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Abstract: Sodium-ion batteries offer an attractive alternative to lithium-based chemistries due to
the lower cost and abundance of sodium compared to lithium. Using solid electrolytes instead
of liquid ones in such batteries may help improve safety and energy density, but they need to
combine easy processing with high stability toward the electrodes. Herein, we describe a new class
of solid electrolytes that are accessible by room-temperature, aqueous synthesis. The materials
exhibit a garnet-type zinc hexacyanoferrate framework with large diffusion channels for alkaline ions.
Specifically, they show superionic behavior and allow for facile processing into pellets. We compare
the structure, stability, and transport properties of lithium-, sodium-, and potassium-containing zinc
hexacyanoferrates and find that Na2Zn3[Fe(CN)6]2 achieves the highest ionic conductivity of up to
0.21 mS/cm at room temperature. In addition, the electrochemical performance and stability of the
latter solid electrolyte are examined in solid-state sodium-ion batteries.

Keywords: solid-state battery; sodium-ion battery; solid electrolyte; Prussian blue analogue

1. Introduction

As a complementary technology to lithium, solid-state sodium-ion batteries have
emerged as a promising contender [1,2]. While it is important to note that they may
not necessarily outperform conventional batteries in all aspects, they offer a compelling
alternative with a focus on sustainability and an abundance of sodium resources. For this
technology, the development of high-performance solid electrolytes is a key challenge, with
different chemical approaches to enable sodium conduction in solids being reported in the
literature [2].

Polymer electrolytes typically exhibit a low ionic conductivity at room temperature [3–5],
which however can be enhanced by the addition of inorganic nanoparticles [6]. Superionic
inorganic conductors can be considered an alternative to polymer electrolytes. Here,
one has to differentiate between electrolytes of high- and low-temperature processability.
Oxide-based electrolytes, such as sodium-beta alumina, Na3Zr2Si2PO12, or Na2Zn2TeO6,
are characterized by good stability against sodium (alloy) anodes and exhibit reasonably
high ionic conductivities of up to ~0.7 mS/cm, but necessitate sintering into a thin (brittle)
pellet, making commercialization efforts more challenging [7–10]. Halide electrolytes, such
as Na3−xY1−xZrxCl6, are more malleable and can be processed at low temperatures by cold
pressing, but rely on costly and relatively scarce metal species and show only relatively
low ionic conductivities [11–13]. Thiophosphate electrolytes derived from Na3PS4 are
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among the most promising candidates, since they combine low-temperature processability
with high ionic conductivity (σion,rt ≤ 8.8 mS/cm), for example, if the material is modified
with tungsten [14–16]. The main drawbacks of sulfide solid electrolytes are their limited
stability in contact with the electrode active materials and susceptibility toward ambient
atmosphere, the latter resulting in the release of toxic H2S [17].

Recently, sodium conduction in Prussian blue analogues (PBAs), well-known cathode
active materials (CAMs) for sodium-ion batteries, has been reported [18]. This material
class combines the advantages of easy and scalable synthesis using low-cost precursors,
stability at ambient conditions, and good processability (cold pressing), although their
ionic conductivity is only comparable to that of halide electrolytes (up to ~0.1 mS/cm) [18].
PBAs belong to a more general class of materials having the formula XaTMb[Fe(CN)6]c,
with X and TM being alkaline/alkaline-earth and transition-metal ions, respectively, and
with the octahedral hexacyanoferrate Fe(CN)6

3− [or Fe(CN)6
4−] as the basic building unit.

This unit forms coordination polymers with a wide range of TM species. Depending on the
coordination geometry of the TM by CN−, different 3D structures are formed.

Herein, we introduce Zn2+, leading to a shift from octahedral to tetrahedral coordi-
nation of the TM. This yields garnet-type zinc hexacyanoferrates of type XaZn3[Fe(CN)6]2
(ZHF) crystallizing in the space group R–3c, in which typical mobile X species are sodium
and potassium ions. The open pore structure of ZHFs, combined with their stability in
water and organic solvents, makes them interesting functional materials for a variety of
applications, such as radioactive 137Cs+ or 90Sr2+ capture [19,20], photocatalysis [21], as ion-
selective electrodes [22], or as CAMs for sodium- and potassium-ion batteries [23–26]. As
cathodes, they exhibit lower theoretical and practical specific capacities than PBAs [27,28],
but often show good performance at high current rates [23,25]. Similarly, in radioactive ion
adsorption, K-ZHF shows much faster 137Cs+ uptake than the related cubic Zn2[Fe(CN)6],
indicating higher mobility in the garnet-type structure. This was an impetus for us to ex-
plore the ion mobility in various ZHFs, and examine their potential as solid electrolytes for
rechargeable alkali-metal-ion batteries. We found the highest conductivity for sodium ions,
which enabled us to demonstrate prototype solid-state sodium-ion batteries. Moreover,
the ZHF materials outperform previously reported PBA cyanide frameworks in terms of
room-temperature ionic conductivity.

