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Solid-state sodium batteries using solid electrolytes have attracted attention as sustainable and powerful
electrochemical energy storage systems. Even though the sodium-beta alumina solid electrolyte shows
excellent properties, the limited interface contact with both electrodes has limited its wide utilization in
room-temperature cell systems. However, interface modifiers can reduce the interfacial resistance,
enabling good electrochemical performance. In this paper, we test four different liquid-organic
electrolytes (LOE) to modulate the cathode interface. The effect of 1 M NaClO, in propylene carbonate
on the cell performance and the oxidic solid electrolyte was further investigated. We show that the LOE
displacement, not the interphases, is the main reason for the impedance growth using a three-electrode
cell, a setup rarely employed in solid-state batteries. The realized semi-solid-state sodium cells with
modulated cathode interface achieve an area-specific resistance as low as 63 Q cm? and a high capacity
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1 Introduction

Solid-state sodium batteries (Na-SSB) are considered “post Li-
ion” cell systems. SSBs promise higher specific energy and
power due to bipolar stacking options and the usage of a high-
capacity sodium metal (¢, = 1166 mA h g~ ') anode.! Thanks to
the inorganic solid electrolyte with high cation transference
number, fast charging capabilities, and higher device safety are
expected.”

However, modulating the solid-state interface is critical for
fabricating all-solid-state cells. Interface modifications enable
intimate solid-solid interface contact, reducing interface
impedance while facilitating charge transport and, thus, good
electrochemical performance.* Modulation is necessary for all
material classes and includes many methods, e.g., composi-
tional tuning,® artificial solid electrolyte interphases (SEI),®
liquid interlayers,® carbon coating,” metal coating,*'® and
alloying.”"*"** It especially applies to the interface between the
polycrystalline Na® conductor sodium-beta alumina solid
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cost-effective way to enhance the cathode interface in sodium-beta alumina-based cells.

electrolyte (BASE) and the negative electrode (NE, hereafter
called the anode)*** as well as to the positive electrode (PE,
hereafter called cathode).’® Several methods exist for modu-
lating the BASE|PE interface, e.g., adding ionic liquids,”*°
polymers,**** or additional electrolytes.'®

Small amounts of liquid-organic electrolytes (LOE) can also
modify the interfaces. In general, LOEs used in Na-ion batteries
rely on conducting salts (NaClO,, NaPFs, or NaSO;CF;) dis-
solved in linear carbonates, cyclic carbonates, or their mixtures.
Additives are added to improve the electrolyte's properties
because the LOE heavily influences the cell's electrochemical
performance.”* For example, adding the film-forming additive
fluoroethylene carbonate (FEC) to the organic electrolyte
suppresses anomalous side reactions between the metal anode
and the organic electrolyte.”*** Beneficial as well as detrimental
effects of FEC were reported for different cathode chemistries
and operating temperatures. NimKkar et al. observed a signifi-
cant improvement in cathode performance because surface
films generated on a Nag,MnO, cathode blocked further
electrolyte decomposition on the electrode surface.”® On the
contrary, FEC formed a thick layer on a Naz(VO;_,PO,),Fqi2x
cathode, deteriorating the rate performance, as He et al. have
shown.*” Similar processes were discovered for a lithium spinel,
where FEC dehydrofluorination had been accelerated by an
elevated temperature of 55 °C, resulting in a thick surface layer
and poorer cathode performance.”® Several groups have
reviewed mechanisms and factors influencing surface film
build-up, also called cathode electrolyte interphase (CEI), on

This journal is © The Royal Society of Chemistry 2024
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Na-ion cathodes. The studies show that the influence of CEI
depends on factors such as operating temperature, voltage
range, electrolyte composition, cathode chemistry, and even
anode chemistry.”*?°

Hence, exploring LOEs to modify SSB's interfaces might be
beneficial. The strategy has been successfully demonstrated in
Li-SSBs, wetting either cathodic, anodic, or both interfaces.*-**
The modifications result in hybrid battery concepts, so-called
“quasi-solid-state batteries”*® or “semi-solid-state batteries”.**
The LOE achieves low interface impedance by acting as
a wetting agent, enabling intimate contact and facile intra-
electrode conduction.” It fills the solid electrolytes and elec-
trode's pores, increasing the active area and lowering the elec-
trode's impedance.** Meanwhile, high specific energy metal
anodes still can be used due to the inorganic electrolyte acting
as an ion conductor and separator, shielding the LOE from the
strong reductant. The lower flammable organic solvents make
the approach safer than liquid electrolytes. It is expected to
overcome the poor performance of inorganic solid electro-
lytes,* approaching “the most feasible strategy”.>* For long-
term operation, the solid electrolyte should be thermodynami-
cally or at least kinetically stable against the LOE to prevent
degradation and the growth of resistive interphases (solid-
liquid electrolyte interphase, SLEI).>**

