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A B S T R A C T

Development of solid-state electrolytes (SSE) is the basis to establish safe and reliable sodium batteries on the 
market. Despite their advantages, including non-flammable components and reduced reactivity with metallic 
sodium, many crystalline SSEs suffer from increased charge transfer resistance, sodium dendrite formation, and 
lower sodium ion conductivity compared to liquid electrolytes. To optimize SSE properties, comprehensive 
studies of the SSE surface in its pristine state and after contact with metallic sodium during battery operation are 
desirable.

In this work, the surface of pellets with the NaSICON-type Na3.4Zr2Si2.4P0.6O12 composition, which is 
considered as a promising SSE for sodium batteries, was investigated in detail using conventional surface 
analytical techniques. Grazing-incidence X-ray diffraction revealed that the subsurface region of the as-prepared 
pellets consists of several crystalline NaSICON phases and amorphous ternary oxides, extending to a depth of 
approximately 1 μm. In contrast, after grinding the pellet, only one NaSICON phase could be detected using the 
transmission XRD technique. The chemical composition of the surface appeared to change after contact with 
metallic sodium, particularly for the Si-, P- and O-species. Furthermore, we observed surface instability under 
electron beam exposure during electron microscopy and spectroscopy measurements over 30–60 min, leading to 
the formation of metallic sodium on the irradiated surface area. The irradiation with X-rays during photoelectron 
spectroscopy measurements for several hours induced sodium depletion within the irradiated spot while 
depositing metallic sodium radially around the irradiated area. These findings demonstrate the restricted 
application of surface analytical techniques for studying ternary oxides in the Na-Zr-Si-P-O system, especially 
when using NaSICON as a solid electrolyte.

1. Introduction

Lithium-ion batteries (LIBs) have become the standard for mobile 
energy storage systems, with a significant amount of research focused on 
enhancing their properties such as energy density and overall perfor
mance [1]. However, the increasing demand for lithium and limitations 
in annual lithium production [2], [3] necessitate the exploration of 
alternative systems. Consequently, sodium batteries have gained 

interest among researchers and developers worldwide [4].
As a result, considerable progress has been made in developing and 

improving cathodes, anodes, and electrolytes to achieve industrially 
processed sodium batteries [5], [6]. Despite this progress, the major 
safety concern related to liquid electrolytes, remains a challenge for both 
lithium and sodium batteries [7], [8]. In response to strategies aimed at 
enhancing safety [9], the development of solid-state batteries has been 
pursued, with a clear roadmap for their advancement [10]. A key 
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component in sodium solid-state batteries (SSSBs) is the solid electro
lyte, which can be composed of various compounds, such as β-aluminas 
[11], [12], ternary oxides like Na5YSi4O12 [13], sulfides [14], boranes 
[15], solid-state polymers [16], or NaSICON-type materials [17], [18].

The high ionic conductivity of NaSICONs, with values reaching up to 
10− 3 S cm− 1 at room temperature, highlights them among other po
tential solid electrolytes. Here, the Na3.4Zr2Si2.4P0.6O12 composition 
exhibits the highest conductivity [19], [20]. Therefore, extensive 
research has been conducted on the thermal and compositional stability 
of phases within the ternary Na-Zr-Si-P-O system, particularly for the 
Na1+xZr2SixP3-xO12 (0 ≤ x ≤ 3) compositions. The stability in contact 
with metallic sodium was especially important, because NaSICON was 
considered as a possible solid electrolyte for Na–S batteries at 300 ◦C 
[21]. At this temperature, both monoclinic and rhombohedral modifi
cations of Na3Zr2Si2PO12 have been observed to coexist. The rhombo
hedral modification of NaSICON was likely unstable against sodium 
metal under these conditions and transformed into the monoclinic form, 
resulting in appearance of cracks and pores in the material due to vol
ume changes upon phase transition [22]. Theoretical studies have 
shown that various NaSICON compositions have a low chemical stability 
with respect to Na metal, which is rather temperature-independent: 
even at room temperature, all compositions of the solid solution 
Na1+xZr2SixP3-xO12 (0 ≤ x ≤ 3) would react with metallic sodium.

Further, thermal behavior of Na1+xZr2SixP3-xO12 NaSICON materials 
towards phase segregation was evaluated, mostly with theoretical cal
culations [23]. A miscibility gap for the solid solution below 615 K was 
predicted, although this prognosis has been experimentally proven only 
once [24], due to the slow kinetics of transformations. At room tem
perature, the entire series of Na1+xZr2SixP3-xO12 (0 ≤ x ≤ 3) might be 
stable without phase segregation due to kinetic reasons [25]. A recent 
work from 2020 revealed a complexity of phase relationships for 
Na1+xZr2SixP3-xO12 with 0 ≤ x ≤ 3, including a calculated phase diagram 
that shows three stable NASICON compositions at room temperature 
with x = 0, x = 2, and x = 3 [26]. Notably, the composition with x = 2 
demonstrates a broad nonstoichiometric range, being stable within 1.5 
≤ x ≤ 2.0. A structural phase transition from monoclinic to rhombo
hedral form at 157.7 ◦C for this composition was also discussed [27].