2. Materials and Methods

Synthesis of Na2Zn3[Fe(CN)6]2: In a round bottom flask, 5 g of Na4[Fe(CN)6]·10H2O
(1 eq.) and 6 g of NaCl (10 eq.) were dissolved in 200 mL of DI water. In a beaker, 2.76 g
of ZnNO3·6H2O (0.9 eq.) was dissolved in 100 mL of DI water. The zinc nitrate solution
was added dropwise to the first solution under vigorous stirring at room temperature
over a period of 30 min. The suspension was stirred for another 10 h and then left for
sedimentation of the precipitate. The supernatant was removed, and the obtained white
powder was washed three times using DI water with a 1:5 wt. ratio of powder to water.
Subsequently, the material was dried overnight at the desired temperature, preferably at
90 ◦C, under a dynamic vacuum.

Synthesis of K2Zn3[Fe(CN)6]2: In a round bottom flask, 5 g of K4[Fe(CN)6]·10H2O
(1 eq.) and 6 g of KCl (10 eq.) were dissolved in 200 mL of DI water. In a beaker, 2.76 g of
ZnNO3·6H2O (0.9 eq.) was dissolved in 100 mL of DI water. The zinc nitrate solution was
added dropwise to the first solution under vigorous stirring at room temperature over a
period of 30 min. The subsequent steps were similar to those described above.

Synthesis of Li2Zn3[Fe(CN)6]2: 2 g of K2Zn3[Fe(CN)6]2 (1 eq.) was combined with
100 mL of DI water to obtain an aqueous suspension of the potassium electrolyte. The
suspension was then heated to 80 ◦C, after which 1.2 g of LiCl (10 eq.) was added. It
was left at 80 ◦C overnight for ion exchange. Subsequently, the supernatant was removed,
and the obtained powder was washed three times using DI water with a 1:5 wt. ratio of
powder to water, followed by drying at the desired temperature, preferably at 90 ◦C, under
a dynamic vacuum.
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Synthesis of Na2Mn[Fe(CN)6]: The cathode material was obtained by precipitation of
a solution of 2 g of Na4[Fe(CN)6]·10H2O (1 eq.) in 100 mL of DI water with dropwise
addition of 1 g of Mn(C2O2H3)2·4H2O (1 eq.) in 100 mL of DI water in the presence of 2.4 g
of NaCl (10 eq.) under stirring at room temperature. The mixture was stirred overnight,
after which the supernatant was removed. The resulting powder was washed three times
with DI water by centrifugation and re-suspension, followed by drying under a dynamic
vacuum at 120 ◦C.

Synthesis of Na3Sn: The alloy was prepared by combining pieces of sodium and tin
in a stoichiometric manner via consecutive pressing and folding. The obtained sheet-like
material was then heated at 300 ◦C and ground to a fine powder for further use. The
synthesis was performed under an inert atmosphere.

Synthesis of Na3PS4: The solid electrolyte was prepared via mechanochemical synthesis
adapting the procedure reported by Nguyen et al. [29] To this end, stoichiometric amounts
of Na2S and P2S5 were added to a ZrO2 jar, followed by milling for 30 min at 250 rpm and
another 30 min at 500 rpm.

Electrochemical Testing: Anode composite 1 was prepared by blending 95 wt.% Na3Sn
with 5 wt.% Na-ZHF-90. Anode composite 2 was prepared by blending 30 wt.% Li4Ti5O12
with both 65 wt.% Na3PS4 and 5 wt.% Super C65 carbon black. Cathode composite was
prepared by mixing 90 wt.% Na2Mn[Fe(CN)6] with 10 wt.% multiwalled carbon nanotubes.
Full cell type 1 was assembled using 25 mg of anode composite 1 and 15 mg of cathode
composite. Full cell type 2 was assembled using 50 mg of anode composite 2 and 15 mg
of cathode composite. For testing of symmetrical cell type 1, 25 mg of anode composite
1 was used in the preparation of both electrodes. For testing of symmetrical cell type 2,
15 mg of cathode composite was used in the preparation of both electrodes. In all cells,
Na-ZHF-90 (150 mg) served as a separator. Cells with a cross-section area of 0.785 cm2

were cycled under a constant uniaxial stack pressure of 81 MPa at 45 ◦C (see Table S1,
Supporting Information, for details on the cycling conditions), with 1C being equivalent to
100 mA/gCAM.

