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Introduction

Corrosion stability of NASICON-based membranes
against aqueous solutions: case study for sodium
iodine batteriest

Gerald Duick, ©2° Frank Schafer,® Jurgen Peter Gross, &9 Subham Ray,®
Tarek Allam,? Michael Holzapfel,© Ruth Schwaiger,® Martin Finsterbusch @ *2
and Dina Fattakhova-Rohlfing & *2

Sodium batteries are attractive candidates for medium to large scale stationary energy storage applications.
While high-temperature Na—NiCl batteries (Zebra batteries) have been in commercial use for decades,
intensive research is being conducted into new cell concepts to mitigate some of the drawbacks,
particularly the high operating temperature and the expensive Na-beta-alumina separator. Medium-
temperature sodium batteries are promising low-cost alternatives with an operating temperature of only
100 °C (slightly above the melting point of metallic Na), a NaSICON-based separator and a high-capacity
aqueous cathode based on Nal/Nals. Compared to polycrystalline Na-beta-alumina, NaSICONs offer
higher Na-ion conductivity and lower manufacturing costs. However, little is known about the stability of
this large class of materials under the specific operating conditions in this new cell type. In this study, we
systematically investigate the chemical stability of different NaSICONs composition as a function of the
state of charge (SOC) of the catholyte. Subsequently, solid separators were prepared and tested in
symmetrical Nal/NASICON/Nals and full Na/NaSICON/Nal + Nals cells to evaluate the degradation under
electrochemical cycling. These experiments revealed that the main cause of degradation is Na-proton
exchange in the NaSICON and reaction of iodine with secondary phases and that this depends on the
SOC. From this fundamental understanding, optimization strategies were derived that led to the
development of sub-stoichiometric NaSICON with optimized doping to extend the lifetime of aqueous
medium temperature Na batteries. The results obtained here not only enable the use of this exciting new
battery technology for medium- to large-scale energy storage, but can also help to increase the lifespan
and efficiency of other aqueous-based battery systems, such as seawater-based batteries or membranes
for Na extraction from brine solutions.

commercialized and used for stationary storage for decades.'”
These batteries offer competitive energy densities and can be

Sodium batteries are a promising alternative to lithium-ion
batteries (LIBs), as sodium is much more abundant and less
expensive than lithium. The advantages of sodium batteries are
particularly evident in the mass market for stationary energy
storage, where the cost structure and availability of critical
materials play a decisive role. Several sodium battery concepts
such as Na-S and Zebra batteries have already been
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operated for several thousand cycles without degradation due to
the use of high energy density sodium metal anodes and molten
salt catholytes separated by a ceramic membrane. However, the
reliable operation of the known systems requires a relatively
high temperature of around 300 °C, which requires expensive
housing materials for insulation and corrosion protection as
well as complex production processes.

The development of transition temperature sodium batteries
with sodium metal anodes that can be operated at medium to
room temperature is a compelling solution. One of the inten-
sively investigated strategies is the use of aqueous catholytes
instead of molten salts, which can be operated at temperatures
of about 100 °C and below. Several room temperature batteries
with aqueous cathodes have been already introduced, such as
Li-Fe,*® Li-1,,%” Mg-1,,* or Zn-I, batteries® or even sea water
batteries,'” which are described in a comprehensive review by
Arnold et al™ In this article, the authors emphasize the
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importance of the stability of the solid electrolyte in the
aqueous medium, with typical cycle numbers stagnating
between 20 and 100 cycles. Another promising concept intro-
duced by Zhu and Kee," which is discussed in this work, utilizes
liquid sodium anodes and aqueous Nal/I, cathodes operating
just above the melting point of sodium at around 100 °C. In this
novel approach, iodine and sodium metal are the active elec-
trode materials responsible for the conversion of chemical and
electrical energy.

Various room temperature and medium temperature
sodium batteries have a potential to achieve competitive energy
densities at practical operation temperatures due to the use of
sodium metal anodes and aqueous electrolytes. However, their
successful operation requires the use of solid Na-ion conduct-
ing membrane that is chemically stable to both the liquid
sodium anode and the aqueous catholyte.

Solid Na-ion conductors have been studied extensively in the
past,”** with most research focusing on understanding and
improving ionic conductivity. Sodium beta-alumina (Na-f’-
alumina) is often used as ion-conducting separator membrane
in sodium batteries. It enables low-cost precursor materials and
offers high ionic conductivity and stability to liquid
sodium.>***®* However, Na-f”-alumina requires a sintering
temperature of about 1600 °C, which increases production cost
and negates the benefits of using low-cost precursor materials.
In addition, previous studies by Holzapfel et al. have shown that
Na-B”-alumina is not suitable for use in aqueous batteries, as it
generally decomposes rapidly in aqueous solutions, including
the medium temperature Na/I, battery described above.” In
contrast, sodium superionic conductors (NaSICON) have shown
very promising durability, even in harsh alkaline® and acidic
environment."’

NaSICONs with the chemical formula Na,.,Zr,Si,P; 01, (0
= x = 3) are characterized by their excellent ionic conductivity,
a phenomenon first described by Goodenough et al** The
impressive conductivity, commendable thermal stability and
excellent compatibility with sodium metal make NaSICONs
excellent solid electrolytes for the development of high energy
density sodium-ion batteries (NIBs) and solid-state batteries
(SSBs). The superiority of a sodium metal anode lies in its
higher theoretical capacity compared to graphite or other
insertion materials used in Li-ion or Na-ion batteries.*?

Despite the increasing interest to NaSICON materials, the
development of NaSICON-based batteries is still in its infancy,
as some important issues remain to be answered, especially
regarding the chemical stability of NaSICON-based battery
components under operation conditions. Little information is
available on the chemical stability of NaSICONs in different
battery concepts and there is a lack of systematic investigation
of chemical and corrosion stability as a function of NaSICON
composition. In earlier studies, stability problems with NaSI-
CON in contact with sodium metal were identified.?*** Later
studies proposed innovative ways to circumvent this stability
problems and suggested methods such as surface modifications
and compositional tuning to improve the stability of NaSICONS,
especially when interacting with sodium metal.*®>5>%
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The question of chemical stability becomes even more
complex when considering the interactions of NaSICON with
aqueous catholytes. In particular, the exposure of NaSICON
materials to an aqueous environment presents an additional
challenge. Although some NaSICON compositions exhibit some
degree of stability in water,**"** the overall stability is strongly
influenced by the specific exposure conditions. Exposure to
water or high humidity can lead to hydrolysis, initiating
degradation of the NaSICON structure and potentially
compromising ionic conductivity.