Until 2020, the Na1+xZr2SixP3-xO12 system was investigated only 
sporadically as a potential candidate for room-temperature battery ap
plications [19], [28]. The primary focus was on possible Na-dendrite 
formation at the interface with NASICON, described as black dots at 
the surface and a black‑tinted, network-like structure in the bulk of the 
NaSICON pellet. These features emerged during cycling with sodium as a 
counter electrode [18], but a detailed examination of the black colora
tions is still missing, especially in light of their unusual properties 
compared to metallic sodium.

The information about the solid electrolyte/electrode interface, 
which is a key factor for the fast ion transport and entire battery per
formance, can be gained using surface-oriented microscopy and spec
troscopy characterization techniques, which, however, could be sample- 
destructive.

Therefore, the stability of NaSICON under electron and X-ray beams 
is the other important consideration that needs to be evaluated. While 
the damage of NaSICON during scanning electron microscopy (SEM) 
investigations has previously been reported [22], it is also possible that 
other methods such as Auger electron spectroscopy (AES) may destruct 
the surface and subsurface region of the material, affecting the results of 
the analysis. Specifically, beam-induced sodium ion enrichment on 
ceramic surfaces has been reported in AES studies [29], [30] and for
mation of sodium metal during electron probe microanalysis [31]. In X- 
ray photoelectron spectroscopy (XPS) analysis, charging effects repre
sent a significant concern despite various methods to mitigate these is
sues that can impact spectrum interpretation, especially for insulating 
materials [32], [33]. Furthermore, beam damage during XPS analysis 
has also been documented in ceramics [34].

In the present manuscript, we report on investigations of the surface 

properties of the NASICON-type Na3.4Zr2Si2.4P0.6O12 composition and 
its interface with metallic sodium. The impact of instrumentally induced 
material damage was also examined to achieve reliable results. The ef
fects of phase segregation, beam and electric field sensitivity, and 
electrochemical instability against metallic sodium were explored. To 
characterize the NaSICON material, various surface-sensitive techniques 
like energy-dispersive X-ray spectroscopy (EDX), AES, XPS, and bulk- 
sensitive techniques including X-ray diffraction (XRD), transmission 
electron microscopy (TEM) and electron energy loss spectroscopy 
(EELS) were employed. Our findings indicate that the NaSICON surface 
is not entirely stable when subjected to spectroscopic methods, which 
limits the interpretation of XPS, AES, or EDX spectra.

2. Materials and methods

2.1. Preparation of NaSICON

The synthesis of NaSICON powder has been reported elsewhere [35], 
[36]. For tape casting, an alcohol-based suspension was prepared using 
the Na3.4Zr2Si2.4P0.6O12 (NaSICON) ceramic powder. The suspension 
comprised an azeotropic mixture of ethanol (67 vol%) and methyl ethyl 
ketone (33 vol%), and organic additives such as 5 wt% polyvinyl butyral 
(PVB-98) as a binder, and 3 wt% of Solusolve® 2075 (Solutia Inc.) and 2 
wt% of PEG400® (Merck) as plasticizers. A sterically stabilizing copol
ymer containing multiple adsorbing anchoring groups was chosen as a 
dispersing agent, which is compatible with the binder and plasticizer. To 
achieve homogenized dispersion, the slurry was mixed in a planetary 
mixer at 1500 rpm for 8 min and continuously ball milled for 12 h. 
Finally, to eliminate bubbles, the slurry was degassed by stirring in a 
vacuum chamber for 2 h.

2.2. Tape casting and sintering process

The slurry was tape-cast on a polymeric foil with a slit height of 700 
μm with a doctor blade, resulting in a densified layer of approximately 
250 μm. The sintering process, a critical factor in ceramic processing, 
influences the variation in grain size, shape, and morphology. Samples 
with diameters of either 10 or 13 mm were punched out from the dried 
green tape and slowly heated to 600 ◦C for 2 h to remove all organic 
components. Subsequently, final sintering was performed at 1250 ◦C for 
4 h. During this process, the samples were sandwiched between two 
NaSICON pellets to ensure flatness, a crucial aspect for cell assembly and 
electrochemical testing.

2.3. Structural characterizations

XRD measurements, including operando measurements, were con
ducted using monochromatic Mo-Kα1 radiation (λ = 0.7093 Å) at a STOE 
STADI/P powder diffractometer, operated in transmission mode and a 
range between 2◦ ≤ 2θ ≤ 50◦.

Grazing incidence diffraction was performed with a Philips XPert 
diffractometer (The Netherlands), equipped with a x-y-z stage on an 
Eulerian cradle, a primary beam monochromator, and a Pixcel 3D de
tector. Cu-Kα1 radiation (λ = 1.5406 Å) was applied for measurements 
taken within the range of 4◦ ≤ 2θ ≤ 80◦ at incidence angles of 0◦, 0.005◦, 
0.01◦, 0.05◦, 0.1◦, 0.5◦, 1◦, 2◦, and 4◦.