Electrochemical Impedance Spectroscopy: For EIS on cold-pressed samples, 200 mg of
solid electrolyte powder was compressed at 437 MPa for 3 min using a customized setup
with stainless steel dies and a PEEK sleeve (10 mm diameter). A pressure of 125 MPa
was maintained during the measurements. EIS data were acquired from 0.1 Hz to 7 MHz
with a 20 mV voltage amplitude using an SP-200 potentiostat (BioLogic, Seyssinet-Pariset,
France). Temperature-dependent impedance spectra were recorded between 25 and 65 ◦C
after equilibration for at least 1 h. Spectra fitting was performed using an equivalent
circuit model of type RQ–W, with R, Q, and W being resistance, constant phase element,
and Warburg element, respectively. The conductivity was calculated from the R, and
the activation energy was obtained by Arrhenius fitting of the temperature-dependent
conductivity. Residual porosity has not been considered.

Powder X-ray Diffraction: The materials were studied by PXRD in 0.03 mm glass cap-
illaries (Hilgenberg, Malsfeld, Germany) using a STADI P (STOE, Darmstadt, Germany)
diffractometer equipped with a Mythen 1K detector (DECTRIS, Baden, Switzerland) in
Debye–Scherrer geometry with monochromatic Mo-Kα1 radiation (λ = 0.7093 Å, 50 kV,
40 mA). The datasets were analyzed using TOPAS Academic V7. Le Bail analysis was
performed after background correction (Chebyshev polynomial with 10 terms). Specifi-
cally, lattice parameters, zero-shift, axial divergence, and crystallize size (Gaussian and
Lorentzian contributions) were extracted.

Thermogravimetric Analysis-Mass Spectrometry: TGA-MS was carried out using a SE-
TARAM (Caluire-et-Cuire, France) thermal analyzer (SENSYS evo TG-DSC) equipped
with a Pfeiffer (Asslar, Germany) OmniStar mass spectrometer. The measurement was
conducted from room temperature to 500 ◦C under argon flow with a heating rate of
1 ◦C/min.

Inductively Coupled Plasma-Optical Emission Spectroscopy: ICP-OES was carried out
using a Thermo Fisher Scientific (Waltham, MA, USA) iCAP 7600 DUO. The samples were
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dissolved by acid digestion in a graphite furnace, and the elemental composition was
probed using four different calibration solutions and two/three wavelengths per element.

Scanning Electron Microscopy: Morphological investigation by SEM was carried out on
a LEO-1530 microscope (Carl Zeiss AG, Oberkochen, Germany).

3. Results
3.1. Structural Characterization

Open framework ZHF materials with targeted compositions of Li2Zn3[Fe(CN)6]2,
Na2Zn3[Fe(CN)6]2, and K2Zn3[Fe(CN)6]2, referred to as Li-ZHF, Na-ZHF, and K-ZHF,
respectively, in the following, were synthesized by an aqueous, solution-based process.
The sodium and potassium compounds were obtained by precipitation using either
Na4[Fe(CN)6]·10H2O or K4[Fe(CN)6]·10H2O and nitrate salt as a zinc source in the pres-
ence of excess NaCl or KCl. The synthesis of the lithium compound was attempted by
aqueous ion exchange from K-ZHF using excess LiCl at 80 ◦C (details in the Materials and
Methods Section).

The obtained materials were examined first by powder X-ray diffraction (PXRD). The
respective data are shown in Figure 1a. Evidently, all materials produced similar diffraction
patterns, and Le Bail analysis (see Table S2 and Figure S1, Supporting Information) revealed
the presence of single-phase, garnet-type materials crystallizing in the R–3c space group, in
agreement with literature reports [30,31]. Schematic representations of the crystal structure
are provided in Figure 1b,c. As can be seen, each Fe(CN)6 octahedron is coordinated by six
zinc atoms, which in turn coordinate to the Fe(CN)6 octahedra themselves. The resulting
six intercalation positions in the voids are partially occupied [26] by alkaline ions to yield
in total one species per void to maintain charge neutrality. Additionally, it can be assumed
that the PBA structure contains adsorbed (surface), interstitial (zeolitic), and coordinated
(chemically bonded) water molecules, depending on the synthesis conditions [32].
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tical emission spectroscopy (ICP-OES), revealing Zn:Fe molar ratios of 1.58 ± 0.11 (Li-

Figure 1. (a) PXRD patterns of the different ZHFs dried at 70 ◦C. (b,c) Schematic representations
of the garnet-type structure, with iron and zinc shown as brown and gray polyhedra, and carbon,
nitrogen, and Li+/Na+/K+ as black, blue, and yellow spheres, respectively. Note that the alkali-metal
sites are only partially occupied. (d) SEM image collected from the Na-ZHF-70 sample.