In this study, we modulate the cathode interface in a sodium-
beta alumina-based semi-solid-state sodium cell. Therefore, we
wet the BASE|cathode interface with four commonly employed
liquid-organic electrolyte (LOE) mixtures.?>*® We assessed the
cycling performance of the cells using the LOE combinations in
a two-electrode setup, choosing the most promising combina-
tion for further investigations. Its effect on the solid electrolyte's
interface was studied using X-ray photoelectron spectroscopy to
investigate the interphases post-mortem. We tracked the resis-
tance contributions to the cell's internal resistance using
a three-electrode setup, which is seldom employed in solid-state
cells, elucidating that the LOE is displaced from the cathode
interface during cycling. Hence, this work clarifies the effect of
LOEs on the sodium-beta alumina solid electrolyte and the
charge/discharge behavior. We demonstrate that using semi-
solid-state electrolytes is a promising approach for sodium-
beta alumina-based solid-state sodium batteries, resulting in
a stable cycling performance at an operating temperature as low
as 30 °C.

2 Methods

2.1. Materials

NazV,(PO4); (NVP) was purchased from Gelon Lib. Poly(-
vinylidene fluoride) (PVDF) (M,, = 534 000 g mol ') and carbon
black (ENSACO® 350 G, Imerys S.A.) were used as binder and
conductive carbon, respectively. N-Methyl-pyrrolidone (NMP)
from Merck Schuchardt OHG (=99.5%) was used as the solvent.
Anhydrous NaClO, (Alfa Aesar, 98-102%) and anhydrous NaPF,
(Thermo Fisher (Kandel) GmbH, =99%) were used as con-
ducting salt and dissolved in anhydrous propylene carbonate
(PC) (Acros Organics, 99.5%). Both conducting salts were thor-
oughly pestled and dried at 120 °C under a vacuum prior to

This journal is © The Royal Society of Chemistry 2024
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usage. Fluoroethylene carbonate (FEC) from Sigma Aldrich Co.
acted as an electrolyte additive when applicable. All electrolyte
solutions were mixed and stored in a nitrogen-filled glovebox
(GS ALPHA X-Line, GS Glovebox) with O, and H,O < 1.5 ppm.
We obtained the disk-shaped sodium-beta alumina solid elec-
trolytes (BASE, d = 20 mm) following a solid-state reaction
procedure described in previous work.*”” Before application,
BASE was thoroughly dried at 650 °C to remove superficially
adsorbed residues.

2.2. Materials characterization

Scanning electron microscope (SEM) images and energy-
dispersive X-ray spectroscopy (EDX) scans were obtained from
a Carl Zeiss' Ultra 55+ microscope. For microstructure analysis,
BASE's fracture surface was polished water-free and thermally
etched at 1500 °C for 30 minutes.

XRD patterns were recorded using a Bruker D8 Advance
diffractometer in the range of 5° to 90° 26 and Cu K, radiation
of a pristine solid electrolyte. Quantitative XRD evaluation by
the Rietveld refinement method was performed with Autoquan
2.8.0.2.

Using ten pristine BASE samples, the ball-on-three-balls
method (Zwick 100, Zwick) examined the fracture strength.

X-ray photoelectron spectroscopy (XPS) and SEM were
measured on pristine BASE and cycled BASE samples to inves-
tigate the surfaces and interphase build-up. The cycled samples
were gathered from the cells after disassembling them inside
the glovebox. Here, the surface contacting the cathodic side and
LOE was investigated. XPS measurements were performed
using a K-Alpha X-ray Photoelectron Spectrometer System
(Thermo Fisher Scientific) with a monochromatic X-ray source
(Al K,) with a spot diameter of 400 um and an electron detector
with an energy resolution of 0.5 eV. A flood gun was used to
compensate for the potential surface charge due to electrically
insulating species. The spectra were calibrated using the C 1s
peak (284.6 eV) and fitted using Voigt functions after back-
ground subtraction. In order to remove the topmost layer, Ar-
ion sputtering was performed using the ion gun of the XPS
system with an energy of 1000 eV.