Le Bail analysis of diffraction patterns recorded at different grazing 
incidence angles, was performed using the Fullprof Software. [37] The 
refined parameters in the structural model for each measurement 
included unit cell metrics, zero shift (in case of two phases, zero shift was 
considered individually for each phase), peak shape profile (with Npr =
7, corresponding to the Thompson-Cox-Hastings pseudo-Voigt function 
convoluted with axial divergence asymmetry function), and the 
background.

For the XPS studies, a SPECS Phoibos 150 instrument with mono
chromatic Al-Kα (120 W) radiation was used. The measurement spot size 
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was 3.5 mm. The AES and EDX measurements were performed on a 
JEOL JAMP 9500 instrument. All SEM pictures were taken with the AES 
device, too.

A Thermo Fisher Scientific Helios 5 CX device was used for the 
Focused-Ion-Beam (FIB)-cut.

TEM and STEM-EELS measurements are carried out with a double 
corrected FEI Titan3 electron microscope operated at 300 kV which is 
equipped with a GATAN Tridiem energy filter. The STEM-EELS data 
were recorded using a probe semi-convergence angle of 21.5 mrad, a 
filter entrance aperture of 2.5 mm, a camera length of 360 mm as well as 
a dispersion of 1 eV.

The analysis of EELS data was carried out with the Gatan EELS 
analysis software package. Within this package the background was 
modeled and subtracted by fitting the following power laws i) a com
bined background around the three overlapping edges of Si, P, and Zr 
and ii) individual power laws around the O and the Na edge.

2.4. Atomic force microscopy (AFM)

Surface conductivity measurements were performed using conduc
tive atomic force microscopy (C-AFM), also known as spreading resis
tance imaging. The measurements were conducted with a Bruker 
Dimension Icon scanning probe microscope equipped with conductive 
diamond-coated Si-cantilevers (Bruker, DDESP-FM-V2; n-doped silicon; 
spring constant k = 6 N/m). Topography, cantilever deflection, and tip- 
sample current were recorded simultaneously during contact mode 
scans.

2.5. Density functional theory (DFT) calculations

Optimal geometries of all molecular systems were assessed at the 
DFT/PBE level of theory using the Vienna Ab initio Simulation Package 
(VASP) [38] and projector augmented-wave method as implemented in 
the v5.5.4 code and the standard pseudopotential [39], [40]. The ge
ometries were optimized in the G-point. Local Bader charges were 
computed using the Bader code [41]. Charged density manipulations 
were done using in-house Python scripts and ASE-python libraries [42].

3. Results

3.1. Analysis of the NaSICON surface with XRD and STEM-EELS

Surface morphology and phase composition of the NaSICON pellet 
were analyzed using STEM-EELS and grazing incidence diffraction 
(Fig. 1a-d). A FIB lamella was cut out near the surface of the pellet, 
which was then examined using HR-TEM and STEM-EELS.

Visual appearance indicated that NaSICON crystals, representing 
dark dots, were embedded within another phase (white structure) as 
seen in (Fig. 1a). The STEM-EELS analysis of P, Si and Zr (see Fig. S1) 
revealed significant inhomogeneity of elemental distribution in the 
subsurface region, with at least three different zones present at the 
surface. The first phase contained only Si (Fig. 1a, blue), while the 
darker region at the bottom incorporated P, Zr and some Si with a higher 
P (Fig. 1a, pink) than Zr (Fig. 1a, light blue) amount. A third region left 
and right to the grey band-like structure containing P and Zr with a 
higher Zr amount.

An in-depth investigation of the NaSICON phase revealed an egg-like 
shape of the crystallites (see Fig. S2 for details). The length of the 
crystals ranged from 20 nm to 30 nm, with width between 10 nm and 15 
nm. Further surface investigation of the NaSICON pellet was conducted 
using grazing incidence diffraction measurements (Fig. 1b-d), which 
doubtlessly confirmed non-homogeneity in phase distribution in the 
subsurface region.

Evaluation of a possible correlation between the composition x and 
cell metrics of the Na1+xZr2SixP3-xO12 structure at room temperature 
from the literature showed nearly a linear increase of the lattice 
parameter “a” with the Si-amount, but large variations and a maximum 
around x ≈ 2 for the lattice parameter “c” in the rhombohedral setting 
(R3c space group, am =

̅̅̅̅
3

√
ar) [26], [43], [44]. Probably, a non- 

homogeneous sodium distribution in structural voids has a strong 
impact on the crystal structure along the “c” direction, leading to a big 
value spreading.

