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Structure and Ionic Conductivity of Halide Solid Electrolytes
Based on NaAlCl4 and Na2ZnCl4

Hao Guo, Michael Häfner, Helen Grüninger,* and Matteo Bianchini*

Sodium-based solid-state batteries may represent safe and cost-effective
energy storage devices, complementing Li-ion for specific applications such
as grid storage. Thus, sustainable solid-state electrolytes (SSE) with high ionic
conductivity need to be developed. Sodium metal halide SSEs have attracted
significant attention due to their ionic conductivity, electrochemical stability,
and adequate processibility. Here, SSE based on NaAlCl4 (NAC) and Na2ZnCl4
(NZC) are investigated, nominally Na1+xZnxAl1−xCl4. Compounds synthesized
by ball-milling and investigated by X-ray diffraction revealed a two-phase
system, with a solid solution in the Na2ZnCl4-type structure extending to
≈34(3)% Al substitution. EIS results demonstrate the highest ionic
conductivity is near the miscibility gap edge (x = 0.625), where 𝝈 is increased
by several orders of magnitude as compared to NZC and reaches
1.5×10−5 S cm−1 at 25 °C, above the values of Na2ZnCl4/NaAlCl4. The
combined use of molecular dynamics simulations and nuclear magnetic
resonance distinctly elucidates the importance of achieving enough Na+

vacancies in both Na sublattices in NZC-type structures. This work introduces
a novel class of SSE based on the NZC olivine structure, demonstrates that
they can be used as catholytes to assemble working solid-state sodium
batteries, and provides insights into the correlation between composition,
crystalline structure, and ionic conduction pathways.

1. Introduction

Lithium-ion batteries (LIBs) have been successfully applied
in electric vehicles, portable devices, and energy storage
solutions.[1–3] However, safety concerns, the scarcity of lithium re-
sources, and the resulting fluctuating prices remain the Achilles’
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heel of LIBs.[4] Sodium solid-state batteries
(SSBs) have attracted enormous attention
and are regarded as a potential alterna-
tive to LIBs. Ideally, sodium SSBs offer
reduced costs due to the abundance of
sodium on earth and potential improved
safety because of the use of inflammable
solid-state components.[5] One of the per-
spectives of sodium SSBs is applying them
in large-scale energy storage systems owing
to their excellent cost-effectiveness and
similar manufacturing process to LIBs.[6,7]

The key component that significantly
impacts solid-state batteries’ properties
and performance is the solid-state elec-
trolyte. The design of SSEs must balance
various properties, such as superionic
conductivities (>10−3 S cm−1), electro-
chemical stability against both electrodes,
and processability.[8–10] Traditional inor-
ganic Na-based SSE families include oxide
ceramics (NASICON-type oxides,[11,12]

𝛽-Al2O3
[13]) and sulfides (Na3PS4,

[14]

Na2.9Sb0.9W0.1S4,
[15,16] Na11Sn2PS12-

type[17,18]). However, both have draw-
backs: oxide ceramics have high interfacial
impedance and require high sintering

temperatures. Meanwhile, sulfides exhibit a narrow electrochem-
ical stability window, especially the incompatibility with high-
voltage cathodes and sodium metal.[19]

Sodium metal halides have emerged as promising catholyte
materials, offering excellent mechanical processability (via cold-
pressing) and compatibility with high-voltage electrodes. In
2018, Asano et al. demonstrated the feasibility of using ball-
milling to create a disordered cation (Y3+) arrangement in the
Li3YCl6 (LYC) crystal. This method boosted the ionic conduc-
tivity of LYC to ≈0.5×10−3 S cm−1 by opening Li+ transport
pathways through disordering and stacking faults.[20] Na-based
halide SSEs have also been reported and can be divided into
different families according to cation valence: NaM5+Cl6 (M
= Nb, Ta),[21,22] Na2Zr

4+Cl6,
[23] Na3M

3+Cl6 (M = In, Y, Er, Sc,
Sm),[22,24–26] NaAl3+Cl4.

[27] Most of them exhibit insufficient ionic
conductivity of the order of 10−6 S/cm. Tuning the concentra-
tion of vacancies via aliovalent substitution is a viable strat-
egy to address this issue. The targeted introduction of vacan-
cies via the mixing of two cations with different valences is
widely employed to directly influence the ionic conductivity of
the compound.[22,24,28,29] Examples include Na3-xY1-xZrxCl6

[30–32]

andNa3−xIn1−xZrxCl6.,
[33,34] reaching ionic conductivities around

Adv. Sci. 2025, 12, e07224 e07224 (1 of 14) © 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH

http://www.advancedscience.com
mailto:helen.grueninger@uni-bayreuth.de
mailto:matteo.bianchini@uni-bayreuth.de
https://doi.org/10.1002/advs.202507224
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadvs.202507224&domain=pdf&date_stamp=2025-05-28


www.advancedsciencenews.com www.advancedscience.com

6.6 × 10−5 S cm−1,[30] which is normally 1–3 orders of magni-
tude larger than that of the associated end members. Recently,
the study of amorphous sodium oxychloride phases as SSEs
(NaMOCl4, M = Nb, Ta) has drawn enormous attention due to
their boost in ionic conductivity (≈10−3 S cm−1), while maintain-
ing high oxidation stability.[35–41]Lin et al. reported a dual-anion
sodium superionic glass 0.5Na2O2-TaCl5 with a high ionic con-
ductivity of 4.6 × 10−3 S cm−1 at 25 °C.[39] The high value is
mainly attributed to the incorporation of oxygen, which forms Ta-
centered [TaOxCly] units and oligomeric Ta-centered polyhedra
which connect via corner-shared oxygen. While most amorphous
sodium (oxy)chloride SSEs to date are based on rare earth met-
als, especially Ta and Nb, limiting their economic potential, some
investigations based on NaAlCl4 and anion-doped NaAlCl4-2xOx
have been recently reported.[35,42,43] NaAlCl4 is known for its past
use (in the molten state) as a catholyte in ZEBRA batteries.[44]

This material may offer a cost-effective alternative due to its raw
materials’ abundance and low cost. However, its conductivity as
a solid is still low. Nonetheless, its usage as catholyte (but not
as a separator) in SSBs was recently demonstrated.[27] The re-
cent modifications of NaAlCl4 further improved its conductiv-
ity but significantly amorphized it.[42,43] In this work, we aim
to increase the conductivity of crystalline NaAlCl4 without us-
ing rare earth elements. We synthesized and studied the influ-
ence of Zn2+ aliovalent substitution in NaAlCl4 (according to
the nominal Na1+xZnxAl1-xCl4 formula unit). Since the second
end member, Na2ZnCl4, belongs to a different structural type
than NaAlCl4, a solid solution is also not guaranteed. There-
fore, we also investigated the introduction of Al3+ (and Na va-
cancies) in the Na2ZnCl4 end member. The whole series of sam-
ples has been synthesized by mechanochemical methods. Their
structure and properties will be discussed based on X-ray diffrac-
tion (XRD), synchrotron X-ray diffraction (sXRD), electrochemi-
cal impedance spectroscopy (EIS), and solid-state nuclear mag-
netic resonance (ss-NMR) spectroscopy. Ss-NMR spectroscopy
was conducted to investigate the local environment of Na and ex-
plore the origin of the conductivity increase, in combination with
computational methods such as density functional theory (DFT)
and molecular dynamics (MD) simulations.