2.3. Electrode fabrication, cell configuration, and
electrochemical characterization

We prepared NVP cathodes by mixing NVP active material,
conductive carbon, and 5% PVDF in NMP solution in a weight
ratio 7:2:1 and adding additional NMP solvent to achieve
a homogenous slurry. The slurry was doctor-bladed onto Al
current collectors. The layer was dried in a vacuum oven at 70 °
C. The 200 pm thick cathodes were punched out, resulting in
cathodes with a diameter of 18 mm. The positive electrode mass
is shown in Table S1.1 The cathode was soaked with 1 M elec-
trolyte before cell assembly (Table 1). Table S1{ shows the
amount added to the cathode. Na metal (99.8%, Acros Organics
BVBA, Thermo Fisher Scientific) was used as anode. It was
freshly cut from a Na bar, flat-rolled, punched out (d = 14 mm,
=50 mg), and pressed onto BASE's surface by hand. No liquid
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Table 1 The chemical composition of the different electrolyte
systems. The concentration of conducting salt in organic electrolytes
was 1 mol [ (1 M)

Electrolyte Conducting

abbreviation salt Solvent, additive

NaC NaClO, PC

NaC-FEC NaClO, PC: FEC 20: 1 by volume
NaP NaPFg PC

NaP-FEC NaPFg PC: FEC 20: 1 by volume

electrolyte was added to the Na|BASE interface. Therefore,
sodium was available in surplus. No oxidation layer was visible.

All cells were assembled under a nitrogen atmosphere (O,,
H,O0 < 1.5 ppm). A sodium-beta alumina solid electrolyte paired
with two cathodes or two sodium anodes for symmetrical cells.
Four probes two-electrode measurements were performed in
half-cell configurations using sodium as the anode and NVP
cathodes. A ring-shaped sodium reference electrode (EL-CELL
GmbH) also contacted the solid electrolyte on the anodic side
for the four probe three-electrode measurements. The counter
and counter sense probes were connected to the counter elec-
trode, the working and working sense to the working electrode,
and the reference to the sodium reference ring. Hence, both
half-cells were measured independently in addition to the full
cell in a single experiment (Fig. S17).

All electrochemical tests were performed in gas-tight
measuring cells (PAT cell, EL-CELL GmbH), which were inser-
ted in a temperature-controlled docking station and connected
to a potentiostat (VMP-3 and SP240, Biologic). Galvanostatic
cycling with potential limits (GCPL) was performed from 2.8-
3.8 V at different C-rates, as shown in Table S1.T The retentions
were calculated using the second cycle, i.e., the first full cycle in
the applied voltage limits. The applied currents were calculated
using 118 mA h g~ " as the theoretic specific capacity gy, of the
active material, assuming the V*'/V®' redox couple and
Na;zV,(PO,); stoichiometry. Potentiostatic impedance spectros-
copy (PEIS) was performed in the frequency range from 1 MHz
to 100 mHz using 24 measurement points per decade while
averaging two measurement points. A sinusoidal amplitude of
20 mV (30 °C) or 10 mV (80 °C) was applied.

3 Results and discussion
3.1.

The oxidic, polycrystalline, Na'-conducting sodium-beta
alumina solid electrolyte (BASE) was chosen to examine the
effect of four different liquid-organic electrolytes (LOE) in
a semi-solid-state cell. The BASE combines advantageous
properties, e.g., good electrochemical performance,”® a wide
electrochemical window,*® stability against metallic sodium,*
high mechanical stability, and abundant precursors. The fine-
structured solid electrolyte with some grains bigger than 50
um (Fig. 1a and S27) exhibits a density p of 3.19 g cm ™ (98.2% +
0.1%) measured with Archimedes' principle in toluene. An ionic