These results emphasize that improving the chemical
stability of NaSICON materials is a pivotal goal of ongoing
research on NaSICON-based aqueous batteries. Understanding
the factors that influence the chemical stability of NaSICON
materials in different environments and under various condi-
tions forms the basis for further battery development. The
knowledge gained will guide the development of strategies to
improve the stability of these materials and provide the
opportunities to unlock their full potential in energy storage
applications.

In this study, a systematic investigation of the stability of
different NaSICON materials under the operating conditions
relevant for medium temperature batteries was conducted.
First, we analyzed the different chemical environments pre-
vailing during the different state of charge (SOC) of the aqueous
I"/I, cathode to identify critical conditions. We then modified
the chemical composition of the NaSICON material by doping
with different elements and adjusted the Si-P-ratio and sodium
content to optimize the chemical and electrochemical perfor-
mance. Furthermore, we investigated the difference between
NaSICON powder and sintered pellets and the effects of
different material processing, sinterability and microstructure
of the NaSICON membranes. The identification of a suitable
membrane material is crucial for the successful commerciali-
zation of this promising energy storage technology.

Experimental
Synthesis

The various NaSICON materials (Table 1) were synthesized via
a solution-assisted solid-state reaction (SA-SSR) synthesis
route.*® Stoichiometric amounts of NaNO; (ACS, Merck) and
ZrO(NOs),-xH,0 (99%, Aldrich) were dissolved in deionized
water. Small amounts of HNO; (69%, ACS, Aldrich) were added
to adjust to pH = 3. For the Zr-substituted compounds,
appropriate amounts of Mg(NOj3), (for analysis, Merck), Sc-
nitrate and Hf-nitrate were added to the solution, respectively.
Afterwards, tetraethyl-orthosilicate (TEOS) (reagent grade,
Merck) was added and stirred until fully hydrolyzed. Finally,
NH,H,PO, (ACS, Merck) was added. The gel that was formed
was dried at 80 °C and calcined at 800 °C for 4 hours to receive
the raw NaSICON powder.

The NaSICON materials for the long-term cycling tests were
synthesized via a similar SA-SSR route, as described by Hol-
zapfel et al Stoichiometric amounts of basic zirconium
carbonate (technical grade, Alfa Aesar) were first dissolved in
diluted HNO;. Afterwards a premixed solution of Na,SO;-5H,0
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Table 1 NaSICON compositions and respective sintering conditions, as well as relative density and ionic conductivity of the dense ceramic

membranes

Rel. density/%

Material Theoretical composition Tyinter/°C tawen/hours of sintered pellets Teotal (25 °C)/mS cm !
NZSiP3.4_SSR  Nag ,Zr,Si, 4Py 6012 1260 6 94.8 + 0.7 3.0+ 0.2
Zr-Substitution NScZSiP3.4 Naj_4SCo.4Zrq 6Si,PO1, 1260 6 94.2 + 0.2 0.58 £+ 0.01
NAIYZSiP3.4 Na_4Aly Y0 2213 SiPO;, 1150 6 97.3 + 0.4 0.23 £ 0.01
NHSiP3.4 Nas 4Hf,Si, 4Po.6012 1350 6 96.9 + 0.3 1.1+0.2
NHSiP3.2 Naj ,Hf,Si, ,Pg 5015 1350 6 Powder only
NMZSiP3.1 Naj 1Mgo.05Z11.9551,PO15 1260 6 Powder only
Na-Stoichiometry NZSiP3.0 NazZr,Si, PO, 1250 5 Powder only
NZP NaZr,P;04, 1050 12 Powder only
NZSiP3.0sub Nag oZr,Sis 3P 7011.85 1260 6 98.0 + 0.1 2.840.2
NHSiP3.0sub Nas oHf,Si, 3Po 5011 85 1350 6 98.2 + 1.5 2.9+ 0.3
Fabrication NZSiP3.4 Nay 4Z1,Si; 4Po 6012 1260 6 89.8 + 0.3 0.91 + 0.4

(technical grade, Alfa Aesar), TEOS (99%, Sigma-Aldrich) and
NH,H,PO, (technical grade, Alfa Aesar) was added. The formed
slurry was dried at 110 °C. The dried powder was first milled in
a planetary ball mill in iso-propanol and then calcined at 750 °C
for 4 hours.

To prepare a Hf-nitrate solution, HfO, (99%, Alfa Aesar) was
first stirred in five times molar amount of H,SO, (96%) at 300 °C
for 36 hours. The highly viscous solution was mixed into five times
the amount of deionized water and brought to pH = 9 with
ammonia solution (28%) to precipitate Hf-hydroxide. The mixture
was boiled for a few hours to generate crystal growth and then
cooled to room temperature. The cold solution was Sc-nitrate
solution was prepared by dissolving stoichiometric amounts of
Sc,03 (99.5%, Projector GmbH) in boiling HNO; solution.

The raw NaSICON powders were ball-milled in ethanol with
zirconia milling balls (3 & 5 mm) for around 72 hours using
a tumbling mixer. After drying, the final powder was either
further heat treated as is or first pressed (PW 10, P-O-Weber) into
cylindrical pellets of 13 mm diameter at 100 MPa and then sin-
tered at the same conditions as the respective powder. The sin-
tering conditions for all investigated materials can be taken from
Table 1.

Alternatively, one composition (NZSiP3.4_SSR) was also
synthesized using a solid-state reaction (SSR). Stoichiometric
amounts of Na,COs, ZrO,, SiO, and NH,H,PO, (ACS, Merck)
were milled together in a planetary ball mill (PM400, Retsch)
with zirconia milling balls (3 mm) for around 1 hour. After
drying, the powder was further processed according to the other
materials.