2. Results and Discussion

2.1. Structure and Conductivity of NaAlCl4

NaAlCl4 has been applied as a catholyte in ZEBRA Batteries due
to its Na+ ionic conductivity in the molten state.[44] As a solid,
NaAlCl4 (NAC) adopts an orthorhombic space group (P212121) at
room temperature. Mechanochemically prepared NACwith such
a crystal structure exhibits aNa+ conductivity of 3.9× 10−6 S cm−1

at 30 °C. According to the work of Jung et al.,[27] ball-milled NAC
contains two crystallographic Na positions with occupancies of
Na1 = 0.673 and Na2 = 0.327. However, first-principles calcula-
tions from previous work revealed that the structural model with
all Na+ ions occupying the Na1 site is energetically more favor-
able than the model where Na+ ions occupy both Na1 and Na2
sites, with only a minimum difference of 5 meV/atom.[27]

We synthesized NaAlCl4 mechanochemically and verified its
crystal structure via XRD. The measured pattern is gathered in
Figure S1 (Supporting Information). Despite the synthesis route,

the material appears well crystallized, and the reflections can
be well indexed with the P212121 space group, with merely ad-
ditional peaks from unreacted NaCl impurities below 1 wt.%.
The presence of minor NaCl in ball-milled sodium halide SSEs
was also found in previous work but was identified as non-
detrimental to ionic conduction.[27,31] The crystal structure is
based on Al3+ occupying the Wyckoff 4a site, forming AlCl4

−

tetrahedra due to its small ionic radius (53.5 pm). The XRD pat-
terns can be refined in two ways: using either a single sodium
site (Na1 model) or with two sodium sites (the Na1+2 model).
Figure S1 and Table S1 (Supporting Information) show the Ri-
etveld refinement of these two structural models. The Rietveld
refinement results based on both models show no significant
differences in terms of RBragg and Rwp. However, the refinement
results for the Na1+2 model (Figure S1b, Supporting Informa-
tion) demonstrate that the Na2 occupancy in the Na1+2 model
is effectively zero within error, suggesting that Na+ ions strongly
prefer not to occupy the Na2 sites. To further verify the potential
occupancy of the Na2 site, the same NAC was measured via syn-
chrotron XRD with high angular resolution and counting statis-
tics. Figure 1a depicts the refinement results (details are listed in
Table S2, Supporting Information). Based on the calculated and
observed XRD pattern, difference Fourier maps were calculated
to verify potential mismatches in the electronic density. Figure
S2 (Supporting Information) demonstrates the positive (yellow)
and negative (blue) electron density iso-surfaces in the structure.
When the existence of Na+ in Na2 is ignored in the refinement
based on the Na1 model, a positive (yellow) iso-surface shall ap-
pear. However, the Na2 sites are not adjacent to any electron den-
sity iso-surface, which implies no potential occupation of Na+ in
the Na2 site.
Additionally, 23Na ss-NMR spectroscopy was performed to

determine the distribution of Na local environments in Na
SSEs.[45] Figure 1b displays the 23Namagic angle spinning (MAS)
NMR spectrum of NAC at room temperature, where the NaCl
peak at 7.0 ppm is observable. Notably, the 23Na signal at 𝛿iso
=−14.2 ppm is attributed to a single type of Na environment with
a quadrupolar line shape (CQ = 1.1MHz; 𝜂 = 0.05). The small sig-
nals from −5 to −10 ppm stem from residual satellite transitions
of the quadrupolar interaction, which are not fully suppressed by
magic angle spinning. The ss-NMR results confirm the reliability
of the Rietveld refinement and corroborate the presence of only
one Na environment in the crystal structure of NAC.
The AlCl4

− tetrahedra are isolated from each other but are con-
nected to Na+ capped-trigonal prisms through both edge-sharing
and corner-sharing (Figure 1c). All Na+ cations occupy theWyck-
off 4a site, and the seven Cl− anions surrounding one Na+ form
a capped-trigonal prism, which generates a framework through
corner-sharing. The facile Na+ ionic conduction pathway in NAC
is illustrated in Figure 1d. Two different Na+ conduction mech-
anisms are displayed. Path 1 involves Na1 hopping through a
triangular face and a rectangular face between two unconnected
prisms to another Na1 site. Path 2 involves Na1 hopping through
two rectangular faces between two corner-sharing prisms. Both
paths feature the Na2 sites as intermediate sites. To quantify the
ionic conductivity, we measured EIS data. Figure 1e shows the
Nyquist plot and Z-fitting of the equivalent circuit (details pro-
vided in Figure S3, Supporting Information). The semicircle on
the left side at high frequencies represents the Na+ transport pro-
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Figure 1. a) Synchrotron X-ray diffraction pattern of NAC and related Rietveld refinement. b) 23Na MAS NMR spectrum displaying the central transition
of NAC, which can be attributed to a single Na environment. A minor signal related to NaCl impurity is also observable. c) Crystal structure of NaAlCl4.
Schematic illustration of Na1 (yellow spheres) and potential Na2 (grey spheres) positions, which are shown as vacancies. Blue tetrahedra are AlCl4

−. d)
Crystal structure of NAC schematically shows two types of Na+ migration pathways. Cl− ions are not shown. e) Nyquist plot and corresponding fitting
of ball-milled NAC sample. EIS was measured at 25 °C under an external pressure of 140 MPa.

cesses in both the bulk and grain boundaries, which are difficult
to deconvolute due to their similar capacitance values (≈10−9 F).
The smaller semicircle on the right side at low frequencies with
capacitance around 10−6 F, can be attributed to the transport
mechanism at the SSE/hard metal interface.[46] From the EIS-
fitting, we obtained a conductivity of 3.28 × 10−6 S cm−1, which is
in good agreement with literature values.[27] Therefore, it is sug-
gested that the ionic conduction in NAC originates from two fac-
tors: i) themovement of AlCl4

− tetrahedra, facilitated by their iso-
lated nature, and ii) the empty “Na2” sites in the unit cell, which
serve as intermediate sites for Na+ hopping from one site to an-
other. To be noted that the unoccupied free volume in the unit
cell is a prerequisite for efficient ionic conduction.[29,33]