As known, analysis of grazing incidence diffraction data has some 
limitations in comparison to the θ-2θ geometry [45], originating from an 
instrumentally caused peak broadening and peak shift depending on the 

Fig. 1. a) STEM-EELS out of a FIB lamella near the surface. Three different phases could be identified. Besides the NaSICON composition, a phase without Zr and P, and a 
phase without Zr are present near the surface. b) Grazing incidence diffraction of a NaSICON pellet at various grazing incidence angles, c) grazing incidence diffraction results as 
a counterplot, and (d) designation of three possible NaSICON phases. 1◦ corresponds to nearly 250 nm in depth of the pellet. Marked phases correspond to the compositions * 
“Na2Zr2SiP2O12”, # “Na3.9Zr2Si2.9P0.1O12”, þ “Na3.6Zr2Si2.6P0.4O12”. For structural information of these phases see section 2 in the Supporting Information.
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angle of incidence. Therefore, we further analyzed only relative changes 
in lattice parameters of NaSICON at various pellet depths, using the Le 
Bail method [46]. For estimation of the phase composition at each 
grazing incidence angle, we used the correlation between parameters 
“a”, “c”, and x in Na1+xZr2SixP3-xO12, created on the basis of several 
structural works available in the literature [26], [43], [44].

For data analysis, we assume that the phase compositions can change 
only within the Na/Si/P fractions, with preserving the main structure 
type and the Zr/O ratio in the structure of 2/12. This conclusion is based 
on similarities in the diffraction patterns from the regions of the pellet 
close to the surface and in a depth > 1 μm. Due to the peak broadening, 
we cannot distinguish reliably between the monoclinic (C2/c) and 
rhombohedral modifications, which have a group-subgroup relation
ship. Therefore, we analyzed all data in the monoclinic C2/c space 
group.

A monoclinic phase with almost constant composition is present at 
the surface and in the subsurface layer of about 25 nm thickness (the 
grazing incidence angle between 0◦ to 0.1◦), see Fig. 1d. The Le Bail 
analysis of lattice parameters using information from [47] revealed 
values a = 15.630(2) Å, b = 9.035 (1) Å, c = 9.154(1) Å, β = 124.222(6)◦
in the space group C2/c. Presence of some glassy components on top of 
the pellet is supposed due to a higher background until 0.2 Å− 1, typical 
for amorphous admixtures. This monoclinic phase exists approximately 
until the 2◦ incidence angle (500 nm thickness of the subsurface layer). 
Between 0.1◦ and 0.5◦, a smoothing of the background and appearance 
of another crystalline NaSICON phase with larger lattice parameters is 
observed, which composition varies with the pellet's depth. Estimation 
of its lattice parameters at the 1◦ incidence angle in the same monoclinic 
C2/c space group gave the values a = 15.873(3) Å, b = 9.197(2) Å, c =
9.308(2) Å, β = 124.207(10)◦. At the pellet depth of about 1 μm (inci
dent angle of 4◦), only one NaSICON phase is visible with lattice pa
rameters (C2/c space group) slightly different from the θ-2θ 
measurement: a = 15.749(3) Å, b = 9.127(1) Å, c = 9.233(1) Å, β =
124.172(10)◦ vs. a = 15.721(1) Å, b = 9.0938(5) Å, c = 9.2195(5) Å, β =
124.184(3)◦.

Apparently, some separation of phases with different compositions 
occurs in the subsurface region of the pellet during heat treatments at 
high temperatures and cooling to room temperature. In the near-surface 
region, a crystalline phase with the highest P- and lowest Si-content 
exists (assumed as “Na2Zr2SiP2O12”), probably together with some 
amorphous mixed Na-Si-oxides. The subsurface region is characterized 
by coexistence of “Na2Zr2SiP2O12” and a phase with the highest Si- and 
the lowest P-concentration (assuming the “Na3.9Zr2Si2.9P0.1O12” 
composition). Interestingly, the composition of “Na2Zr2SiP2O12” re
mains constant, while its amount decreases with pellet depth. In 
contrast, the composition of the “Na3.9Zr2Si2.9P0.1O12” phase changes 
with depth, resulting finally in the desired Na3.6Zr2Si2.6P0.4O12 
composition.

The XRD pattern of a ground pellet, as shown in Fig. S3, is very close 
to the grazing incidence diffraction pattern at the incidence angle of 4◦. 
The absence of crystalline Zr-free phases in the XRD patterns suggests 
that additional phases with almost no Zr, detected by STEM-EELS, are 
indeed glassy phases. It is evident from these findings that all three 
NaSICON phases are formed during synthesis and the respective cooling 
procedure. A detailed analysis of a chemical composition in the surface 
and subsurface regions of the pellet can be performed using spectros
copy methods, for example, with AES being a suitable technique for 
depth analysis of the first few nanometers of the pellet.

3.2. Electron beam sensitivity of the NaSICON pellet

Analysis of the NaSICON pellet using AES revealed noticeable 
changes to the NaSICON surface during the application of the electron 
beam, as shown in Fig. 2 a-c. Repetitive measurements with the electron 
beam of 10 μm spot size over a period of 15 min (3 min per measure
ment) resulted in the formation of a new morphology on top of the 
NaSICON pellet (Fig. 2d). This new structure grows in blot-like layers 
and is non-sensitive to the electron beam. Therefore, the elemental 
composition of this new phase could be determined using EDX as shown 
in Fig. 2e: it contains only sodium with a most likely adsorbed carbon 

Fig. 2. Series of AES measurements at 5 keV with focus on two rectangular spots. (a) Typical surface morphology of the NaSICON pellet before beam irradiation. (b) 
First irradiation with a duration of 3 min: formation of a new dark grey structure on the surface, where a direct contact of the electron beam occurred. (c) Growth of 
the new structure with repetitive measurements. (d) According to EDX analysis, the new structure contains mostly sodium and traces of carbon.
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layer. The residual structure, without direct contact to the electron 
beam, seems to remain intact after beam exposure and growth of the Na- 
containing new species.