Structural and compositional analysis

The powder was characterized by X-ray diffraction (XRD) (D4,
Bruker). The lattice parameters and quantities of the crystalline
phases were determined by Rietveld refinement of the XRD
data. For the refinement the software TOPAS (Version 6, Brucker
AXS GmbH, Karlsruhe, Germany) was used. Hydrogen
measurements were carried out by Inert Gas Fusion (IGF)
technique using a G8 GALILEO ONH analyzer (Bruker). The
powder samples were encapsulated in tin capsules and melted
at 1600 °C. The released gases from the melted samples were

3012 | J Mater. Chem. A, 2025, 13, 3010-3022

transferred by a nitrogen carrier gas into the detection system. A
thermal conductivity detector (TCD) was used to detect the
hydrogen. The system was calibrated using calibration gas as
well as standard samples prior to the measurements. The
chemical composition was determined by ICP-OES analysis
(Thermo Scientific iCAP7600 spectrometer with optical scale
and CID semi-conductor detector, axial and radial reflection,
wavelength 166-847 nm).

5 mmol of NaSICON powder were each transferred into
10 mL of 3 M Nal; solution - which represents 100% state of
charge (SOC) - and stored at 100 °C. The 3 M Nal; solution was
prepared by stirring 3 M Nal and 3 M molecular iodine in water
at room temperature until completely dissolved. The pH of the
3 M Nal; solution was 1.3, as determined using a pH meter (pH
20, VWR, Germany). After certain exposure times, the solution
was decanted and the powder was washed three times with
50 mL of ethanol until no more discoloration of the washing
solution could be observed. Lastly, the powder was dried in
a vacuum drying oven at 80 °C and 50 mbar. The aged powder
was again investigated by XRD and ICP-OES. Furthermore,
NaSICON powder was also stored in saturated Nal solution
(£0% SOC), 3 M Nal solution and 3 M Nal solution with pH
adjusted to 1.3, to investigate the influence of salt concentra-
tion, acidity and presence of I, in the catholyte solution on the
chemical stability of NaSICON. For the pH-adjusted solution,
a few drops of concentrated HCI (ACS reagent, 37%, Sigma-
Aldrich) were given to a 3 M Nal-solution until the pH
reached the desired value.

To analyze the microstructure of sintered pellets, a thin layer
of platinum (Pt) was sputtered onto the samples. The samples
were then examined using a scanning electron microscope
(SEM) (EVO 15, ZEISS) equipped with both secondary electron
(SE) and backscattered electron (BSE) detectors. Additionally,
the SEM featured an energy-dispersive X-ray spectroscopy (EDS)
detector (ULTIM MAX 100, OXFORD INSTRUMENTS). The
electron acceleration voltage was set to 15 kV.

Electrochemical analysis

Sintered pressed pellets were first sanded and polished with SiC
sandpaper up to a fine grit of P4000. The samples were

This journal is © The Royal Society of Chemistry 2025
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characterized by measuring the geometrical density, surface
XRD (D4, Bruker) and electrical impedance (VMP-300, Bio-Logic
Sciences Instruments Ltd, Claix, France).

Sintered pellets were submerged in 3 M Nal; solution -
which represents 100% state of charge (SOC) - and stored at
100 °C. The pellets were removed from solution after specified
exposure times, thoroughly rinsed with ethanol and dried
overnight at 200 °C to remove all remaining volatile substances.
The as-prepared pellets were sputtered with a thin layer of gold
(Cressington 108 auto coater, TESCAN GmbH, Dortmund,
Germany) on both sides and electrical impedance measure-
ments were performed at 25 °C. Afterwards, some samples were
polished with P400 grit sanding paper by hand to carefully
remove approx. 10 pm of the surface on each side of the pellet.
The pellets where then sputtered with gold on both sides and we
measured the electrical impedance again.

Results and discussion

The operation principle of an aqueous sodium iodine battery is
illustrated in Fig. 1. The cell contains a dense ceramic NaSICON
separator, which is connected to Na metal on the anode side
and an aqueous iodine-containing catholyte on the cathode
side. During charge and discharge, the catholyte solution cycles
between the fully sodiated state (saturated Nal-sol., 0% SOC)
and a desodiated state (3 M Nal;-sol., 100% SOC) according to
the following equations:

Charge (desodiation):

9Na® + 9" — 6e” (—6Na™ to membrane) = 3Na™ + 3[;~ (1)
(desodiated state, 3 M Nalz-sol., 100% SOC)
L-=L+I (2)
Discharge (sodiation):

3Na* + 313 + 6e” (+6Na* from membrane) = 9Nal| (3)

Property tailoring of NASICONS

11 111 V).
Na3.(HZWAX+z-azr2-w-x-yM\Ev )M)(( )M)(/ )Sl’l+7PI-7O 12-a/2

Na content

Sub-stoichiometric Doping by:

Sc, Mg, Hf, Al, Y, etc.

Si to P ratio

View Article Online
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(fully sodiated state, sat Nal-sol., 0% SOC)

The change in oxidation state of the iodine cathode active
material during charge and discharge leads to a change in the
concentration of different iodine species (from molecular
iodine to different iodides) and is accompanied by a change in
the Na' ion concentration and the acidity of the catholyte, all of
which influence the corrosion stability of the NaSICON sepa-
rator. Thus, the fully sodiated catholyte (0% SOC) has the
highest Na" ion concentration and therefore the lowest
concentration gradient between the Na' ions in the separator
and in the catholyte, which reduces the driving force for ion
diffusion. In comparison, the Na' ion concentration in the
desodiated catholyte (3 M Nals-sol.) is about 3 times lower,
which significantly increases the probability of Na* ion diffu-
sion from the separator. Furthermore, the 3 M Nal;-sol. is
inherently acidic - which further increases its corrosivity -
whereas the saturated Nal-sol. is neutral." The iodine formed
during the desodiation mainly forms complexes with the iodide
ion to form I3~ and to a lesser extent higher iodides, i.e. Is~. To
a certain extent, however, the iodine molecules remain dis-
solved in the catholyte (equilibrium in eqn (2)). Due to the
disproportionation equilibria of iodine in water (eqn (4) and
(5)), a pH value below 7 develops in the solution as desodiation
progresses. Last but not least, the dissolved iodine could also
react directly with the ceramic separator.