2.2. Structure and Conductivity of Na2ZnCl4

Na2ZnCl4 (NZC) crystallizes in the Pnma space group without
exhibiting any polymorphic behavior. The structure of NZC is
shown in Figure 2a, as confirmed by XRD (Figure 2b). Interest-
ingly, the olivine-type structure is the same as the well-studied
LiFePO4 (LFP) positive electrode material.[47–50] Like the metal
cations Li+ and Fe2+ in LFP, in NZC the Na+ is coordinated by
six Cl− ions to form an octahedron. Na1 occupies the Wyckoff 4a
site located at the corner of the unit cell, corresponding to the
Li+ site in the LFP structure. Na2 resides at the Wyckoff 4c site,
which corresponds to the Fe2+ site in LFP. Both Na1 and Na2
polyhedral form sublattices in the bc-plane, stacking in an ABAB
pattern (hexagonal close packing of the anions). The Na1 octa-

hedra are connected through edge-sharing, and the chain along
the [010] direction is shown in Figure 2a. Furthermore, ZnCl4

2−

tetrahedra are located between these chains in the Na1 sublattice,
connecting them by corner-sharing. The Na2 sublayer is built ex-
clusively of corner-shared Na2 octahedra.
Perfect LFP crystals are known to possess high Li conductivity

along the b direction.[48] Likewise, the polyhedral network in the
NZC structure provides a potential continuous Na+ conduction
pathway, as indicated by black arrows in Figure 2a. A chain of Na1
octahedra on 4a sites connects through face-shared vacant tetra-
hedral sites, allowing Na+ to hop to neighboring octahedral sites
along the [010] direction. However, due to the fully occupied Na1
sites in NZC, no free volume is available for Na+ conduction. The
Na+ ionic conductivity in NZC is below 10−10 S/cm, depicted in
Figure S4 (Supporting Information). However, one could wonder
how the creation of vacancies along the Na channels could affect
the conductivity, which we will show next.

2.3. Structure of the Potential Solid Solution Na1+xZnxAl1-xCl4

In our recent work, we demonstrated the potential stability and
synthesizability of mixed compounds along the solid solution
Na1+xZnxAl1-xCl4.

[51] Here we verify experimentally the exis-
tence of some of these compounds. Indeed, we studied the in-
fluence of aliovalent substitution of Zn2+ and Al3+ in the two
end members. A series of Na1+xZnxAl1-xCl4 (NZAC) samples
were mechanochemically synthesized analogously to NAC and
NZC. The XRD patterns collected for nominal compositions
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Figure 2. a) Crystal structure of Na2ZnCl4 (NZC) in space group Pnma.
b) Rietveld refinement of the NZC structural model.

Na1+xZnxAl1-xCl4 (0 ≤ x ≤ 1) are shown in Figure 3. All reflec-
tions can be attributed to either NAC or NZC, indicating that no
additional phases were formed as the substitution degree (x) var-
ied. On the other hand, some peaks shift appreciably for compo-
sitions close to theNZC endmember. Rietveld refinements of the
X-ray diffraction patternswere conducted to obtain detailed struc-
tural information. All refinement parameters and constraints are
provided in the Supporting Information Tables S1–S13 (Support-
ing Information).
Figure 4 gathers all refinement results, which were con-

ducted with a two-phase model containing both NAC and NZC
if the reflections of both were present in the diffractogram.
Figure 4a,b show the evolution of unit cell parameters in both
the NAC-related and NZC-related end-member structures. Ini-
tially, a small increase in the unit cell parameters of NAC can
be observed on the Al-rich side (x from 0 to 0.045), which could
be explained by the substitution of a small amount of Zn2+ in
NAC. However, there is no linear behavior to confirm the exis-
tence of an extended solid solution, as all unit cell parameters

Figure 3. X-ray diffraction patterns of Na1+xZnxAl1-xCl4 (0 ≤ x ≤ 1).

remain constant when x increases further. Moreover, the Zn oc-
cupancy on the Al site was refined and is shown in Figure S5
(Supporting Information), demonstrating that the Zn occupancy
remains near 0 for all compositions in the NAC phase. Substitut-
ing a Zn2+ ion (74 pm) into an Al3+ site (53.5 pm) requires signif-
icant distortion. Additionally, to maintain charge balance in the
crystal, an extra Na+ ion would need to be intercalated into the
structure. This is unfavorable for the stability of the NAC phase,
as indicated by our previous DFT calculations of the substituted
structure.[51]

On the Zn-rich side, the diffractograms for nominal substitu-
tion degree x from 0.625 to 1 show no additional reflections aside
from those of the NZC phase. Linear behavior of the lattice pa-
rameters a and b and unit cell volume is observed for x = 0.625
to 1, corroborating the formation of a solid solution.
From the refinement of the molar fraction of the two phases,

we find a clear two-phase behavior on the Al-rich side (linear
trend). From the extrapolation of the phase amounts, we find
an intercept with the x-axis at x = 0.66(3), indicating the limit
of the miscibility gap. Thus, at low Zn content (0 ≤ x < 0.625),
the system consists of a two-phase mixture of the NAC and NZC-
type phases. When x exceeds the miscibility gap near 0.66(3), a
pure solid solution in the NZC-type phase appears. The Zn, Na1,
and Na2 occupancies were refined for samples in this solid so-
lution region (0.625 ≤ x ≤ 1) and are shown in Figure 4d,e. As
discussed above, Na+ ions in the Na1 (Wyckoff 4a) site are ex-
pected to be more mobile, and lower occupancies for Na1 com-
pared to Na2 are observed across all compositions, suggesting
that vacancies tend to form in the Na1 channel. For x < 0.75,
the Na1 occupancy stabilizes close to 0.7, while the Na2 site is
more (but not fully) occupied, close to 0.95. At x = 0.75, the dif-
ference between the two sites is smaller, with site occupancy of
Na1= 0.85(4) andNa2= 0.91(4) (see Table S12, Supporting Infor-
mation). Consistent with the solid solution limit near x = 0.625,
Zn occupancies remain constant at 0.67(3) in the composition
NZAC(x = 0.625), indicating that the crystallization of the NAC
phase is energetically more favorable than the further substitu-
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Figure 4. Rietveld refinement results for structural models of NZAC compositions. The nominal Zn2+ content is plotted against a) lattice parameters in
the NAC-type phase, b) lattice parameters in the NZC-type phase, c) molar phase fraction of NAC andNZC, with linear interpolation, d) Na+ occupancies
at Wyckoff 4a and 4c sites in NZC phase, e) Zn2+ occupancies at Wyckoff 4c sites, f) total refined Zn content in all phases.

