (Figure 4C). The applied current at
different C-rates correlates to the areal current based on
the practical S loading in the full cell (shown in
Table S4). Starting from 0.01 C, the discharge capacities
are between 950 and 970 mAh gs™*. At a current density
of 0.2 and 2C, the discharge capacities are 790 and
200 mAh gg~', which correspond to 82% and 20% of the
initial capacity, respectively. After the stepwise C-rate
test up to 2 C, the discharge capacity increases back to
about 880 mAhgs™' at 0.01C, corresponding to a
retention rate of 91%. The decrease in discharge

capacity with the increasing C-rate is visualized better
in Figure 4D. At a high C-rate (high current density),
the cathode reaction and the ionic transport in the
electrolyte are the limiting processes leading to a
significant decrease in capacity. However, 200 mAh gg™*
at 2C is one of the highest discharge capacities ever
reported for an SSB.®*>"%°

The cycling performance with the corresponding
Coulombic efficiency of the Na/NYS/S full cell is
shown in Figure 4E. The initial discharge capacity
reaches up to 970 mAh gs™' at a current density of
0.01 C. The initially chosen higher charging voltage of
3.5V may induce the decomposition of PEO in the S
composite cathode.®® Therefore, for the long-term test,
the cut-off voltage was set to 3.3V versus Na*/Na to
maintain a stable potential window for the composite
cathode. In 150 cycles, the specific discharge capacity
of the full cell decreases from 970 to 600 mAh gs™"
(0.25% degradation per cycle based on the initial
discharge capacity), showing good cycling stability
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FIGURE 4 Electrochemical performance of Na/NYS/S full cells. (A) CV profiles at different scanning rates from 1 to 100 mV s™* in the
range of 1.0-3.5V versus Na*/Na. (B) Relationship between peak current i, and the square root of the scanning rate. (C) C-rate performance
measurement between 0.01 and 2 C. (D) Change of specific capacity at different C-rates and areal current densities. (E) Galvanostatic
charge and discharge cycling performance and Coulombic efficiency at a current density of 0.01 C.

due to the capability of the NYS scaffold to effectively
prevent the dissolution and shuttling effect of S. The
Coulombic efficiency is close to 100%, indicating no
significant side reactions in the discharge and charge
processes. Nevertheless, a thorough further characteri-
zation of the complex composite cathode layer needs to

be carried out to identify and mitigate the dominating
degradation mechanism.®’

The photograph of the Na/NYS/S pouch cell
(Figure S6) demonstrates its functionality. The capacity
of the cell is about 4 mAh and the OCV is ~2.6 V. The
light-emitting diode was powered by the pouch cell,
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which shows the viability of the full cell operating at RT
and without external pressure.