I, + H,O = HOI + HI (4)
31, + H,O = HIO; + 6HI (5)
I, (aqueous) = I, (vapor) (6)

In general, the corrosion stability of any NaSICON separator in
an aqueous catholyte should depend on the corrosivity of the
catholyte, which varies with the SOC. Based on the above
considerations, the salt concentration, acidity and concentra-
tion of molecular I, are the key parameters that determine the
corrosivity of the catholyte. For the same catholyte composition,

Possible degradation mechanisms in iodine cells

NASICON

charged

WYY
[

M1 X THW
| 3Na* + 31" > Na* +13
| N A o

ORI A
Na AN TN discharged

WMAAN TR

Na* 415 - 3Na® + 31~

Fig.1 Schematic representation of a Nal/l, battery cell and optimization pathways for NaSICON ceramic electrolytes for corrosion stability at the
Na-NaSICON and the NaSICON-cathode interface during charge and discharge. The reaction formulas describe the change in composition of
the catholyte at the NaSICON-cathode interface during charge and discharge and are not balanced chemical equations.

This journal is © The Royal Society of Chemistry 2025
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it can be expected that the corrosion stability of the membrane
depends on the composition of the NaSICON material and the
morphology of the NaSICON separator.

In order to understand the effects of these parameters on the
corrosion stability of the NaSICON membranes, the experi-
ments were designed in such a way that the individual param-
eters could be varied. First, the corrosion stability of NaSICON
powders in catholytes with different compositions was studied
in detail to gain insight into the composition- and catholyte-
dependent corrosion stability of NaSICON materials. Subse-
quently, similar investigations were carried out on poly-
crystalline NaSICON membranes produced from sintered
powders in order to evaluate the influence of the microstructure
on the corrosion stability of the membranes.

Chemical stability of NaSICON powders in an aqueous I /I,
catholyte

Effect of catholyte composition on corrosion stability. To
investigate the corrosion stability of NaSICON material, the
same amounts of sintered powder of Naj,Zr,Si; 4P 6012
(NZSiP3.4_SSR) were submerged into catholyte solutions of
different composition and the change in phase composition of
powders after different exposure times was analyzed using X-ray
diffraction analysis (XRD). The reflections of the proton-
exchanged NaSICON phase could be fitted using a model
based on the NaSICON high structure (space group R3¢, ICSD
no. 202279).** The unchanged NaSICON phase could be fitted
using the NaSICON low structure (space group C12/c1, ICSD no.
38096).** As can be seen in Fig. 2, the sintered starting powder
has a pure NaSICON structure. When exposed to a saturated Nal
solution, the first signs (<3%) of a secondary phase are observed
after about seven days, which is assigned to proton-exchanged
NaSICON phase with an expected composition Na; 4, (H30),-
Zr,Si; 4Pg.601, (H-NaSICON). When the Nal concentration was
reduced to 3 M (as in a catholyte with a 100% SOC), a significant
amount of H-NaSICON was already observed after three days

(a)

3 daysin 3M Nal,

[|%

3 daysin 3M Nal pH=1.3

3 daysin 3M Nal

e 2L At it
7 days in sat. Nal
L»l\.“,,,/

As sintered

I/ a.u.

10 15 20 25 30 35 40
20/°
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(5%). These results indicate a reduced corrosion stability of
NZSiP3.4_SSR in solutions with a lower concentration of
sodium ions, which is the case in catholytes with a higher SOC.
Furthermore, the corrosion rate increases with increasing
acidity of the solution, which also occurs at higher SOC. When
the pH of a neutral 3 M Nal solution was lowered to about 1.3,
which corresponds to the pH of a 3 M Nal; solution in the fully
desodiated catholyte, the amount of the protonated H-NaSICON
increased to about 10%. Surprisingly, the presence of molecular
iodine further accelerates the corrosion rate, although the pH
and Na concentration do not change. After submersion in the
3 M Nal; solution (pH 1.3), which contained molecular I, in
addition to Nal, the amount of H-NaSICON increased to about
18% within the same exposure time. XRD analysis showed no
other secondary phases except for the protonated NaSICON
phase. A more detailed analysis of the phase composition as
determined by XRD and Rietveld refinement can be found in the
ESI (Table S1t). Based on our results, we suggest that the
presence of iodine increases the corrosion rate of the NaSICON
phase beyond the pH value because the presence of iodine
results in faster Na'/H" exchange than in an iodine-free solution
of similar pH. We assume that the higher corrosion activity of
the iodine-containing solution is not related to a direct reaction
with iodine, but to other processes due to the presence of
iodine. One of the most important processes is the reaction of
iodine with water, as described by disproportionation equilibria
(eqn (2) and (4)), which can lead to the continuous formation of
acidic species. The mechanism of this process is, however, still
unclear and an additional systematic study is needed to
understand it in detail.

The fastest corrosion of NaSICON powders was observed in
the 3 M Nal; solution (100% SOC). The Na‘/H"-exchange of the
NaSICON phase in this solution progresses steadily until only
the fully protonated phase remains (Fig. 2b). This increase in
hydrogen in the sample was also confirmed via IGF (ESI
Fig. S61). Interestingly, however, no other side reactions seem to

(b) 3

*'5 months in 3M Nal, + 2 weeks
* sat. Nal
*
*

I
H T
I

10 days in 3M Nal,

I/ a.u.

A 3 daysin 3M Naly
{1\ ;

As sintered

10 15 20 25 30 35 40
20/°

Fig.2 XRD patterns of: (a) NZSiP3.4 powder before (A) and after (E) and (F) exposure to different solutions: saturated Nal for 7 days (B), 3 M Nal for
3 days (C), 3 M Nal adjusted to pH = 1.3 for 3 days (D), 3 M Nals for 3 days (E). (b) NZSiP3.4 powder before and after different exposure times to 3 M
Nals solution: for 10 days (F), for 5 months (G). Sample G was additionally placed in sat. Nal-solution (0% SOC) for 2 weeks (H). Protonated phase
formed due to Na*/H* exchanged NaSICON (H-NaSICON) is labeled with asterisk (*).
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Table 2 Chemical composition of NZSiP3.4 powder before and after
exposure to 3 M Nals as determined by ICP-OES. Values normalized to
Zr+ Hf =2