tion of Al3+ in the NZC-type phase. Finally, Figure 4f displays
the refined Zn content against the nominal total Zn content x.
Since the refined Zn content considers all free parameters (mo-
lar amount of NAC- and NZC-type phase and refined Zn content
in each phase), the linear relationship with a slope of 1 along the
diagonal strongly supports the reliability of our analysis.
Nonetheless, it is known that halide solid electrolytes synthe-

sized by ball milling may contain an amorphous phase, which
may play a crucial role in the conductivity.[21,32,52] To verify this,
the amorphous fraction of our samples has been determined us-
ing an internal reference. The analysis conducted with Al2O3 and
Si internal references is reported in Figure S6 (Supporting Infor-
mation). Indeed, our samples contain an amorphous phase rang-
ing from 30% for NAC to 50% for NZC. The amount of amor-

phous phase is similar in all samples and increases from NAC to
NZC.
The fact that our Rietveld analysis led to consistent Na and Zn

contents in the crystalline part of the samples suggests that the
crystalline and amorphous phases have similar compositions and
possibly local structures. To verify that our structural analysis also
holds at amore local scale, we employ 23NaMAS ss-NMR, and the
results are gathered in Figure 5. The NMR data further confirm
that NaAlCl4 does not appear to be doped with Zn

2+: as shown in
Figure 5a, the spectra of NZAC (x = 0, 0.045, 0.25, 0.5) contain
the typical peak for Na1 in NaAlCl4 with unchanged peak posi-
tion (−14.2 ppm) and quadrupolar line shape corroborating that
the local environment of Na in NAC is the same for these compo-
sitions. With varying amounts of Zn (x), only the intensity of the

Adv. Sci. 2025, 12, e07224 e07224 (5 of 14) © 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH
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Figure 5. a) 1D 23Na MAS NMR spectra showing the central transitions for ball-milled NZAC compositions with different substitution degrees (x). b-e)
2D 23Na-23Na EXSY NMR spectra collected for x = 0.25, 0.5, 0.625, and 0.75 compositions, respectively. For all exchange spectra, a mixing time of 3 ms
was used.

peak changes following the phase ratios extracted from Rietveld
refinements (Figure 5c). The 23Na MAS NMR spectrum of NZC
(x = 1) displays two Na signals at 4.8 and 0.4 ppm with rather
small apparent quadrupolar coupling constants of CQ = 0.7 MHz
(𝜂∼0.5) and 0.5 MHz (𝜂∼0), respectively, which are assigned to
the Na1 and Na2 sites in NZC. These signals related to the NZC
phase appear even at x = 0.045, indicating that Zn2+ prefers to
form the NZC phase rather than substituting Al3+ in NAC. The
characteristic peaks of NZC are distinguishable for x values rang-
ing from 0.045 to 1. Moreover, for samples x = 0.75, x = 0.625,
x = 0.5, and x = 0.25, a broad distribution of signals appears be-
tween 0 and −10 ppm, indicating the presence of disordered Na
environments, which can be explained neither by pure NZC nor
NAC. As we will discuss in the following, these environments are
related to Na in the Al-doped NZC phase.
2D 23Na-23Na exchange (EXSY) MAS NMR spectra

(Figure 5b–e) were conducted using a mixing time of 3 ms
for NZAC compositions (x = 0.25, 0.5, 0.625, 0.75) to probe
which Na sites exchange on the millisecond timescale. The spec-
tra show no cross-correlation (off-diagonal) signals for the NAC
phase (−14.2 ppm) in all compositions, but strong exchange
(off-diagonal intensity) is observed between the broad signal at
−8 ppm andNa sites in the NZC phase. This indicates that on the
ms-timescale, Na+ exchange between disordered environments
takes place in the NZC phase. Meanwhile, no Na+ exchange is
observed between the NAC phase and the broad peak at −8 ppm,
indicating that the broad peak is merely attributed to Na within

the NZC-type phase rather than as interface domain between
NAC phase and NZC phase. The 2D 23Na-23Na EXSY NMR
spectrum of x = 0.75 compositions (Figure 5e) also shows some
cross-correlation intensity for the broad signals between 0 and
−8 ppm.However, the intensity is significantly weaker compared
to x = 0.25, 0.5, and 0.625 compositions. In summary, from the
23Na NMR data, we conclude that Zn2+ is substituted by Al3+ in
the NZC phase, resulting in more disordered Na+ environments,
potentially in Na1 and Na2 sites in the NZC structure. The 2D
EXSY NMR spectra further indicate that the more mobile Na
ions are mostly associated with the Na environments, which
were introduced through the substitution of Zn2+ with Al3+.
Finally, DC polarization measurements (Figure S7a, Support-

ing Information) reveal that the electronic conductivity of all se-
lected NZAC compositions is below 10−9 S cm−1. For the compo-
sition NAC and NZAC (x = 0.625), electrochemical stability win-
dows ranging from2.6 to 4.1 V versusNa+/Na and 2.6 to 3.9 V ver-
sus Na+/Na were measured, respectively, using the cell architec-
ture Na3Sn|NPS|NZAC+carbon (Figure S7b,c, Supporting Infor-
mation). Regarding the oxidation stability, the pure NAC sample
shows a higher onset at 4.1 V versus Na+/Na compared to NZAC
(x = 0.625); the onset value of NAC is in complete agreement
with that reported in previous literature,[27] while two oxidation
peaks are observable during the first oxidation sweep of NZAC
(x = 0.625), which clearly points to Zn being responsible for the
decreased oxidation stability. The reduction stability window of
NAC and NZAC is not as low as the theoretical value (1.494 V

Adv. Sci. 2025, 12, e07224 e07224 (6 of 14) © 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH
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as computed by first-principles calculation in the literature),[27]

which suggests the need for a reduction-resistant interlayer be-
tween the anode and NZAC samples in cells.

2.4. Ionic Conductivity and Na Transport Mechanism

Figure 6a shows the ionic conductivities obtained from EIS mea-
surements for all Na1+xZnxAl1−xCl4 nominal compositions un-
der different applied pressures. The same data are also shown
on a logarithmic scale in Figure S8 (Supporting Information).
For x = 0, the pure NAC composition exhibits an ionic conduc-
tivity of 1.5 × 10−6 S cm−1 at 2 MPa. Increasing the pressure
to 200 MPa makes little difference, i.e., the conductivity only
reaches 3.3 × 10−6 S cm−1 at 200 MPa. As x increases, the ionic
conductivity shows an upward trend, reaching a maximum value
of 1.5× 10−5 S cm−1 at 35MPa for Zn content in the range of 0.5≤

x ≤ 0.625. It should be noted that 2 MPa is not enough to observe
a significant increase in conductivity, whereas 35 MPa enables
this improvement. Higher pressures up to 200 MPa offer no ad-
ditional benefit; on the contrary, a slight decrease in conductivity
is observed.
To understand the origin of the increased conductivity, we refer

to our findings on the material’s composition. We concluded that
NaAlCl4 is undoped with Zn