Therefore, the formation of a new sodium-containing phase at the 
NaSICON surface can be attributed to electron beam irradiation. The 
beam induces transport of sodium ions due to the formation of a nega
tive center of charge near the surface. As a result, formation of a new 
sodium-containing phase or even reduction of sodium ions to the 
metallic state occurs.

This process may also occur when EDX is applied to the surface, 
resulting in sodium reduction and damage of NaSICON surfaces, as 
previously described in [22], [31], [48]. Therefore, our further focus 
was on the impact of EDX measurements on the surface.

Repetitive EDX measurements with 5 kV and 10 nA over a period of 
7 h (one hour per measurement) lead to sodium transport to the surface 
and formation of agglomerates, like in case of AES measurements. The 
changes on the surface and growing of sodium during recording SEM 
and EDX are shown in Fig. 3a-c. For other elements see section 5 in the 
Supporting Information.

Like the behavior during AES measurements, sodium tends to diffuse 
to the surface and form a new layer on top of the original surface. Due to 
the larger area during EDX and lower excitation energy, this process is 
slower in comparison to the growth of metallic sodium during AES 
measurement. The inhomogeneous growth of sodium indicates that only 
some areas at the surface were able to collect electrons and establish a 
center of negative charge.

Subsequent growth of sodium preferentially occurs on already 
formed structures. Since the growth of the new sodium phase does not 
cease over time, we assume that the sodium diffuses not only from the 
areas without beam exposure, but also from the depth of the pellet. 
Subsequently, stability of the material against the X-ray beam was also 
verified.

3.3. X-ray beam sensitivity of the NaSICON pellet

To investigate the X-ray stability, a NaSICON pellet was subjected to 
XPS analysis (at Zr3d, Si2p, O1s, Na1s, P2p and C1s binding energies), 
which was performed immediately before and after exposure to X-ray 
radiation for 48 h (Fig. 4). The results showed significant broadening for 
all measured peaks.

In contrast to AES and EDX, X-ray radiation charges the sample 
surface positively, causing sodium transport into the depth of the pellet. 
This behavior is reflected in a partial disappearance of the NaKLL peak at 

536 eV, indicating surface Na-depletion. Additionally, the chemical 
state of other elements on the surface appears to change significantly 
under X-ray radiation. A possible explanation is the irreversible change 
of the surface upon the XPS beam.

This assumption is evident in Fig. 4, where broadening of Si2p, O1s, 
C1s peaks takes place, and peak shifting for P2p, Zr3d, and Na1s occurs. 
The shift of Zr3d peaks to lower energies and P2p peak to higher en
ergies comes along with the increase in the O1s peak shoulder at 533.2 
eV. These changes could be caused by a removal of some oxygen atoms 
from the crystal structure in the subsurface region. While the shift of 
Zr3d peaks to lower energies may indicate a partial reduction of Zr4+ to 
form a new Zr3+ species, the shift of the P2p peak to higher energies can 
be explained by shortening the P–O bond length of some P-species due 
to the moving of the residual oxygen atoms towards positively charged 
P-centers to compensate the charge. This eventually leads to an increase 
of the Zr–O bonds as the next neighbor. As a result, a new P2p signal 
emerges, contributing to the increase in peak width observed in the XPS 
spectra.

The elongation of the Zr–O bonds supports formation of new Zr3+

species together with the original Zr4+ state in the spectrum, causing 
peak broadening towards lower energy. Based on the decreasing NaKLL- 
Peak in the O1s spectra, it is evident that the sodium content decreases 
in favor of increasing zirconium and silicon at the surface. The Na1s 
peak is shifted to lower energy as well, pointing to formation of reduced 
Na-species (metallization) around the irradiated spot.

Both methods AES/EDX and XPS, employed so far, have irreversibly 
influenced the surface of NaSICON by inducing local changes in charge 
centers, accompanied by subsequent sodium ion diffusion. To further 
investigate this phenomenon, C-AFM was used to examine the NaSICON 
surface, addressing the question whether it is possible that the electron 
accumulation takes place at the grain boundaries.

3.4. C-AFM

The C-AFM experiment was performed at ambient conditions. A 
gold-sputtered backside of the pellet ensured reliable electrical contact 
with the sample. To measure conductivity, a voltage of 0.2 V was applied 
to the cantilever. The sample was scanned with the cantilever, and the 
resulting induced current was measured as a consequence of the po
tential difference (Fig. 5a). Concurrently, the topography of the sample 
was also investigated (Fig. 5b).

Notably, significant current flow was observed at grain boundaries in 
response to the applied voltage. This phenomenon suggests charge 

Fig. 3. Results of SEM and EDX measurements of the NaSICON surface after (a) one- and (b) seven-hours measurements. The agglomeration of Na at the surface is 
clearly visible. (c) The same surface in VHX-6000 microscope clearly shows the metallic luster of sodium.