Material composition

After sintering
After 5 months in 3 M Nalj

Na3.12(23)(Zr!Hf)ZSiZ.SS(23)PO.61(05)012
Na3.40(13)(ZrnyJzSiz.m(u)Pass(03)012

take place as no other secondary phases except H-NaSICON can
be observed in the XRD patterns even after 5 months of expo-
sure. To our surprise, the chemical composition of the NaSI-
CON phase, characterized by ICP-OES, remains approximately
the same within the error limit even after only the protonated
phase remains according to the XRD analysis (see Table 2). This
result can be explained by the different distribution of the
protonated and non-protonated phases in the particle volume
and the different information depths of the characterization
methods used. Since the proton exchange proceeds from the
surface inwards, XRD detects the phase change quite well up to
2 um into the particle, but cannot reach the non-protonated
particle core. In contrast, ICP-OES measures the entire
powder, including the particle core, as well as any amorphous
phases that are not detected by XRD. Furthermore, since
a detailed investigation of the exchanged proton phase is still
pending, it is unclear how much Na is actually removed during
the process, and partial proton insertion by interstitial atoms is
also still possible. Second, the sensitivity of OES for Na is low
and subject to large errors, and despite rinsing the powder,
residues of Na from the electrolyte solution cannot be excluded.
After an in-depth analysis of the powders with SEM/EDX (see ESI
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Fig. S7 and S8t), we could identify sodium phosphate particles
on the surface of the NaSICON particles. After a prolonged
exposure to the 3 M Nal; solution, these particles had changed
from a spherical shape to a needle like structure and also con-
tained iodine. Therefore, we can suggest that although iodine
does not directly react with NaSICON, it can nonetheless react
with secondary phases which are typically present in sintered
NaSICON materials.**%°

Effect of chemical composition of NaSICON phase on
corrosion stability. Variable composition of NaSICON materials
allows cationic and anionic substitution with different
elements, which do not lead to significant changes in the
structure but strongly influence the materials properties,
including ionic conductivity. To investigate whether the varia-
tion in chemical composition due to cation substitution also
affects the corrosion stability of the NaSICON phase, we
partially substituted Zr*" in the Nas ,Zr,Si, 4Po.¢O12 phase by
practically relevant isovalent and aliovalent cations, i.e. Mg>"
(NMZSiP3.1), Sc** (NSZSiP3.4) and Hf'" (NHSiP3.2). These
materials are intensively investigated as solid Na* conductors
for sodium batteries due to high ionic conductivities above 3
mS cm™ ' at room temperature, which is among the best re-
ported values for this material class.***>

XRD analysis of as prepared NMZSiP3.1, NSZSiP3.4 and
NHSiP3.2 shows high phase purity of these materials with
NaSICON structure (Fig. 3). Minor amounts of ZrO, and HfO,
secondary phases are detected, which is commonly observed in
sintered NaSICON materials. After exposing powders of these
materials to the 3 M Nal; solution, all three compounds show
the formation of protonated NaSICON phase with a similar

(a) | (b)
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——3 days in 3M Nal,

I/a.u
1/a.u.
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Fig. 3 XRD patterns of NSZSiP3.4 (a), NMZSiP3.1 (b) and NHSIP3.2 (c) before (black) and after exposure to 3 M Nals solution for 3 days (red) and 5
months (blue), respectively, as well as their respective phase compositions from Rietveld refinement (d—f). Complete diffractograms are shown in

ESI (Fig. S1-S3%).
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degree of protonation. Same as the NZSiP3.4 powder described
above, the progressing formation of H-NaSICON with time is
observed for all phases, clearly noticeable by the appearance of
reflexes around 18.5° and 20°. Due to a handling error, the Sc
containing sample test (Fig. 3a) was stopped after three days
already. However, we assume a similar development as
NMZSiP3.1 (Fig. 3b), which just as NZSiP3.4 developed a purely
proton exchanged phase and no other secondary phases as per
XRD analysis. In addition to the degradation from H'/Na'-
exchange which all compositions showed, the Hf phase
NHSiP3.2 also showed another minor decomposition by
formation of monoclinic HfO, after five months in 3 M Nal,
solution at 100 °C (Fig. 3c). Furthermore, in addition to the
formation of an unknown NaSICON structure due to proton
exchange, we could also observe a continuous change in the
lattice parameter of the protonated NaSICON phase for all
compositions with prolonged exposure time (Fig. S57).

Na stoichiometry. As another important composition
parameter, the Na content in the NaSICON structure was
varied and its effect on the corrosion stability of powders in
the catholyte solution was investigated. The Na content in
NaSICON materials with general composition
Nal.0+2w+x+z—azr2—w—x—yMgI)Mgcm)MJ(;IV)SizP3—zolz—a/z depends
on the stoichiometry of all elements and can be adjusted by
a variation of metal ion substitution on the Zr sites (cationic
substitution), or - to even greater degree - by varying the ratio
of Si, P and O in the (S,3P;_,304); -anion (anionic
substitution).

The Naj 4Zr,Si, 4Py.c01, material discussed above contains
3.4 sodium atoms per structure unit, providing the highest ionic
conductivity of this composition series. To investigate the effect
of Na stoichiometry on corrosion stability, the Si : P ratio was set
to 0:1 to obtain NaZr,P;0;, composition, which contains only
one sodium atom per structure unit (Fig. 4). For the same
exposure time in the 3 M Nal; solution, the NaZr,P;0;, shows
a much slower progress of Na'/H"-exchange reaction than the
NZSiP3.4 material with higher Na content (Fig. 4A). Even after
five months, hardly any Na'/H'-exchange was observed for the
NaZr,P;0,, powder, whereas for NZSiP3.4, almost complete

@)
F ) N <

L’}\——’MM 3.5 months

\ v A

= D I ‘”\ :‘ “ || 10days

= C 7 days

B 3 days in 3M Nal,

10 15 20 25 30 35 40
20/°
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protonation with formation of H-NaSICON phase was observed
after only three days. Obviously, a reduction in the Na content
significantly increases chemical stability of NaSICON phases in
an acidic environment. These results experimentally confirm
the assumption that a reduction of the Na content could be
beneficial for the stability of the NaSICON material.