3.4 | Comparison of electrical
performance with the reported data

During recent years, a lot of work on SSBs has been
conducted based on pellet-type electrolytes.*” However,
full cells using pellets as separators can only demonstrate
the generic chemistry or specific electrode modifications
under consideration but are far from realistic cell designs
and have no perspective with regard to scalable fabrica-
tion, adequate specific energy, or cost estimates.***® In
the pellet-based SSB cells compared in Figure 5A, the
systems Na/Naj sZr; 9Alg1Siz 4Po6012/S-C,>° Na/Na;P-
S3.8500.15 + NasPSsAoo‘s/S‘C'1\133P83‘8500.15,51 Na-Sn-C/
Na;PS,/Na;PS,-Na,S-C>%, and Na/Naj 4Z1,Si5 4Pp 6012/
NasV,P;0;,* contain a very thick solid electrolyte that
is far thicker than both electrodes, especially the cathode.
In addition, the areal loading of the active material in the
cathode is not high enough. For comparison, the
thickness of the inactive SSE is significantly reduced in
full cells using tapes. It is impressive that the reported
porous Li,;LasZr,0;, (LLZO) tape is able to incorporate a
loading of up to 5.3 mgcm™> of the cathode material.*®
However, in this case, an ionic liquid-based electrolyte
was added to the thick cathode to enhance the ionic
conductivity and reduce the interfacial impedance of the
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cathode. In the porous layer of the NYS scaffold, an areal
loading of 1 mgcm™ was realized, which is close to the
values in the pellet-based full cells.’>>* The Ragone plot
(Figure 5B) provides a more illustrative comparison of
pellet-based and tape-based SSBs as well as batteries with
liquid electrolytes. The detailed data are given in
Table S5. In pellet-based SSBs using S°°>*° and
Na;V,P;0,,>° as the cathode, the specific power
and specific energy are much worse than those of the
tape-based batteries and liquid electrolyte batteries.”® The
reason for this is related to the inactive electrolyte, which
diminishes the energy density and increases the imped-
ance of the cell. In addition, the thick anodes®>>? also
deteriorate the energy density, because only a small
fraction of the thick layer contributes to the cell
performance. The established Na/S batteries operating
at high temperatures with molten Na and S cannot
compete with the tape-based Na/NYS/S cells because of
the adoption of the thick "-Al,0; separator and low
utilization rate of the electrodes.”’ It is worth mentioning
that the specific energy and specific power of the Na/
NYS/S all-solid-state cell are close to or even better than
those of the liquid Na/S cell system in the low-current
region. In the high current region, its performance is
inferior to that of the liquid cell due to insufficient ionic
and electronic conductivity and large interfacial imped-
ance. Overall, tape-based all-solid-state Na/NYS/S batte-
ries are anticipated to reach or even outperform
conventional liquid batteries and they show potential
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FIGURE 5 Comparison of different SSB cell architectures (see also Table S5). (A) Layer thicknesses of SSBs and their areal-specific
loading of active materials in the cathode. Here mainly sulfur-containing cells were considered. (B) Ragone plot of representative battery

cells.
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for scalable preparation. Further improvements can be
anticipated by increasing the electronic conductivity in
the cathode and by rationalizing the degradation
behavior.

It is worth noting that the comparisons made above are
related to the amount of active materials in the various cell
configurations. When the capacity is calculated at the cell
level with the experimental data collected here, then the
obtained gravimetric and volumetric energy density results
in values of 45.57 Whkg™" and 49.79 Wh L™, respectively.
Details are given in Note S2. These values indicate that
further optimizations are necessary to compete with liquid-
based batteries. Using calculations on the basis of theoretical
capacities, the above values increase to 277 thg_1 and
555 Wh L™, respectively, indicating the high potential of the
presented ASS-SMB.

4 | CONCLUSION

In summary, an advanced porous/dense/porous NYS
scaffold structure was designed and fabricated by tape
casting. The excellent electrochemical performance
was demonstrated in Na/NYS/Na symmetric cells and
Na/NYS/S full cells. The Na/NYS/Na symmetric cells
with a Pb-coated NYS scaffold exhibited an interfacial
impedance as low as 25Qcm? and a CCD of up to
3.0mA cm™? against the Na metal. The initial dis-
charge capacity in the pressureless Na/NYS/S cells
reached up to 970 mAh gs™' and achieved excellent
capacity retention of 600 mAhgs™" after 150 cycles.
The superior performance is attributed to the as-
fabricated porous/dense/porous NYS scaffold with a
high Na* ionic conductivity of 1mScm™" at RT, an
activation energy as low as 0.29eV, and a stable
electrochemical window up to 8V (vs. Na*/Na).
Moreover, this particular structural design addresses
the issue of vulnerable electrode/electrolyte interfaces
that frequently cause challenges in SSBs with sintered
composite electrodes. The porous layers provide a
host for the active materials and can mitigate the
volume changes during charge/discharge processes,
thus improving cycling stability. In comparison to
SSBs like Na/NaSICON/Na;V,P50;,,*” the infiltration
with the polymer/S mixture does not require addi-
tional heat treatment to form the active material
and provides good contacts during cycling. The NYS
scaffold, together with the used cathode formulation,
allows operation at RT without external pressure.
This work presents a novel paradigm to realize
affordable and reliable ASS-SMBs from the perspec-
tive of structural manufacturing of ceramic
electrolytes.
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