conductivity ionic of 2.3 mS ecm™ ' and 11.1 mS cm " was

Characterization of the solid electrolyte
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measured in symmetrical Na cells at 30 °C and 80 °C, respec-
tively. According to the Arrhenius-type equation, the coefficient
of determination (R* = 0.99) indicates a thermally-activated
conduction process with an activation energy E, of 0.32 eV
(Fig. 1a). The disks show a high phase purity of 96% for the well-
conducting Na-B”-alumina crystal phase*® (Fig. 1b), determined
with Rietveld refinement. The remaining 4% are correlated to
NaAlO,. NaAlO, is a common impurity in BASE due to the solid-
state fabrication process.** The diffractogram is shown in detail
in Fig. S3.1 Using a symmetrical Na|BASE|Na setup, we obtain
a critical current density of 4.79 mA cm ™2 at 25 °C and 0.20 MPa
stack pressure with a cycled capacity of 0.25 mA h cm ™2 (Fig. 1¢),
underlining BASE's excellent capability as a solid electrolyte and
validating previous results.’” Fig. 1c displays an asymmetric
voltage hysteresis. The asymmetry can be explained by different
point-to-point physical contact between the sodium electrodes
and the solid electrolyte. Interface modifications can improve it.
For example, Liu's group improved the solid-solid contact using
metallic surface coatings™ or interlayers,® increasing the long-
cycle performance and critical current density. The anodic
polarization is likely due to the formation of voids and subse-
quent contact loss at the Na|BASE interface, as reported by
Spencer Jolly et al.*> A fracture strength ¢, of 212 MPa is ob-
tained (Fig. 1d).

3.2. Effect of LOEs on the cycling performance

The cycling performance of two-electrode cells was assessed at
80 °C and 0.3C. Four LOEs were added to modulate the interface
between the sodium-beta alumina solid electrolyte (BASE) and
the cathode (see Table 1). Fig. 2a shows the specific discharge
capacity g, and the coulombic efficiency of the four cells over
50 cycles. A specific discharge capacity of 101.0 mA h g™ ' is
achieved for the cell using 1 M NaClO, without FEC additive
(NaC), corresponding to 86% of the active material's theoretical
capacity of 118 mA h g~ . After 50 cycles, 97.2% of the initial
specific discharge capacity g, is retained (cell 1, Table S17). The
stable cycling performance of the NaC system is underlined by
the voltage profiles with a broad discharge plateau at 3.35 V. The
discharge plateau is only 20 mV lower than the charge plateau
(Fig. 2b), correlating to the low overvoltage shown in the Nyquist
plot in Fig. S4.f However, Fig. S4t1 reveals that the internal
resistance doubles from 40 Q cm? in the first cycle to 80 Q cm®
in the 50th cycle.

Furthermore, the NaC modification shows the best rate
capability with a discharge capacity of 96.3 mA h g~' at 2.0C,
while itis 84.8 mAh g ', 82.0mAhg ', and 38.9 mA h g~ " for
the NaC-FEC, NaP-FEC, and NaP system, respectively (Fig. S57).

Hence, while all cells can be charged and discharged, the
cells using NaClO, in the LOE show superior performance, i.e.,
a more stable cycling behavior, compared to those using NaPF.
This result contradicts findings where NaPF¢ was superior to
NaClO,.””* He et al. attributed the superiority to the “incom-
patibility and instability of NaClO,” salt with the high potential
NVPF cathode,”” which is absent in this work. Furthermore,
Ponrouch et al. proved the stability of the NaC system in the
given voltage range from 2.2-3.6 V vs. Na'/Na.** These results

This journal is © The Royal Society of Chemistry 2024
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Fig.1 (a) The conductivity measured from 30 °C to 80 °C with Na electrodes show a thermally activated conduction according to the Arrhenius-

type equation. The inset shows the specimen’s microstructure, detailed in Fig. S2.1 (b) The diffractogram of the specimen shows good agreement
with literature peaks (pdf 01-084-0210). (c) A critical current density (CCD) of 4.79 mA cm™2 was measured for the specimen. The potential drop

indicates the CCD. (d) The Weibull distribution of ten BASE specimens.

suggest that the electrolyte composition must be adapted to the
respective system, ie., solid electrolyte and cathode chemistry,
and other parameters, e.g., operating temperature and voltage
range.