2+. Interestingly, the highest conduc-
tivities are achieved for the composition Na1.625Zn0.625Al0.375Cl4,
close to the edge of the miscibility gap. Since NaAlCl4 does not
show any improvement in conductivity even at 35 MPa, one may
hypothesize that the increase in conductivity arises from either
the introduction of sufficient vacancies in the Na1 sites of the
NZC-type structure, allowing for effective Na hopping, or the in-
fluence of the amorphous phase in the samples. Previous stud-
ies have demonstrated that the amorphous phase plays a dom-
inant role in ionic conduction in some sodium metal halide
SSEs. These works discussed three ways through which amor-
phization may lead to improved ionic conductivity: i) introduc-
ing O2− to substitute Cl− in NaMCl6 (M = Ta, Nb),[36,37,39,41]

Na2MCl6 (M = Hf, Zr)[38,53] or NaAlCl4
[35,42] ii) Na-deficiency in

Na2−xMX6−x (X = F or Cl)[32,54] iii) long ball-milling to destabi-
lize the crystalline structure.[52] Notably, our samples do not con-
form to any of the three conditions outlined above, as they do
not contain oxygen or halide vacancies, and all samples contain a
similar amorphous content (≈30%–50%, Figure S6, Supporting
Information). The amorphous content gradually increases with
x up to x = 0.5 and x = 0.625, where the NZAC samples exhibit
optimal ionic conduction. When x further increases to x = 0.75,
the amorphous fraction remains comparable, but the ionic con-
ductivity declines by an order of magnitude. In the pure NZC
phase, which also exhibits a slightly higher amorphous content,
the ionic conductivity essentially disappears. Therefore, we can
conclude that the 2-phase system Na1+xZnxAl1−xCl4 shows no
intuitive correlation between ionic conductivity and amorphous
content.
Additionally, to further investigate the effect of a poten-

tial amorphous phase contribution in NZAC samples, post-
annealing on NZAC (x = 0.625) was also conducted. The mate-
rial was subjected to an 8-hours postannealing treatment at 90 °C
under 2 MPa. The evolution of the amorphous fraction, ionic
conductivity, and 23Na NMR spectra are depicted in Figure S9

Figure 6. a) Ionic conductivities of Na1+xZnxAl1-xCl4 at 25 °C as a func-
tion of applied pressure. b) Arrhenius plots of Na1+xZnxAl1-xCl4 (x = 0,
0.25, 0.5, 0.625, and 0.75) at different temperatures, measured under
pressure of 140 MPa. NAC phases are denoted as hollow squares due
to the different Na+ pathways compared to other NZC-type phases. c)
Charge-discharge profiles and cycling performance of all-solid-state bat-
tery composed of NZAC (x = 0.5) catholyte at 0.1 C, 25 °C, 70 MPa.
0.1C = 0.0956 mA cm−2.

Adv. Sci. 2025, 12, e07224 e07224 (7 of 14) © 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH
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(Supporting Information), and the refinement details are listed
in Table S11b (Supporting Information). An increased crystallite
size (36 to 50 nm after annealing) was derived fromXRDRietveld
refinement, while the amorphous fraction of NZAC (x = 0.625)
remains constant at approximately 50% after annealing, indicat-
ing the thermal stability of the ball-milled compound. Impor-
tantly, the ionic conductivity decreased by a factor of three (Figure
S9a, Supporting Information). As the amorphous fraction did not
change, one can conclude that it is not correlated to the ionic
conductivity, while on the other hand, the larger crystallites can
be concluded to have a negative impact on the measured con-
ductivity. Furthermore, we compared 1D 23Na MAS NMR spec-
tra before and after post-annealing at 90 °C for 8 h (Figure S9b,
Supporting Information). The results reveal that multiple signals
become sharper, especially visible for the peak at 4 ppm and the
broad peaks at low chemical shifts between −6 and −10 ppm.
The latter broad peak reflects two distinguishable peaks, indi-
cating increased ordering of Na in the NZC-type phase after an-
nealing. Furthermore, 2D 23Na-23Na EXSY NMR spectra (Figure
S9b,c, Supporting Information) showweaker Na ion exchange af-
ter annealing, which aligns with the results of EIS measurement
in Figure S9a (Supporting Information). Thus, we conclude that
the solid solutions are stable upon annealing and that the reduced
ionic conductivity is associated with the NZC-type phase featur-
ing larger crystallites with more ordered Na environments.
To gain understanding, EIS measurements were conducted at

a fixed pressure (140MPa) while varying the temperature. Arrhe-
nius plots for all Na1+xZnxAl1-xCl4 compositions are presented in
Figure 6b. As expected, ln(𝜎T) versus 1/T exhibits a linear behav-
ior within the probed temperature range. The activation energy
Ea was calculated from the following Arrhenius relation:[29]

𝜎T = 𝜎0exp
(
−

Ea
kBT

)
(1)

Ea represents the activation energy, 𝜎0 the Arrhenius pre-factor,
and kB the Boltzmann constant. All Na1+xZnxAl1-xCl4 (x ≥ 0.25)
compositions exhibit activation energies in the range of 0.449–
0.485 eV, which is higher than pure NAC (0.413 ± 0.010 eV).
This apparent contradiction indicates that the NAC and NZC-
type phases involve different Na+ hopping mechanisms as well
as distinct energy barriers. As a result, despite exhibiting a lower
𝜎 compared to the optimal NZAC (x = 0.625) samples, the NAC
phase has a lower Ea. For the samples that possess a predomi-
nant NZC-type structure, such as x = 0.625 and x = 0.75, only
a slight difference in Ea is present, which indicates the same
hopping mechanism. The sample x = 0.625, which displays the
highest conductivity, also shows the lowest activation energy of
0.449 ± 0.007 eV among NZC-type structures. However, the sig-
nificant difference in 𝜎 between the NAC and NZC-type phases
cannot be explained by the activation energies; hence could be
attributed to the prefactor 𝜎0, which is an empirical parameter
related to charge carrier concentration. In fact, for the same type
of structure, the ionic conductivity (𝜎) can also be defined as:

𝜎 = nNa+ ⋅ qNa+ ⋅ 𝜇Na+ (2)

here, n represents the number of charge carriers (Na+) per unit
volume, q is the charge of Na+, and 𝜇 is the mobility of Na+.