Na-ZHF was further probed using scanning electron microscopy (SEM), indicating
cuboid particles of about 1 µm in size, as shown in Figures 1d and S2 (Supporting Informa-
tion). The different samples were also investigated by inductively coupled plasma-optical
emission spectroscopy (ICP-OES), revealing Zn:Fe molar ratios of 1.58 ± 0.11 (Li-ZHF),
1.54 ± 0.05 (Na-ZHF), and 1.49 ± 0.08 (K-ZHF) (see Table S2, Supporting Information),
corroborating the formation of trigonal structures rather than cubic Zn2[Fe(CN)6]. Taken
together, the results confirm the successful preparation of garnet-type ZHFs for all three
alkaline ions.

During sample preparation, it was noticed that the drying temperature was affecting
the lattice parameters of the ZHF samples. For systematic investigation into this effect, the
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materials were dried at 70, 90, and 120 ◦C under a dynamic vacuum. The results from Le
Bail fitting of the PXRD data collected from the different ZHFs are given in Tables 1 and S2
(Supporting Information).

Table 1. Overview of synthesized ZHFs, refinement results, and corresponding room-temperature
ionic conductivities.

Sample Assumed Stoichiometry Drying Temperature [◦C] Unit-Cell Volume [nm3] Conductivity [mS/cm]

Li-ZHF-70 Li2Zn3[Fe(CN)6]2 70 4.434(2) 0.022

Li-ZHF-90 Li2Zn3[Fe(CN)6]2 90 4.422(2) 0.013

Li-ZHF-120 Li2Zn3[Fe(CN)6]2 120 4.459(6) 0.00034

Na-ZHF-70 Na2Zn3[Fe(CN)6]2 70 4.376(2) 0.031

Na-ZHF-90 Na2Zn3[Fe(CN)6]2 90 4.332(2) 0.17

Na-ZHF-120 Na2Zn3[Fe(CN)6]2 120 4.445(1) 0.21

K-ZHF-70 K2Zn3[Fe(CN)6]2 70 4.425(2) 0.092

K-ZHF-90 K2Zn3[Fe(CN)6]2 90 4.292(2) 0.015

K-ZHF-120 K2Zn3[Fe(CN)6]2 120 4.364(4) 0.0063

The unit-cell volumes of the Li-ZHFs are the largest overall (see Figure 2a). The Na-
and K-ZHF samples exhibit slightly lower volumes, which vary strongly with drying
temperature. In fact, all materials feature their lowest unit-cell volume at 90 ◦C. Increasing
the drying temperature to 150 ◦C led to the formation of impurity phases, as determined by
PXRD, indicating degradation (see Figure S3, Supporting Information). A previous study
reported a decrease in unit-cell volume with freeze-drying of ZHFs [33]. Specifically, smaller
coordinated alkaline ions led to more contraction of the unit cell during drying. Yet, the
smallest ion considered was Na+. The observed shrinkage was more pronounced in samples
having a relatively higher interstitial water content, i.e., for ZHFs containing the smaller
alkaline ions. However, the findings cannot be directly compared with our observations,
since the post-treatment, as well as the initial drying of materials (at 70 ◦C overnight), was
different, which is also evident from the fact that freeze drying changes the space group
in which the Na2Zn3[Fe(CN)6]2 crystallizes from R–3c to P2/c [33]. Nevertheless, more
or less water may be present depending on the size of the coordinated alkaline ions. For
example, in the related PBAs, the introduction of larger Ba2+ ions [r(Ba2+) ≈ r(Na+)] has
been shown to effectively prevent zeolitic water incorporation, which can be considered
an intrinsic defect in PBA materials [34]. Similarly, here, one could expect less water
coordination with the larger Na+ and K+ ions, which may explain their smaller (initial)
unit-cell volumes. Similar trends have also been observed when comparing K-ZHF to
Na-ZHF [33]. On the other hand, the synthesis method (ion exchange) to produce Li-ZHF
required higher temperatures, which could account, at least to some degree, for the relative
increase in volume.