FEC addition showed no advantage over the pure NaC elec-
trolyte. Although the NaC-FEC cell also shows stable cycling
behavior, the discharge capacity is lower than with NaC. The
result is in line with observations from He et al. Here, FEC
addition formed a cathode surface layer due to its decomposi-
tion, enhancing the transfer resistance.”” On the contrary,
adding FEC affected the NaP system beneficially. While the
specific capacity starts at only 65 mA h g ' and gradually

increases, the cell's capacity retention improves. This observa-
tion aligns with findings from Cheng et al, who reported
a beneficial effect on the retention by the simultaneous pres-
ence of FEC and PF,s .** However, the corresponding low
coulombic efficiency indicates side reactions initially.** The
different effects of FEC on the NaC and NaP system can be
explained by a higher presence of fluorinated molecules in the
NaP-FEC system, enabling a richer surface chemistry, as
described by Aurbach's group.*® Hence, FEC addition affected
the NaC and NaP systems in multidirectional ways but showed
no advantage over pure NaC in the Na|BASE|LOE|NVP system at
80 °C.
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Fig. 2
NaC cell shows an overvoltage of 20 mV.
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Due to the promising electrochemical performance of the
NaC system, we chose to study it in more detail with scanning
electron microscopy (SEM), X-ray photoelectron spectroscopy
(XPS), and three-electrode measurements to clarify the origin of
the resistance growth and investigate whether BASE is stable in
contact with the LOE.

3.3. Post-cycling analysis of the NaC system

The pristine and cycled cathode's surface was investigated using
scanning electron microscopy (SEM). The active material
particles of the pristine cathode have a smooth surface, as
shown in the center of Fig. 3a. They are embedded in a matrix of
smaller active material particles and carbon. Fig. 3b reveals
some cracks in the active material's particles after cycling,
which is also true for the cycled cathode surface. On the
contrary, the pristine cathode in Fig. 3c appears more homo-
geneous, displaying smaller particles and fewer cracks than the
cycled cathode, shown in Fig. 3d.

We used X-ray photoelectron spectroscopy (XPS) to investi-
gate whether these macroscopic properties translate into
a difference in surface composition. The cycled cathode
contains higher Na, Cl, and O fractions than the pristine
cathode (Table S21). This result is evident because these
elements form the conducting salt NaClO,, added for the cell
test. However, the XPS analysis further discloses that the surface

View Article Online
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species differ mainly due to Cl species on the cycled cathode, as
Cl had been absent before cycling (Table S31). The Cl 2p core
level spectrum of the cycled cathode reveals the presence of
NaCl at 198.6 eV, C-Cl, at 200.3 eV, ClO; ™ at 206.5 eV, and ClO,~
at 208.3 eV on the surface of the cycled cathode (Fig. 3e). ClO,~
dominates the spectrum with 43.3%, followed by NaCl (27.2%),
C-Cl, (18.7%), and ClO3;~ (10.8%). C-F species related to the
PVDF binder dominated the F 1s spectrum at 687.7 eV. Only
4.6% NaF, a common inorganic halide component responsible
for CEI formation,?*** was detected at 684.8 eV (Fig. 3f). We
assume that the small amounts of film-forming halide species
in the NaC system (0.35 at% NacCl, 0.28 at% NaF) result in a thin
CEI with little resistance. It induces a low overvoltage and
a broad voltage range for cycling and, hence, a higher specific
capacity than the fluoride-containing NaC-FEC, NaP, and NaP-
FEC mixtures.

SEM imaging was also used to analyze BASE's pristine
surface and BASE's surface after cell operation to investigate
interphase build-up, which can contribute to resistance
increase.>*> Here, we analyzed the cathode side of the solid
electrolyte after removing both electrodes.

While the pristine surface in Fig. 4a appears to be smooth
beside some edges, steps, and pores, the surface in Fig. 4b does
appear curled and corrugated compared to the original state.
Additionally, most pores are no longer visible. Therefore, the
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Fig.3 SEM and XPS analysis of the NVP cathodes. (a and c) SEM image of the pristine cathode (b and d) post-mortem SEM image of a cycled NaC
cathode. (e) Post-mortem XP spectrum of a cycled NaC cathode's Cl 2p core level. (f) Post-mortem XP spectrum of a cycled NaC cathode's F 1s

core level.
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Fig.4 SEM and XPS analysis of the sodium-beta alumina solid electrolyte (BASE). (a) SEM image of a pristine BASE surface. (b) Post-mortem SEM
image of a BASE that had been in contact with NaC and the cathode. (c) Post-mortem XP spectrum of BASE's Cl 2p core level. The BASE had been

in contact with NaC and the cathode.