When the x value decreases from x = 0.75 to x = 0.625, more
Na+, particularly in the Na1 site, will be replaced by vacancies,
possibly activating the participation of adjacent Na+ ions in the
transport mechanism, thereby increasing the density of charge
carriers nNa+ . Moreover, due to the two-phase behavior observed
when x is between 0 and 0.5, no typical trade-off relationship be-
tween n and 𝜇, as often seen in ionic conductors, can be estab-
lished in this case.[32,33]

As proof of feasibility, the NZAC (x = 0.5) was integrated as
the catholyte into all solid-state batteries (ASSBs). The cell with a
configuration of Na3Sn|Na3PS4|NaCrO2 cathode composite was
assembled with Na3PS4 as an interlayer to prevent direct con-
tact between Na3Sn and NZAC SSE. The ASSB applying NZAC
as catholytes was cycled at 25 °C, the charge-discharge profiles
of the first four cycles are shown in Figure 6c. At 0.1C current,
the NZAC catholyte delivers a first cycle discharge capacity of
93 mAh g−1 and an initial Coulombic efficiency (ICE) value of
92.9%, followed by four cycles with CE > 96%. These results are
encouraging, yet the cell polarization is still high, and futurework
will be devoted to improving the cell design and the related per-
formance.
In summary, introducing sufficient vacancies within the NZC-

type phase, while maintaining a high phase fraction, is key
to achieving the highest ionic conductivity in NZAC samples.
Therefore, optimal compositions are close to the solid-solution
boundary near x = 0.625. In the following, we further support
our conclusions and clarify the conductivity mechanism by MD
and NEB simulations, coupled with simulations of ss-NMR spec-
tra.

2.5. Ionic Conductivity by Molecular Dynamics and ss-NMR

In the previous sections, we showed how samples with x = 0.5
and 0.625, based on the Na2ZnCl4 structure, exhibit significantly
enhanced conductivity with respect to the end member NZC.
We also showed that this does not correlate with the amorphous
phase present in the samples; rather, we observed a novel signal
in the ss-NMR spectra of these intermediate samples (Figure 5a),
whose origin and correlation with conductivity is yet to be clari-
fied. The origin of the significantly enhanced ionic conductivity
is explored by theoretical MD and NEB simulations on machine-
learned potential MACE-MP-0/D3(BJ)-level and with theoreti-
cal NMR calculations on PBE/D3(BJ)-level and experimental ss-
NMR measurements. Herein, in the NZC structure, Na atoms
in the Na1 sublattice surrounded by Al3+ tetrahedra are denoted
as Na1(Al), while Na atoms in the Na1 sublattice surrounded by
both Al3+Cl4 tetrahedra and Zn2+Cl4 tetrahedra are denoted as
Na1(Zn/Al); the same nomenclature also applies to Na atoms in
the Na2 sublattice.
The mobility of the Na+ in Na1.75Zn0.75Al0.25Cl4 and

Na1.625Zn0.625Al0.375Cl4, based on its NZC-type structure, was
first evaluated with MD simulations. Two distinct model config-
urations of Na1.75Zn0.75Al0.25Cl4, either containing only Na1(Al)
vacancies (Figure 7a, denoted as structure A) or only Na2(Al)
vacancies (Figure 7b, denoted as structure B), were chosen
as representatives for the layer-like structure type that was
calculated previously to be most stable.[51] The model shown in
Figure 7a was taken as a base for the model of structure C with
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Figure 7. a) Geometry of Na1.75Zn0.75Al0.25Cl4 with vacant Na1(Al) layer, b) Geometry of Na1.75Zn0.75Al0.25Cl4 with vacant Na2(Al) vacancies, and c)
Geometry of Na1.625Zn0.625Al0.375Cl4, all viewed along [010]. Energies calculated with MACE-MP-0/D3(BJ) were given, representing the stability of such
structures versus the ternary chlorides Na2ZnCl4 and NaAlCl4 (energy above the hull).

composition Na1.625Zn0.625Al0.375Cl4 (Figure 7c), whose Na site
occupations are close to the ones obtained from X-ray diffraction
results (Na1 Occ. = 0.74(4), Na2 Occ. = 0.94(4), Figure 4d). Here,
structure C is composed of half-filled Na2(Zn/Al) adjacent to
the entirely vacant Na1(Al) layer. It is worth emphasizing that all
the model structures have somewhat idealized site occupancies,
close but not identical to the experimentally observed ones,
which are applied for the sake of simulation simplicity. Further-
more, simulation temperatures between 475 K and 700 K were
chosen to accelerate the Na diffusion process to timescales that
are observable on a picosecond time scale. Consequently, devia-
tions from the experimental measurements at room temperature
are possible.

For the most stable Na1.75Zn0.75Al0.25Cl4 structure with solely
Na1 vacancies (Figure 7a), no ion movement between sites was
observed by MD simulations. The distribution of sodium in
structure A at 700 K is visualized in Figure 8a, and the mean
square displacement (MSD) at 500, 600, and 700 K is shown in
Figure S10a (Supporting Information). The only movement that
was found takes place along the a-axis locally restricted between
vacant Na1 positions in theNa1(Al) layer and the adjacent Na2 po-
sitions. On the time scale of the simulation, no long-range move-
ment occurs along the a, b, or c axes, which would be needed
for ionic conductivity. As a side remark, for pure Na2ZnCl4, not a
single sodium ion jump was observed within the MD simulation
time of 75 picoseconds at T < 800 K.

Figure 8. a) Simulated Na density plot for the NPT-MD simulation of Na1.75Zn0.75Al0.25Cl4 (structure A) at 700 K with an isosurface cutoff of 5%. b)
Starting structure and c) end structure for the NEB of a Na+ migration from an occupied Na2-site to an unoccupied Na1-site in the Na1(Al) layer.

Adv. Sci. 2025, 12, e07224 e07224 (9 of 14) © 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH
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Figure 9. Simulated Na density plot for the NPT-MD simulation of Na1.75Zn0.75Al0.25Cl4 (structure B) and Na1.625Zn0.625Al0.375Cl4 (structure C) at 650
K with an isosurface cutoff of 5%. a) Structure B viewed along [001] with Na1 and Na2 positions labeled according to whether they are in the vicinity of
ZnCl4

2− or AlCl4
− or both. b) Structure B viewed along [010]. c) Arrhenius plot of the self-diffusion constants obtained from the NPT MD simulation of

structure B between 475 and 650 K. d) Structure C viewed along [001]. e) Structure C viewed along [010] with Na1 and Na2 positions labeled according
to whether they are in the vicinity of ZnCl4

2− or AlCl4
− or both. f) Arrhenius plot of the self-diffusion constants obtained from the NPT MD simulation

of structure C between 475 and 650 K.

To better understand the lack of mobility of Na+ ions in struc-
ture A, NEB calculations were carried out for the migration of
Na+ from a Na2 site into a neighboring empty Na1(Al) layer
(Figure 8b,c). A 1×2×2 supercells of the structure in Figure 8a
were employed to reduce the artificial strain on the images
of the NEB calculation. The NEB yields an activation energy
of 0.62 eV for the movement of Na+ from the Na2 layer into
the Al layer, indicating that this migration path is kinetically
inhibited.
Structure B has only Na2 vacancies. This is only a hypotheti-

cal structure, as it is energetically less stable than configuration
A (Figure 7), and we experimentally observe the Na1 site to be
less occupied than Na2. Interestingly, however, Na+ migration
was observed in the MD simulation at temperatures as low as
475 K (as shown in the simulated density plots of Figure 9a,b,
MSD plot in Figure S10b in Supporting Information), while no
diffusion of Cl− was observed (Figure S10c in Supporting Infor-
mation). The main diffusion occurs between edge-sharing Na1

sites in the mixed Al/Zn layers along the b axis. This migration
is akin to Li+ migration in isostructural LiFePO4.