A. Thomas et al.                                                                                                                                                                                                                                Chemical Engineering Journal 534 (2026) 175127 

5 



movement and, therefore, an electrically conducting phase between the 
grains. The topography data provided additional insights into crystal 
growth patterns. Bulk crystals show a layer-by-layer growth, leading to 
the formation of new grain boundaries along their sides. Interestingly, 
these grain boundaries accounted for most of the total electrical 
conductance of the sample. A higher grain than bulk electrical con
ductivity is typical for insulators [49], a property shared by NaSICON 
[50]. At this point we want to note that the material investigated in this 
work shows the typical electrochemical curve in a symmetric Na II Na 
cell setup (see section 6 in the SI). With this we need to conclude that the 
formation of metallic sodium at the grain boundaries is an effect not 
necessarily observable in a electrochemical curve alone.

As it is known, insulators and ceramics accumulate electrons mostly 
at grain boundaries [51], [52]. Therefore, the observed metallization of 

sodium in AES, EDX, and XPS measurements should primarily occur at 
the grain boundaries of the NaSICON material.

3.5. Stability of NaSICON in contact with sodium

The stability of NaSICON in contact with metallic sodium is a surface 
property that warrants more detailed investigations. To this end, we 
conducted an XPS analysis on a NaSICON surface after one week of 
intimate contact with metallic sodium. The contact between NaSICON 
and sodium was achieved by manually pressing NaSICON pieces into 
sodium metal, without applying additional parameters such as external 
pressure or temperature. According to theoretical calculations, the for
mation of reduced P-species like Na3P should be expected since NaSI
CON is thermodynamically unstable relative to metallic sodium. [23]. 

Fig. 4. a) XPS measurements of the NaSICON pellet in the pristine state (black line) and after 48 h exposure to X-ray radiation (red line). A general peak broadening 
is visible for all detected elements. b) Metallic sodium forms around the irradiated spot size.

Fig. 5. Combined mapping of the electrical current and topography AFM measurement of a small part of the NaSICON surface. (a) Electrical conductivity is higher at 
grain boundaries. (b) The topography of the pellet shows a layer-by-layer growth of crystallites at the surface.
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The reduction of phosphorus from +5 to − 3 would be experimentally 
evident through the presence of a new P2p peak at approximately 128 
eV in comparison to 133.5 eV for the P5+-species in NaSICON. As shown 
in Fig. 6a, no peak was observed at this energy, indicating that no 
reduction of phosphorus took place during simple contact with metallic 
sodium.

The changes in the XPS spectra are characterized by the disappear
ance of a shoulder at the O1s and Si2p peak and a slight shift to higher 
energies in the P2p peak. This phenomenon cannot be attributed to ra
diation damage, which typically induces substantial peak broadening.

A possible explanation for this observation is the presence of a glassy 
Si-(P)-O phase at the surface of the NaSICON pellet, seen in STEM-EELS 
measurements and also mentioned in the literature [53]. The interaction 
between the metallic sodium and this glassy phase likely leads to the 
formation of a new Na-Si-(P)-O phase, resulting in disappearance of the 
shoulder from both Si2p and P2p peaks.

In addition, repeated operando XRD measurements (1 h per range for 
68 h) of NaSICON in direct contact with sodium (Fig. 6 b,c) were carried 
out. No new reflections or shift of existing reflections were observed, 
pointing to the constant chemical composition of the crystalline phases. 
However, the reflection intensities of both sodium and NaSICON, in
crease over time. For sodium, especially the (110) peak grows and be
comes a doublet, indicating mass transport and recrystallization of 
sodium [54].

3.6. Simulation of NaSICON surface properties under beam exposure

Migration of sodium ions towards the surface was observed leading 

to subsequent sodium metallization when subjected to a high-energy 
beam exposure, despite any perceived residual charge remaining on 
the surface. In experimental processes involving electron or high-energy 
X-ray beams, excess charges can remain close to the upper surface of the 
material, rendering it positively charged or negatively charged. From a 
classical perspective, this uncompensated charge forces mobile Na+ ions 
from the volume to move towards the negatively charged surface. 
However, our experiments show that sodium cations appear to move 
towards the zone of impact regardless of the charge sign on the surface.

Closer examination at the atomic level reveals that the accumulation 
or depletion of charge density is linked to exact atomic features that 
accommodate excess charge density. To better understand the influence 
of terminated atomic groups on charge localization at open surface sites, 
DFT calculations were conducted using the PBE/PAW level of theory.