solid electrolytes were examined by XPS to investigate the
surface composition. The survey spectrum of the cycled BASE,
which had been in contact with NaC and the cathode, reveals
that the surface composition is dominated by C, O, and Al
(Fig. S6at). Atomic fractions of the components are 12.4%,
56.7%, and 23.2%, respectively (Table S4f). The presence of
atomic fractions of 4.4% Na and 1.6% Cl is expected, as Na is
part of the solid electrolyte, while Na and Cl form the con-
ducting salt NaClO,. The presence of carbon, illustrated in
Fig. Séb,t stems partly from superficially adsorbed carbon
species. Adventitious carbon species (C-C/C-H) are detected at
284.6 eV. Oxidized carbon species are detected at higher
binding energies of 285.2 eV (C-O), 286.5 eV (C=0), and
289.0 eV (COO™/C-F). Additional species stem from cathodic
residues of the conductive carbon and the binder. No CO,>” is
present, indicated by the absence of a peak at =290-291 eV,
underlining the approach of reducing superficially adsorbed
carbon species by heat treatment.*® Additionally, remains of the
cathode, which had been peeled from the BASE, were found on
the surface, including C-F species from the PVDF binder found
at 687.8 eV and PO, from the active material at 133.6 eV. A peak
at 685.5 eV hints at the presence of a second fluoride species,
likely NaF (Fig. S6c and df). Compared to the pristine BASE
sample, where 1.4% NaF had been detected, it is reduced to
0.7% in the cycled sample.

The spectrum of the CI 2p core level in Fig. 3c shows the
presence of three Cl species after cycling: chlorides C1™, likely
NacCl or AICl;, chlorates ClO;™, and perchlorates ClO,~ as the
main component at 198.6 eV, 206.7 eV, and 208.7 eV, respec-
tively. The spectrum is dominated by the peak attributed to the

This journal is © The Royal Society of Chemistry 2024

conducting salt's perchlorate anion, while the chlorate species
ClO;™ can be seen at a lower binding energy. We determined the
proportion of the chlorine species Cl~, ClO, ™, and ClO; ™, with
30.9%, 51.8%, and 17.3%, respectively. Hence, the atomic
fraction of C1™ after cycling is 0.5% compared to 0.2% in the
pristine sample, where only the Cl™ species had been detected.
ClO;™ is surprising because NaClO, in PC is known to be stable
in the given voltage range.** We do not think the species arose
due to photoinduced decomposition from the XPS radiation
source," as no progressive decomposition had been observed in
the measurement.

After Ar-ion sputtering, C, Cl, F, and Na levels decrease, and
the absence of P is observed, underlining that these elements
are present at the surface only. On the contrary, O, Al, and Li
increase after sputtering, indicating that these elements had
been covered before (Table S47).

Summarized, SEM imaging and XPS reveal differences
between the surfaces of the pristine BASE and the cycled BASE.
Positive electrode remains were found on the cycled electrolyte.
Additionally, we observed perchlorate and chlorate, which had
been absent on the pristine surface. On the contrary, the
sodium halogens NaCl and NaF, typical components of inter-
phase layers in sodium cells,*® were found both in the pristine
and the cycled BASE samples. While the C1™ levels were elevated
on the cycled surface, the F~ levels were decreased. In both
cases, no CO5>~ was detected, which occurs often as sodium
carbonate in inorganic interphases.*®* Therefore, the XPS
measurements underline the SEM observation, indicating
inorganic interphase build-up to a certain degree. Busche et al.
observed the formation of a solid-liquid electrolyte interphase
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when investigating oxidic Li" conductors, assuming that any
ionic compound will dissolve in the organic electrolyte to
a certain extent.** On the contrary, propylene carbonate con-
tacted BASE in several works.*>** None of them reported a direct
effect of PC to BASE. Will, Mitoff, and Farrington observed
a change in electrical resistivity due to an ion exchange.
Contrary to interphases, they assumed that the increase in
resistivity stems from water impurities in the organic
solvent,** an effect we recently confirmed for humid
atmospheres.’”