[48,49] It is fa-
cilitated by the appearance of vacancies in the Na1(Zn/Al) layer
through the spontaneous diffusion of Na1(Zn/Al) ions into the
adjacent vacant Na2(Al) layer, in this case, Na2 vacancies function
as intermediate sites that are crucial for Na1(Al/Zn) hopping to
another Na1(Al/Zn) site.
Figure 9c shows an Arrhenius plot for the calculated self-

diffusion constants of structure B, while MSDs are depicted in
Figure S10b (Supporting Information). The activation energy for
the self-diffusion of the Na ions in structure B is calculated to
be 0.28 ± 0.07 eV. This is below the results from experimen-
tal ionic conductivity measurements in Figure 6b. The deviation
likely originates, as mentioned before, from the simulated sys-
tem only representing a simplified, idealized model at elevated
temperatures rather than a complex, realistic composition. Fi-
nally, according to the XRD refinements in Figure 4d, the va-
cancies are neither exclusively located at the Na1 site nor the

Adv. Sci. 2025, 12, e07224 e07224 (10 of 14) © 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH
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Na2 site, which implies the co-existence of structures A and B
to some extent. This leads to a much higher ionic conductivity of
Na1.75Zn0.75Al0.25Cl4 composition than pure Na2ZnCl4, which is
observable in Figure S8 (Supporting Information).
In the next step, we investigated how increasing the number

of vacancies affects Na+ mobility based on structure C (Figure 7c)
with composition Na1.625Zn0.625Al0.375Cl4. Similar to structure B,
a significant Na+ ion mobility was observed in the Na1(Zn/Al)
layer according to MD simulations at 650 K (MSDs in Figure
S10e in Supporting Information). In contrast, Cl− ions do not
diffuse at any temperature (Figure S10d in Supporting Informa-
tion). For structure C, the Na+ density plot in Figure 9d,e shows
similar patterns as the plot for structure B in Figure 9a,b, fea-
turing a channel along the b axis and a zig-zag path along the c
axis across corner-sharing Na octahedra, which is not observed
for LiFePO4. Na ions move predominantly along b, as expected,
even though diffusion along the other directions is also observed,
as shown in the 1D-MSD plot in Figure S11 (Supporting Infor-
mation). An activation barrier of 0.36 ± 0.05 eV is obtained for
structure C from the Arrhenius plot (Figure 9f) of the Na self-
diffusion constants (MSDs in Figure S10e, Supporting Informa-
tion). The activation energy and diffusion rates were found to be
comparable to the ones calculated for structure B but lower than
the experimental findings of Ea = 0.449 ± 0.007 for x = 0.625.
Further details on the NEB simulation and stability comparisons
between MACE-MP-0/D3(BJ) and PBE/D3 (BJ) can be found in
the Supporting Information in Figures S12 and S13 and Tables
S14 and S15 (Supporting Information).
The main qualitative difference between structures B and C is

that C possesses a more significant conduction channel in the
b direction (Figure 9a,d, isosurface cut-off is always 5%). This
difference originates from the higher Na+ vacancy concentra-
tion in structure C, which provides more efficient hopping, i.e.,
more Na+ charge carriers are activated across both Na1 and Na2
sites during conduction. It should also be noted that structure C
in Figure 7c, with full Na+ occupation in the Na1(Zn/Al) layer
only, represents the starting configuration. However, local diffu-
sion along the a direction is also observed during the simulation
(Figure 9d,e), which introduces vacancies into the Na1(Zn/Al)
layer. This, in turn, increases the Na1 occupancy in the Na1(Al)
layer, which can only occur via exchange with Na2 sites in the
Na2(Al) layer.
In brief conclusion, MD simulations and NEB calcula-

tions of the model systems for Na1.75Zn0.75Al0.25Cl4 and
Na1.625Zn0.625Al0.375Cl4 reveal that the enhanced conductivity of
Na1+xZnxAl1-xCl4 originates from the introduction of both Na1
and Na2 vacancies, which can exchange via Na1 sites in mixed
Al/Zn environments. In this way, the active charge carrier
concentration, i.e., mobile Na ions, is increased compared to
the Na2ZnCl4 structure. Especially, the interplay between Al-
dominated regions and Zn-dominated regions plays a critical
role: as visible in structure C (Figure 9d,e), Na+ in the Na1(Al)
layer (i.e., in pure Al environments) does not diffuse via the
same channel in the b direction as in the Na1(Zn/Al) layer. This
is likely due to the modified local geometry, since the AlCl4

−

tetrahedra are significantly smaller than the ZnCl4
2− tetrahe-

dra. On the other hand, the Na hopping between Na1(Zn/Al)
and Na2(Al) is also critical since Na2(Al) can be partially filled
while allowing the introduction of vacancies into Na1 (Zn/Al)

sites. The latter is responsible for enhanced ionic conduction of
Na1.625Zn0.625Al0.375Cl4.
Comparing our simulations to the experimental solid-state

NMR spectra for the samples with compositions of x = 0.5,
x = 0.625, and x = 0.75 may corroborate the mechanisms at
play. Therefore, first, the number and nature of 23Na sites present
in these three samples were extracted from 2D 23Na Multiple-
Quantum Magic Angle Spinning (MQMAS) NMR experiments
(Figure S14; Table S16, Supporting Information), where the sig-
nals are separated according to their isotropic chemical shift in
the indirect dimension (y axis), while the direct dimension con-
tains both, the chemical shift and the quadrupolar interaction.
The MQMAS spectra show the signals for Na in typical Na1
(5 ppm) and Na2 (0.4 ppm) environments from NZC with small
quadrupolar couplings (< 0.7 MHz). However, the spectra reveal
an additional Na signal at around 1–3 ppm with a significant
quadrupolar broadening with CQ∼1 MHz and additional disor-
der. Furthermore, theMQMAS spectra demonstrate a clear differ-
ence between the x = 0.5 and x = 0.625 compared to the x = 0.75
composition: while for x = 0.5 and x = 0.625 a distribution of Na
signals with small CQ (< 0.5MHz) is observed within an isotropic
shift range as wide as 10 ppm (𝛿iso = 0 and≈−10 ppm), the chem-
ical shift range for x = 0.75 is restricted between 0 and −6 ppm.
This indicates that different Na environments form with more
Al substitution in the direct environment. We used the extracted
Na sites from the MQMAS spectra to fit the 1D 23Na MAS NMR
spectra of all three compositions (Figure 10, Tables S17 and S18,
Supporting Information).
To assign the different experimentally observed 23Na signals