The structural features of NaSICON surfaces are currently poorly 
understood. Two distinct possibilities exist independently of cleavage: 
unsaturated silicon‑oxygen (SiOx)Si- and phosphorus‑oxygen (POx)P- 
bonds in silicon/phosphorus polyhedra, and zirconium‑oxygen (ZrOx) 
Zr- bonds on zirconium sites. Based on a hypothetical model, open bonds 
to silicon (SiOx)Si- or phosphorus (POx)P- would be less likely formed or 
persist for long periods of time and participate in quick sodium rear
rangement and uptake of oxygen from air. In contrast, oxygen-deficient 
zirconium polyhedra with unsaturated open bonds and a formal oxida
tion state of zirconium lower than +4 can exist for a longer period of 
time. Therefore, in calculations, we considered both scenarios, assuming 
that environmental oxygen will rapidly refill bonds building fully satu
rated (SiOx)O- and (POx)O- units. With this in mind, we constructed a 
NaSICON slab system based on the structure information provided in 

Fig. 6. a) XPS measurements of NaSICON before (black spectra) and after one week in contact with metallic sodium (red spectra). A high-energy shoulder at the Si2p 
and O1s peaks in the pristine state disappears after one week (shaded area for better clarity). b) Repeated operando XRD measurements of NaSICON in close contact 
with metallic sodium. Intensity of the (110) Na-peak increases with time, and it becomes a doublet. c) Intensity of NaSICON reflections also increases over time in 
contact with sodium.
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Reference [55]. We built a supercell by repeating the unit cell three 
times along the c-axis, expanding the natural c-lattice parameter by 10 Å 
to produce a vacuum of 5 Å on each side.

This arrangement resulted in a thick, symmetric slab exhibiting two 
distinct types of cleavage on each side: one side features zirconium with 
untangled bonds, while the other showcases deepened zirconium sites, 
well-saturated silica, and phosphate polyhedra (Fig. 7). Electronic 
density was computed without further optimization for the various net 
charge states. The surface charge states considered were neutral (net 
charge 0e), two negative (− 2e and -4e), and two positive (+2e and +
4e). Bader charges were computed for all systems based on the charge 
density [56], [57]. This procedure provides a point-charge picture of 
density accumulation and depletion, tracking the built-in electrostatic 
potential along the theoretical slab. We also calculated exact differential 
densities, providing electronic resolution of this property.

Fig. 7 summarizes our results. The molecular orbitals participating in 
redox processes remain consistent for the selected charge states, and are 
largely localized around the sides with unsaturated bonds. The point- 
charge picture aligns with mechanistic expectations for the system. An 
integral charge would generate either a positive or negative potential 
around the surface, attracting mobile sodium cations towards the un
compensated charge. When a negative charge is present, significant 
negative charge accumulates on both surfaces, resulting in a rather 
symmetric electrostatic potential.

With a net positive charge, the system becomes asymmetric, with one 
surface maintaining slightly positive charge while the surface featuring 
(ZrOx)Zr- has nearly neutral charge. Density analysis has shown that the 
main orbitals, which play a crucial role in charging the surface, have the 
same topology regardless of the overall net charge. The distribution of 
charge in a localization scheme is more accurately reflected by local 
depletion and accumulation of charges than by simply considering in
tegral charges within that scheme. This behavior can be observed 
through examination of the differential density at the top layer, where 
primary charge density changes occur near (ZrOx)Zr- bonds.

In these regions, both positive and negative charge bundles are 
present in the vicinity of untangled bonds. As a result, uncompensated 
surfaces with (ZrOx)Zr- sites will always exhibit pockets of positive and 
negative charge densities that cannot be captured by point charge 
models. Consequently, even when the surface has a net positive or zero 
charge, patches of negative charge density provide the driving force for 
mobile sodium cations to move towards the surface.

Experimental conditions like hard X-ray and electron beams allow 
for building a potential on the surface with a net positive or negative 

charge. Our simple computational model shows that in both cases; it has 
the potential to create local charge density pockets promoting Na+ ion 
motion towards the surface.

4. Discussion

Upon electron beam and radiation treatment of materials, valence 
and core electron excitations occur at the surface and subsurface re
gions, possibly leading to bond breaking, defects formation, ion diffu
sion, and even to removal of some volatile species. For many non- 
metallic materials, there are more potentially damaging events as usu
ally supposed. Beam-induced diffusion of mobile ions is a crucial prob
lem in the surface analysis of glasses while beam-induced heating during 
electron bombardment is very critical for crystalline insulators as well as 
thin films. A low stability under electron bombardment in AES of ioni
cally bonded solids with the highest valence, in which cations and an
ions have a difference in Pauling electronegativity higher than 1.7 (for 
instance, in binary and ternary oxides with Si4+, Ti4+, Nb5+ etc.), is 
demonstrated for some examples in the literature [58].

In the current work, we elucidated the phase composition of the 
NaSICON surface directly after synthesis, and its interaction with elec
tron beam, X-ray radiation, and metallic sodium. The surface of NaSI
CON does not represent a single composition and rather consists of 
multiple stoichiometries, which roughly correspond to temperature- 
dependent compositions in the calculated phase diagram [26], and 
some glassy phases. We attribute this phenomenon to different cooling 
conditions at the surface and in the bulk of the pellet. Faster cooling of 
the surface compared to the bulk leads to a phase segregation within a 
depth of at least 1 μm.

In addition, sintering above 1200 ◦C can lead to depletion of sodium 
due to evaporation of Na2O. This process is significantly reduced, but 
not fully suppressed when the samples are sandwiched between two 
NaSICON pellets.