Unfortunately, an uncompensated reduction in Na content
leads to a reduction in charge carrier concentration and thus to
a greatly reduced ionic conductivity,*® so the anionic substitu-
tion was further varied to allow a lower Na concentration
without significant conductivity loss. As a possible strategy,
Holzapfel et al' suggested varying the oxygen sub-
stoichiometry in a highly ionically conductive Na; ;Zr,Si, 3P ;-
O;, phase, following the work of Balagopal & Flinders.** By
reducing the relative O amount, the Na content could be low-
ered to only 3 Na atoms per structural unit in a sub-
stoichiometric  Naj Zr,Si; 3Po701185 phase. The sub-
stoichiometric composition was compared with a stoichio-
metric Naj (Zr,Si,PO,, composition with a similar Na content
(Fig. 4b). Both materials show the same monoclinic NaSICON
structure with a minor ZrO, secondary phase. However, after
only ten days in 3 M Nal; solution, about 50% of the stoichio-
metric NaSICON has transformed into the proton-exchanged
phase. In stark contrast, the sub-stoichiometric NaSICON
showed a significantly lower amount of the proton-exchanged
phase. This means that the further extraction of Na' ions
from the NaSICON lattice is hindered if there is already
a sodium deficiency to begin with.

Impact of NaSICON membrane degradation on the
electrochemical performance

Corrosion stability of sintered NaSICON membranes. The
results described above show that the corrosion stability of
NaSICON powders strongly depends on the corrosivity of the
aqueous catholyte, which is highest under acidic conditions,
but also on the composition of the NaSICON material. While the
effect of the cationic substitution of Zr was small, it was shown
that the anionic substitution and the associated Na content

(b)

|1/ a.u.

10 15 20 25 30 35 40
201/°

Fig. 4 (a): XRD of NZP1.0 before (A) and after exposure to 3 M Nals for different times (B—F): 3 days (B), 7 days (C), 10 days (D), 3.5 months (E), 5
months (F). (b): XRD of stoichiometric (G and H) and sub-stoichiometric NZSiP3.0 (I and J) before (G and I) and after exposure to 3 M Nals solution

(Hand J).
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have a strong influence on the corrosion stability of NaSICON
powders. For use in batteries, the powders must be compacted
by high-temperature sintering in order to produce a dense
polycrystalline membrane. It can therefore be assumed that, in
addition to the composition of the powders used for sintering,
the microstructure of the sintered membranes (relative density,
porosity, grain boundaries, surface irregularities) also has an
influence on corrosion stability.

To evaluate the microstructure effects, sintered dense pellets
made of different NaSICON materials were used to represent the
dense separators in a possible full cell. The pellets were exposed
to the same conditions as the powders (3 M Nal; solution at 100
°C) to analyze the effects of the observed variations in degra-
dation on the electrochemical performance.

For the powder samples, no significant difference was
observed between stoichiometric NaSICON compositions with
the same Na content. In contrast to the powders, remarkable
differences in performance were observed for the NaSICON
pellets. After just one hour in the 3 M Nal; solution, the pellets
discolored from white to brownish/purple for all materials,
although to varying degrees depending on the composition
(Fig. 5). The discoloration persisted even after thoroughly
rinsing the pellets with demineralized water and ethanol to
remove Nal/I,. Most striking, however, is the degradation of the
Hf-substituted pellets of NHSiP3.4. Within one hour, the
samples lost about 1% of their weight and became so brittle that
they broke. With the naked eye we could observe the infiltration
of the aqueous solution along the grain boundaries. At low
pressure, the pellet broke along the visible lines. The degree of
discoloration in the other materials correlates with the relative
density of the sintered ceramic, which shows more color the
lower the density. While most samples show little weight loss,
the NZSiP3.4 sample increases in weight after exposure to the
solution. Most likely due to the high porosity of the pellet of
about 10% (Table 1), the solution can penetrate the sample so
deeply that it remains there even after cleaning and drying.

In addition to the color, the impedance of the pellets also
changes after exposure to the catholyte solution. For the as
prepared pellets with different composition, the Nyquist plots
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of the electrical impedance spectra look very similar, showing
a semicircle corresponding to the grain boundary resistance
(Rgg) with an onset at high frequencies corresponding to bulk
resistance of the NaSICON phase, and a diffusion part corre-
sponding to the gold blocking electrodes. After exposure to the
catholyte, the impedance spectra become much more complex,
and a wide suppressed semicircle is observed in the Nyquist
plots, consisting of several overlapping semicircles that cannot
be fitted with sufficient accuracy. Several phenomena compli-
cate the identification of an appropriate physical model, such as
surface degradation, surface contamination and degradation
along the grain boundaries that can occur to different extent on
the surface and in deeper parts of the pellet depending on how
deep the catholyte is able to penetrate due to porosity. The total
resistance of the cells, estimated from the intersection of the
suppressed semicircle on the real part of the Nyquist plots at
low frequencies, increases to different degrees depending on
the composition. Among the materials with stoichiometric
sodium content, the NZSiP3.4_SSR (Fig. 6), the NScZSiP3.4 (ESI
Fig. S9t) and the NAIYZSiP3.4 (ESI Fig. S101) show the smallest
increase in total resistance of around 1000-2000 Q cm. In
addition to the composition, a high relative density of the
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Fig. 6 Sintered dense NaSICON ceramics after one hour exposure to
3 M Nals solution and measured weight gain/loss in percent.
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Fig. 5 Nyquist plots of the electrical impedance spectra of NaSICON pellets before and after exposure to 3 M Nals solution, as well as after
sanding 10 pm off each side of the pellet after exposure: (a) NZSiP3.4_SSR; (b) NZSiP3.0sub.
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sintered pellets is important for corrosion stability, because the
higher the density, the less surface area is available for the
solution to attack. The lower density sample such as NZSiP3.4
(ESI Fig. S111) shows the greatest change in weight and a much
greater increase in total resistance of about 8000 Q cm. This can
be explained by looking at the surface of the pristine and the
etched samples in Fig. 7 and 8. Despite thorough rinsing of the
sample with ethanol after etching, the entire surface is covered
in a layer of sodium iodide (Fig. 8a). Most likely, enough Nal;
solution had penetrated through the porous structure deeper
into the pellet, which could not be removed entirely, despite
cleaning with ethanol. During the drying of the pellet, the
solution must have propagated to the surface, leaving the
observed layer after full evaporation of the solvent. After
abrading about 10 pm from each side of the etched pellets, the
total resistance of most materials decreases significantly. This
shows that the increase in resistance is mainly a surface
phenomenon. The only sample that did not show the decrease
in resistance after polishing is also the only one that showed an
increase in mass after etching. An analysis of the fracture
surface of such a pellet (Fig. 8b) revealed a nanometer-sized
deposit all over the NaSICON grains and a detection of iodine
into a sample depth of as much as 30 um or more. Residual
material from the deeper pores must be brought to the surface
after polishing and causes additional interlayer resistance.
Overall, it can be said that the NaSICON samples with the same
Na content degrade at a similar rate and high porosity is
detrimental to the performance of the ceramic. Of all the
materials tested, the NaSICON pellet made from sub-
stoichiometric NaSICON powder NZSiP3_sub, which exhibited
high corrosion stability in the powder tests, showed no

NZSiP3.0_sub pristine

NZSiP3.0_sub etched

10 pm

3 pum 3 pm

Fig. 7
hour.
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discoloration, minimal mass loss and a very small increase in
total resistance of less than 100 Q cm (Fig. 6) after exposure to
the catholyte.