to different Na sites and local environments, we calculated the
expected NMR parameters for the DFT structures of NaAlCl4,
Na2ZnCl4, as well as Na1.75Zn0.75Al0.25Cl4 with solely Na1 or solely
Na2 vacancies, the two energetically favored structures.[51] The
results (summarized in Figure S15, Table S19, Supporting Infor-
mation) are in good agreement with the experimental signals for
the x = 0.75 composition, considering the degree of disorder and
strain from the ball milling syntheses, and therefore allow for
an assignment of the 23Na signals. Na1 and Na2 sites in pure
Zn environments exhibit chemical shifts that are very close to
the ones calculated and observed for NZC. However, as soon as
mixed Al/Zn environments occur, the values are shifted to lower
chemical shifts. Hence the experimentally observed, broad sig-
nal at ≈2 ppm with a CQ of ≈1 MHz is assigned to Na1 sites
with mixed Al/Zn environment (Na1(Zn/Al)), while Na2 sites
with mixed Al/Zn environments are shifted to values below 0
and −5.5 ppm (Na2(Zn/Al)). Quadrupolar couplings of the lat-
ter are higher from DFT calculations than experimentally ob-
served, which could either be caused by the disorder in the sys-
tem or by partial motional averaging, which may take place by
local Na+ motion as indicated from the MD calculations and 2D
23Na EXSY NMR spectra (Figure 5b–e). Using the deconvolution
of the 1D 23Na MAS NMR spectrum (Figure 10a), we can esti-
mate aNZAC composition of Na10.88Na20.87Zn0.75Al0.25Cl4 for the
nominal x = 0.75 sample, which is in good agreement with the
Na1/Na2 occupancies derived from XRD analyses (Figure 4d).
Thus, we conclude that in the case of x = 0.75, both layers of Na1
or Na2 vacancies form during the high-energy ball milling syn-
thesis. For structures with solely Na1 vacancies (structure A), Na
exchange between full and empty layers is kinetically inhibited
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Figure 10. Deconvolution of the central transition of the 1D 23Na MAS
NMR spectra for ball-milledNZAC composition with different substitution
degrees a) x= 0.75, b) x= 0.625, and c) x= 0.5. The experimental spectrum
is shown in black, the sum of the deconvolution of the individual signals
as a dashed red line, and the difference in grey below.

by a high activation barrier, as shown above by the NEB calcu-
lations (Figure 8a–c). However, for solely Na2 vacancies (struc-
ture B), Na jumps between Na1(Zn/Al) and Na2(Al) layers are
possible. Thus, the experimentally observed limited Na+ ionic
conductivity (Figure S8, Supporting Information) is explained
by the coexistence of both layers of Na1 or Na2 vacancies and

by the insufficient total vacancy density. This is also reflected in
the limited cross-signal intensity of the corresponding 2D EXSY
NMR spectrum in Figure 5e. However, turning to the x = 0.5
and x = 0.625 samples, we do observe a distribution of an addi-
tional 23Na signals with small chemical shifts between −5 and
−10 ppm, which were also not predicted by DFT calculations
of the model compositions. Thus, we assign the additional sig-
nal intensity to Na in environments in NZC-type structures that
are, however, similar to those in NaAlCl4, i.e., Al-rich and closer
to seven-fold coordinated by Cl−. From the fits of the 1D 23Na
MAS NMR spectra (Figure 10b,c) of the nominal x = 0.625 and
x= 0.5 compositions, we derive NZAC phases with compositions
of Na10.70Na20.97Zn0.67Al0.33Cl4 and Na10.75Na20.94Zn0.69Al0.31Cl4,
respectively. Both are again in good agreement with the Na1/Na2
occupancies derived from XRD analyses (Figure 4d).
The MD simulations indicate that Na1 sites in mixed Al/Zn

and pure Al environments, as well as Na2 sites in Al-rich environ-
ments, are crucial for ionic transport. This is further supported
by the 23Na-23Na EXSYMAS NMR spectra (Figure 5d), where the
strongest exchange with significant intensity is observed between
Na2 and Na1 sites, both in mixed Al/Zn environments. This is
completely consistent with the results from MD simulations of
structure C (Figure 9d,e). To summarize, the aliovalent substi-
tution of Al3+ for Zn2+ (x > 0.25) leads to the formation of pre-
ferred Na1 vacancies (also resulting in Na2 sites in Al-rich envi-
ronments) but requires the formation of additional Na2 vacancies
for charge compensation. These additional Na2 vacancies signif-
icantly facilitate the Na+ movement between Na1 and Na2 layers,
which is in accordance with the diffusion pathways found in the
MD simulations and experimental EXSY NMR measurements.

3. Conclusion

In this work, a series of Na1+xZnxAl1-xCl4 samples were synthe-
sized using a mechanochemical method. The crystal structures
were primarily studied through XRD and related Rietveld refine-
ment. The local Na environment in pure NaAlCl4 (space group
P212121) was deciphered with the help of sXRD and ss-NMR
spectroscopy, and only one Na site was identified. The solubility
of Zn2+ and Al3+ in the two end members was investigated, with
support from 2D EXSY-NMR. No evidence of Zn solubility into
NaAlCl4 is observed. A solid solution forms instead in the NZC
phase with Al3+ and Zn2+ occupying the same tetrahedral site
(Wyckoff position 4c). However, this solid solution has a limit:
when the Zn content is less than x = 0.66(3), the NaAlCl4 phase
without Zn2+ doping appears, ultimately indicating a miscibility
gap. The ionic conductivities of Na1+xZnxAl1-xCl4 weremeasured
via EIS under varying temperatures and pressures. The highest
values of ionic conductivity (35 MPa, 25 °C) reach 1.5 × 10−5 S
cm−1, and were observed for Zn contents in the range of 0.5≤ x≤

0.625. This increase in conductivity was investigated by computa-
tionalmethods and ss-NMR spectroscopy, and it was attributed to
the rise in vacancy concentration and cation disorder in the Al3+-
doped Na2ZnCl4 phase. The presence of vacancies in both Na1
and Na2 sites was shown to be crucial. This behavior was further
modelled usingMD simulations, which showed good agreement
with the experimental NMR results. In conclusion, we demon-
strate that samples close to the phase boundary at x = 0.625 ap-
pear to be ideal for achieving the highest conductivity in this ma-
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terial family.Here, the vacancy concentration is high enough, and
the sample ismonophasic. At higher x, the vacancy concentration
is too low, while at lower ones the amount of secondary NaAlCl4
phase increases and lowers the overall conductivity. Ultimately,
we also demonstrate a proof-of-concept solid-state sodium cell
using a NZAC sample as catholyte. This work introduces a novel
class of SSE based on the NZC structure and provides insights
into the correlation between composition, crystalline structure,
and ionic conduction pathways. Finally, it highlights the contri-
butions of NMR andMD simulation to studyingmetal halide SEs
and the Na transport mechanisms within.
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