3.4. Monitoring resistance evolutions using three-electrode
measurements

We used a three-electrode cell with a sodium anode and sodium
reference to observe resistance changes at the cathode (working

View Article Online
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electrode) in situ. Comparing the three-electrode spectrum in
Fig. 5a with the two-electrode spectrum in Fig. S4t reveals that
both setups yield comparable spectra, validating the employed
experimental setup.®

First, a spectrum was recorded every eight hours at open-
circuit voltage (OCV) for 168 h at 80 °C. Surprisingly, the
counter electrode’s/anode’s contribution (Rgg) dominates the
internal resistance, likely governed by insufficient kinetics
(Fig. 5a).** This observation underlines the need for engineering
the Na|BASE interface in future works.> Fig. 5b shows the
cathode's Nyquist plots after eight hours and 168 h at OCV and
80 °C. Two semicircles with apex frequencies of 261 kHz and 1
kHz are visible for each spectrum. Thus, three resistance
contributions can be deduced. The ohmic resistance (R;),
observable at high frequency, stems from the cell components,
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Fig. 5 Results of the PEIS measurements in a three-electrode cell (cell 2). The resistance is normalized to the electrode area. (a) Nyquist plot of
the cathode, anode, and half-cell after 168 hours at OCV. (b) Nyquist plots were obtained after eight and 168 hours at an OCV of 2.74 V and
2.84V, respectively. (c) Resistance evolution of the working electrode over 168 hours. (d) Nyquist plot of the cathode after 168 hours at OCV and
after 100 cycles. (e) Resistance evolution of the working electrode over 100 cycles.
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Fig.6 GCPL data of the two-electrode cell cycled at 30 °C with 0.5C for 150 cycles and 1.0C for the subsequent 100 cycles (cell 4). The thickness
of the BASE was 300 pm. (a) The cell delivers a specific discharge capacity of 77.7 mA h g~ ! after 150 cycles. The cell delivers a specific discharge
capacity of 60.1 mA h gt after 250 cycles (100 cycles at 1.0C) with a coulombic efficiency of 99.94%. The capacity retention is >99.8%,
considering the first discharge at 1.0C. (b) The voltage profiles indicate a loss in specific discharge capacity during the initial 50 cycles. Afterward,
the capacity stays constant. The voltage profiles overlap for the cycling at 1.0C, showing high capacity, voltage, and energy retention.

the solid electrolyte, and the liquid-organic electrolyte. We
assign the semicircle in the midfrequency range to the interfa-
cial resistance (R,). The remaining low-frequency semicircle
corresponds to the cathode itself, i.e., its charge-transfer resis-
tance (R;).** We validated the assignment of R, by adding
different amounts of electrolyte to both cathodes in a symmet-
rical cell (Fig. S7at). When an additional 10 pl LOE is added to
each of the cathodes, R, decreases significantly (n = 3) from 12.3
+ 1.6 Q cm? (3 pl on each cathode) to 5.8 4+ 2.6 Q cm? (13 pl on
each cathode), while R; stays constant. As the electrodes were
peeled from the solid electrolyte to add more NaC to the cath-
odes, R; increased slightly but insignificantly (Fig. S7b?). Hence,
the midfrequency resistance contribution (R,) correlates to the
amount of LOE and the enhancement in interface contact.
The cell's resistance contributions during OCV, obtained by
fitting the impedance data with an R + (RQ) + (RQ) + Q equivalent
circuit, are shown in Fig. 5c. Overall, the resistance from the

This journal is © The Royal Society of Chemistry 2024

working electrode/cathode (Rwg = Ry + R, + R3), which is in
contact with the LOE, increases slightly from 16.0 Q cm? to 18.9
Q cm? R, is about 5 Q cm? corresponding well to BASE's
thickness and ionic conductivity (=4.5 Q cm?). R; and R, both
increase slightly by 0.7 Q cm®. The charge-transfer resistance R;,
increasing from 7.9 Q cm? to 9.4 Q cm?, contributes 50% to the
overall resistance of the working electrode Rywg. Rwe does not
reach a constant value after one week (168 h) at OCV. Note-
worthy, the internal resistance Ree; of 63 Q em® (Rwg + Rcg)
before cycling is lower compared to other Na-SSB approaches,
where polymers® (R..;y = 500 Q cm?), hydroborates®® (Re.y =
200 Q cm®), and even ionic liquids™® (Reen = 300 Q cm?) were
used as interface modifiers.