This confirms that the correlation between Na content and
chemical stability observed in the powder tests also applies to
sintered pellets. Since the sub-stoichiometric NaSICON exhibits
a high ionic conductivity of 2.8 mS em ™" at RT (which is only
slightly lower than the highest reported values for NaSICON
sodium ion conductors* and higher than the values reported
for the stoichiometric composition with the same Na content,
i.e. Najz(Zr,Si,PO,, (ref. 43)), these materials are promising
candidates for corrosion-stable separators for aqueous sodium
batteries. Indeed, the anionic substitution with increasing Si
content increases the ionic conductivity even if the Na content is
not increased, and the chemical stability increases with reduced
Na content in the NaSICON structure.

The long-time corrosion stability of the membrane made of
sub-stoichiometric NZSiP3.0sub was tested in the 3 M Nal,
solution over a longer period of time. The impedance
measurements were carried out after different intervals (Fig. 9).
After seven days of etching, the sub-stoichiometric material also
showed a clear discoloration. The impedance data show that the
bulk ionic conductivity remains about the same, while the grain
boundary resistance increases steadily. In the Nyquist plot,
further semicircles appear at lower frequencies, which cannot
yet be assigned to corresponding processes, as discussed above.
It is conceivable that a semicircle at 50 kHz to 50 Hz is related to
the formation of a brownish layer on the pellet surface, which
can already be observed after seven days of immersion in the
catholyte (Fig. 9, inset). The real part of the impedance obtained

NZSiP3.4 pristine NZSiP3.4 et hd

SEM images of the surfaces of NZSiP3.0sub and NZSiP3.4 before and after etching of the sample in 3 M Nalz solution at 100 °C for one
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Fig.8 SEM and EDX investigation of NZSiP3.4 pellets after etching in 3 M Nal3z solution at 100 °C for one hour: (a) EDX mapping of the surface; (b)
SEM images of the pellet cross-section (fracture surface) (left, center) and EDX spectra (right) taken from spots at different sample depths as

indicated in the SEM image (center).
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Fig. 9 Nyquist plot of the electrical impedance spectra of NZSiP3.0-
sub pellet after different exposure times to 3 M Nals solution at 100 °C.
Inserts of small impedance magnification and pellet image after 7 days
of etching.

by semicircle fitting remains approximately constant at around
10 000 Ohm.

From the comparison of the stability of powders versus sin-
tered pellets, which are possible separators in full cells, the
strong influence of sintering becomes clear. The grain bound-
aries and secondary phases in particular are attacked by the
electrolyte solution, which leads to failure of the component,
especially if the relative density is low and the electrolyte can
penetrate into the separator. This clearly shows the importance
of testing materials on the component level and not only as
powders to fully assess the impact of the microstructure on
degradation.

Critical current density. To evaluate the effect of NaSICON
membrane degradation on cell operation, dense NZSiP3.0sub

This journal is © The Royal Society of Chemistry 2025

membranes were assembled into a symmetrical Nal/lI,-
|NaSICON|Nal/I, cell and cycled at different current densities
(Fig. 10). The starting composition of the Nal/I, electrolyte was
made by mixing 80% 3 M Nal; and 20% saturated Nal solution.
This composition was chosen to be able to cycle the cell close to
the most corrosive catholyte environment - i.e. 100% SOC - but
still have enough capacity to perform the cycling. The time per
cycle was adjusted so that the same amount of capacity was
transferred regardless of the current density. In this way, we
were able to ensure that the SOC level in each cell was compa-
rable. Overcharging would lead to an increase in I, (more
corrosive environment, faster decay) and over-discharging
would lead to more Nal (neutral environment, slower decay).
At current densities of 1 mA em ™2 and 5 mA cm™?, the cells
could be cycled for more than 10 days without any problems.
The spike in overpotential in Fig. 10b was due to an error in the
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Fig. 10 Polarization curves of NaSICON pellets cycled in symmetric
cells with Nal/l, catholyte solutions (80% SOC) at 5 mA cm ™2 (a) and 1
mA cm™2 (b) at 80 °C, and XRD pattern of the surface of NaSICON
pellets after cycling (c).
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measuring device. The system continued to cycle as before with
only a shift in the cell potential. At a certain point, the
measurement was interrupted to examine the NaSICON
membrane. To our surprise, although the cell was still func-
tioning properly when assembled, deep cracks formed in the
membrane, which became visible by the naked eye after disas-
sembly (Fig. 10c). Although the cracks were present in both
samples, the sample cycled at a higher current density showed
much deeper trenches and even chipped spots. For long-term
use of the battery cell, we would therefore recommend
keeping the current density to a necessary minimum. We also
observed that the trenches caused by etching mostly occurred
along pre-existing surface irregularities such as cracks, grinding
marks, pores and grain boundaries. Special care should be
taken when preparing the NaSICON membrane for final appli-
cation to achieve a very good surface morphology required for
high current densities. The analysis of the surface XRDs
(Fig. 10c) of both samples was inconclusive due to the lack of
sufficient reflexes. We assume the formation of H-NaSICON,
deposition of Nal, and potentially other reaction products.
Long-term cycling in symmetrical cells and full cells. The
best performing NaSICON material NZSiP3.0sub was further
tested as a membrane in a symmetrical cell Nal/I,-
|NaSICON|Nal/I, at final operation conditions (sat. Nal vs. 3 M
Nalz, T = 101.5 °C). The cell could run stable for up to 1800
cycles (or over 11 months) with almost constant cell resistance.
The small increase as seen in Fig. 11a was due to evaporation of
catholyte solution over time. When the electrolyte compartment
(Fig. 11c) was topped up with more 3 M Nalj; solution after 750
cycles, the cell resistance went back to the original value. For
our symmetrical cells, a capacity of almost 160 mA h was
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reached at a cell voltage of 0.25-0.45 V (Fig. 11b). Despite the
successful performance in the symmetrical cell setup,
NZSiP3.0sub was not a suitable candidate as ceramic separator
for long-term cycling of a Na|NaSICON|Nal/I, full cell, as the
cells always failed after few cycles. Based on our previous find-
ings, we applied the concept of a Na-sub-stoichiometric phase
to the Hf-based NaSICON system and fabricated Na;z (Hf,Si, -
Py;011.85 (NHSiP3.0sub) pellets. To our surprise, although
NHSiP3.4 performed worse than NZSiP3.4 in the stability tests
on powder samples described above, we were able to operate
a full cell with NHSiP3.0sub as ceramic membrane at 101 °C for
100 charge and discharge cycles with a capacity of 400-540
mA h, i.e. 150-200 mA h ml™" in our cell setup (Fig. 11). Such
a high capacity can only be achieved if all remaining iodide in
the fully charged state is complexed in the form of I;” and some
even as Is~ or higher (i.e. >100% SOC)." Thus, we can say that
the sub-stoichiometry has a much higher influence on the
stability than the doping. The increase in capacity and the
reduction of the polarization at cycle number 57 is again due to
a refilling of the catholyte to compensate for evaporation over
time. Surprisingly, despite the stable cycling of the cells, the
membranes were found to be mechanically damaged after
disassembly of the cells at the end of the testing procedure,
which prevented a detailed post-mortem analysis. Visual anal-
ysis of the separators led to the conclusion that even though
crack formation occurred during cycling, the self-limiting
reaction and possibly the self-healing capabilities of the sepa-
rator membrane in combination with the aqueous catholyte
allowed for an extension of the cell lifetime. The exploitation
and optimization of such self-healing behavior will significantly
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(a—c) Cycling data of a Nal/I;|NaSICON|Nal/l, symmetrical cell: (a) cell resistance as a function of cycle number; (b) cell potential as