Consequently, the surface contains different crystalline NaSICON 
and glassy phases, primarily responsible for its behavior under beam 
radiation.

Investigations of the NaSICON surface with SEM, EDX, AES, and XPS 
result in significant changes in morphology, chemical composition and 
valence states. Irradiating the surface with the electron beam in routine 
SEM, EDX, and AES techniques leads to Na+ diffusion to the surface and 
sodium metallization. Very likely, the diffusion and metallization start 
at grain boundaries, where electrons conventionally accumulate in in
sulators. This grain boundary charge trapping can also explain the 

Fig. 7. Column electrostatic potentials (ranging from − 50.0 kT/e (red) to +50.0 kT/e (blue), which equals − 1.25 V to +1.25 V at T = 300 K) calculated using Bader 
charges for an artificial NASICON slab with net positive (+2e) and net negative (− 2e) charges, estimated at the DFT/PAW/PBE level theory. A zoomed region of the 
top layer of the NASICON slab, highlighted by a red dashed box, illustrates electronic density differences between neutral and net negative (− 2e) NASICON systems, 
showing charge density depletion in blue and accumulation in red. Similarly, charge differences between neutral and the net positive (+2e) system display the same 
spatial topology, but with reversed signs of depletion and accumulation regions.
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observed SEM instability, also known from the literature. [22], [31], 
[48].

Exposure of NaSICON to X-ray radiation in the XPS technique, which 
charges the surface positively, leads to Na-depletion on the surface, 
pointing to Na+ diffusion into the bulk. However, the remaining Na 
species are partially reduced as well, as confirmed by the shift of the 
Na1s peak to lower binding energies.

Our theoretical calculations generally confirm the observed surface 
degradation of Na3.4Zr2Si2.4P0.6O12. Supposing that the materials sur
face contains mostly unsaturated (ZrOx)Zr bonds, a negative charge on 
the surface during electron irradiation can easily be stabilized through 
further reduction of Zr, representing a trap for Na+ cations, accumulated 
in a subsurface region and even in the bulk. Therefore, a fast Na- 
diffusion to the surface with the subsequent metallization occurs. A 
positive charge on the surface from X-ray treatment is partially 
compensated by unsaturated (ZrOx)Zr bonds as well, thus mitigating the 
charge. Simultaneously, a significant negative charge is accumulated in 
the subsurface region, thus facilitating Na-ion diffusion from the surface 
into the bulk.

A close contact of metallic sodium to the surface of NaSICON does 
not reduce phosphorus to valence states below +5. However, some al
terations in the chemical surrounding of Si and P were observed, which 
could be attributed to changes in the composition of glasses on the 
surface. Additionally, high mobility of metallic sodium at room tem
perature results in time-dependent material re-distribution in the elec
trochemical cell with a sandwich-like NaSICON/Na-foil composite. No 
additional crystalline phases were detected with permanent XRD 
monitoring during almost 3 days.

In summary, surface investigations using EDX, AES, or XPS analysis 
may lead to false interpretations of the resulting spectra, if NaSICON is 
considered as a throughout stable material. It is hardly possible to 
determine the exact surface composition with these methods. In our 
experiments on a NaSICON pellet of 1 cm in diameter, we observed 
damage effects in EDS clearly after 1 h with 5 keV and 10 nA. For AES, 
the effect was visible already after 3 min measurements with 5 keV and 
10 nA. For damage-free results, the applied energy and total measure
ment time should not exceed these parameters. During XPS measure
ments, the peak shift of Na and P signals was visible after 45 min of 
surface radiation.

The recent reports of peak broadening of NaSICON phases need to be 
re-evaluated in light of these results for prevention of misinterpretations 
[59], [60], [61].

5. Conclusion

In this work, we investigated surface properties of NaSICON-type 
pelletized materials with the nominal composition Na3.4Zr2Si2.4P0.6O12 
before and after contact with X-rays and electron beam. By combination 
of STEM-EELS and grazing incidence diffraction, which could clearly 
show that the pellets represent a single-phase material deeper than 
approximately 1 μm, while multiple crystalline and amorphous phases 
coexist at the surface and in the subsurface region, probably because of 
the heat treatment and cooling processes during the preparation pro
cedure. The interaction of the electron beam with the surface of the 
material during a conventional measuring procedure result in deposition 
of metallic sodium onto the surface. The presence of glassy phases fa
cilitates sodium metallization, although destroying the NaSICON crystal 
structure upon negative charging the surface should occur as well, as 
shown by theoretical calculations. Interaction of the surface with X-ray 
beam during XPS measurements (binding energy interval between 95 
and 1080 eV) results in sodium depletion in the area under direct contact 
with the beam, but sodium metallization around, again in accordance 
with theoretical considerations. The close contact of metallic sodium to 
the NaSICON surface has an impact on the chemical state of Si-, O- and 
Na-species, which are probably components of amorphous phases. As a 
next step, surface changes of NaSICON pellets should be evaluated after 

applying current/voltage in symmetric Na || NaSICON || Na cells.
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