After 168 h at OCV, the three-electrode cell was cycled at 80 °C
and 1.0C (cell 2, Table S17) to investigate the resistance evolution
under operation. The spectra were recorded from the charged cell.
The voltage profiles and electrochemical performance are shown
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in Fig. S8a and b, respectively. Fitting the impedance data ob-
tained from the three-electrode setup (Fig. 5d) reveals that the
interfacial resistance R, now governs the working electrode’s
resistance (Fig. 5e). R; remains nearly unchanged, and R;
increases slightly from 10 Q em” to 15 Q em® during the subse-
quent 100 cycles.

After disassembly, we noticed that the cathodes were not
wetted by the LOE anymore. Considering only minor changes in
the composition of the surface of the BASE disk and the
cathode, which were determined by XPS measurement (Section
3.3) and the results of the symmetric cell measurement
(Fig. S71), we conclude that the main reason for the R, increase,
and thus, increase in internal resistance, is the displacement of
the liquid electrolyte from the interface. We suspect the liquid
electrolyte was displaced due to the electrodes' volume changes
during cycling. We rule out solvent evaporation despite the
operating temperature of 80 °C since no increase in interfacial
resistance was detected during the 168 hours of OCV
measurement. As R; and R; barely change, the interphases
observed with XPS do not considerably affect the cell's
resistance.

We confirmed this with another three-electrode cell, cycled
at a lower current of 0.3C at 80 °C, where we added 15 ul of LOE,
decreasing R, to nearly zero (cell 3, Table S1 and Fig. S97). After
ten cycles, the semicircle corresponding to the interfacial
resistance R, starts evolving in the medium-frequency range
(Fig. S9at), which subsequently dominates the cathode resis-
tance after 50 cycles and reaches 300 Q cm? after 250 cycles
(Fig. S9bt). The result underlines that the resistance increase is
independent of the applied current. The displacement theory is
corroborated by the fact that we decreased R, to 20 Q cm?® by
adding 3 pl of NaC to the positive electrode after 250 cycles
(Fig. S9bt). We assume that the detachment of the active
material particles from the positive electrode and the inter-
phase build-up, as shown in the XPS analysis, is responsible for
the slight increase in R; in Fig. S9b.1** The cell's performance of
250 cycles with 80.1% capacity retention is illustrated in
Fig. S9c.t

The effectiveness of using NaC as an interface modifier is
additionally demonstrated by operating a cell at 30 °C for 250
cycles (cell 4, Table S11 and Fig. 6a). A BASE with a thickness of
300 um was employed to minimize internal resistance. An
initial discharge capacity g5, of 88.9 mA h g~ is achieved in the
first cycle at 0.5C. 77.7 mA h g~ are retained after 150 cycles.
The cell shows nearly no loss in specific discharge capacity (gret
= 99.8%) during the subsequent 100 cycles at 1.0C with gy, =
60.1 mA h g~" in the 250th cycle. The overlap of the voltage
profiles indicates that the capacity retention, voltage retention,
and thus, the energy retention approaches 100%, too (Fig. 6b).
The performance parameters of the four cells highlighted in
this work are compared in Table S1.}

4 Conclusion

Semi-solid-state sodium cells operating at 80 °C and 30 °C were
realized, in which the BASE|cathode interface impedance was
successfully reduced using a liquid-organic electrolyte (LOE,

774 | Sustainable Energy Fuels, 2024, 8, 766-776

View Article Online

Paper

1 M NaClO, in propylene carbonate) as interface modifier. The
LOE is capable of infiltrating the positive electrode, effectively
establishing a percolation path for facile ion transport and
intimate interface contact. X-ray photoelectron spectroscopy
discloses only small amounts of film-forming halide species in
the NaC system. Using symmetrical cells and three-electrode
setups, we were able to correlate the increase in interfacial
resistance to a displacement of the LOE during cycling. Hence,
future works must aim to retain the LOE, e.g., inside a porous
electrode or sealing the cathode to the electrolyte, contributing
to additional complexity in the cell production of solid-state
cells. Sodium metal can still be used as an anode when the
LOE is limited to the cathode interface. Additionally, the cell
retains all the advantages of solid-state cells using only a tiny
amount of LOE. The LOE approach is a good compromise
between high performance and cost and, therefore, a more
practical approach than sophisticated interface modifications.
Thus, the study demonstrates that - similar to Li- and Na-ion
systems - tuning the salt/electrolyte system results in
improved electrochemical performance. We suggest tuning the
electrolyte system depending on the solid electrolyte and the
cathode chemistry.
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