a function of capacity representative for cycle number 100; (c) an image of the cell setup. (d—f) Cycling data of a Na|NaSICON|Nal/l; full cell: (d)
cell potential as a function of time; (e) galvanostatic charge/discharge curves; (f) cell resistance as a function of cycle number. An image of the

cell setup is shown in inset.
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increase the industrial attractiveness of this promising new
battery chemistry.

Similar to the difference between powder and separator
testing, these effects demonstrate the significant differences
between ex situ and in situ degradation of separators. While
“self-healing” was not observed in the ex situ measurements,
the interaction between the metal anode, which serves as Na
reservoir, and the dynamic changes in I3~ concentration during
cycling leads to additional reactions in the cracks of the sepa-
rator that fill them and prevent the cell from failing. Even if the
phases formed are not as mechanically stable as the original
NaSICON, the separator “heals” to a certain extent and thus
extends the life of the cell.

Conclusions

In this study, we analyzed the factors influencing the corrosion
stability of NaSICON membranes in aqueous medium-
temperature sodium-iodine batteries. Our results provide
a comprehensive understanding of the degradation mecha-
nisms and offer strategies for future improvements of NaSICON
membrane technology in such cells. The presence of free
iodine, the acidity of the aqueous catholyte, the sodium content
in the NaSICON structure, the effect of sintering and composi-
tional variations, the balance between ionic conductivity and
structural integrity, and the influence of temperature on solu-
bility were identified as key factors for degradation.

Free iodine has been pinpointed as one of the major factors
in the stability of NaSICON. XRD only points to the formation of
protonated NaSICON phase. Therefore, we can suggest the
higher corrosion activity of the iodine containing solution is not
related to direct reaction of NaSICON with iodine, but should be
related to other processes due the presence of iodine. One of the
most important processes is the disproportionation of I, in
water. This adds to the acidity of the solution and accelerates
the degradation process due to H"/Na* exchange. More impor-
tantly, the sodium content in the NaSICON composition has
been shown to play a crucial role. Structures with a lower
sodium content exhibit a higher resistance to sodium extraction
and consequently a better stability against proton exchange.
Furthermore, our research highlights the importance of the
sintering process and compositional variations. Although the
substitution of elements such as Zr does not directly affect
proton exchange in powders, it has a noticeable impact on the
chemical stability of sintered pellets, most likely due to its
effects on the microstructure (grain boundaries, secondary
phases etc.). EDX analysis revealed the presence of iodine in
sodium phosphate phase which denotes direct reaction of
iodine with phases which are typically present along grain
boundaries of sintered polycrystalline NaSICON.

Our results clearly show the importance of the delicate
balance between high ionic conductivity and structural integ-
rity. We were able to show that sub-stoichiometric NaSICON
exhibits high ionic conductivity and can withstand high current
densities over extended periods of time, confirming its potential
for practical applications. However, the challenges associated
with temperature and solubility, particularly the risk of Nal

This journal is © The Royal Society of Chemistry 2025
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oversaturation and precipitation, underscore the need for
careful temperature management to avoid stress and crack
formation within the NaSICON membrane.

Based on these findings, we propose several guidelines for
the future development of NaSICON membranes. Optimizing
the sodium content to balance conductivity and stability,
refining the sintering and surface treatment process to improve
pellet quality, controlling the state of charge to manage iodine
concentration and acidity, and exploring salt complexing
strategies to mitigate iodine-induced degradation are the key
factors for optimizing performance. In addition, setting opera-
tional limits for current densities and controlling operating
temperatures are critical to extending membrane life.

In addition to Na-I batteries, understanding the degradation
mechanisms of NaSICON membranes and the strategies iden-
tified here to improve their durability and performance can also
be useful for other aqueous battery systems, such as seawater-
based batteries or membranes for Na extraction from brine
solutions. Our research provides a roadmap for the develop-
ment of more durable and efficient NaSICON membranes for
a variety of applications. Overcoming the inherent challenges
through a combination of material optimization and opera-
tional adaptations paves the way for the next generation of
medium to large-scale energy storage solutions using NaSICON-
based technologies.
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