To gain a better understanding of the drying process at elevated temperatures, ther-
mogravimetric analysis coupled with mass spectrometry (TGA-MS) was applied to the
samples initially dried at 70 ◦C (referred to as ZHF-70). The data shown in Figure 2b
indicate that all materials lose weight upon heating, with an onset temperature of ~60 ◦C.
For K-ZHF-70, after a mass loss of about 5.1 wt.%, a first plateau is reached at ~150 ◦C.
The initial loss is primarily related to the release of interstitial water from the material, as
evident from the measured ion current (see Figure 2c). The latter provides evidence for
water release between 50 and 180 ◦C, but no such release beyond 200 ◦C. With increasing
temperature, a second mass loss (by 6.2 wt.%) starting around 275 ◦C is noticed, corre-
sponding to thermal degradation. This finding highlights the distinct difference to PBA
cathodes, where a release of adsorbed water is observed until ~120 ◦C, and zeolitic water
release only occurs at temperatures above 200 ◦C [27]. The mass loss of K-ZHF-70 up to
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~150 ◦C corresponds roughly to that of two water molecules per sum formula. However, it
should be noted that the materials were heated in an inert atmosphere rather than under
a dynamic vacuum during this kind of measurement. The application of vacuum in the
drying process is presumably more effective at low temperatures than what is indicated by
TGA-MS. For the other two materials, Li-ZHF-70 and Na-ZHF-70, a gradual mass loss up
to 225–250 ◦C is observed, after which no major losses are detected anymore. Therefore,
the drying and decomposition processes likely overlap in these samples, with K-ZHF being
more stable toward thermal degradation. Indeed, the ion currents measured by MS indicate
continuous water release for the Li- and Na-ZHFs, with an apparent maximum at ~210 ◦C.
In contrast, for K-ZHF, the highest release rate is found at ~120 ◦C. However, the increased
ion flux in the Li- and Na-containing samples may also result from degradation, which
occurs at 150 ◦C already. One could envision fracturing of the decomposing ZHF crystals,
allowing for increased drying rates and leading to higher ion currents.
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Figure 2. (a) Unit-cell volumes of the different ZHFs dried at temperatures ranging from 70 to 120 ◦C
(Li-ZHF: green, Na-ZHF: blue, K-ZHF: purple). (b) TGA of the ZHF-70 samples and (c) corresponding
ion currents related to water release from coupled MS measurements.

Overall, the TGA-MS results demonstrate a gradual release of interstitial water until
~250 ◦C for both the Na- and Li-ZHF-70. If the mass loss up to 150 ◦C (the plateau region
in K-ZHF-70) is considered to only correspond to zeolitic water, the Na- and Li-ZHF-70
release ~2.7 and ~3.1 water molecules per sum formula, respectively. However, the amount
of zeolitic water cannot be determined unambiguously from these experiments due to the
convolution of degradation and drying. Also, it is important to mention that the data can
be somewhat affected by the background signal (considering the measuring device and
its environment). Yet, K-ZHF released the least water and is seemingly the most stable
material, which agrees with the above hypothesis that the larger size of potassium ions
leads to a lower fraction of incorporated water molecules.

3.2. Ionic Conductivity

To gain insight into the superionic conduction in the ZHF samples, electrochemical
impedance spectroscopy (EIS) measurements were conducted on cold-pressed pellets. In-
terestingly, the materials are found to form stable pellets at very low compacting pressures,
indicating good processability for solid-state batteries. The stability of the garnet-type
framework upon densification was confirmed by PXRD before and after compacting the
Na-ZHF-90 at 437 MPa (see Figure S3, Supporting Information). For conductivity mea-
surements, about 200 mg of the powders were pressed at a uniaxial pressure of 125 MPa,
after which the electrochemical impedance under ion-blocking conditions was recorded
(details in the Materials and Methods Section). The respective room-temperature ionic
conductivities are shown in Figure 3a and further given in Table 1.

The Na-ZHF samples dried at temperatures ≥ 90 ◦C exhibited the overall highest
conductivities with σion,rt ≈ 0.2 mS/cm, while Li-ZHF showed the lowest ranging from
0.00034 to 0.022 mS/cm. For all ZHFs, a strong dependence of conductivity on the drying
conditions is found. For the K- and Li-ZHFs, a decrease in σion,rt with increasing drying
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temperature is noticed, while Na-ZHF shows the opposite trend. Explaining these trends is
not trivial because various structure–property relations have been suggested for related
PBA materials, intricately linking lattice size to ionic conductivity. For example, larger
lattice parameters are reported to be beneficial to ion diffusion. Pasta and coworkers
proposed that the ratio of ionic radius to lattice size may be used as a rule of thumb to
assess conductivity [35,36]. Mechanistically, the positively charged (mobile) ions will be
attracted to the negatively charged cyanide ligands, leading to an off-centered position in
the thermodynamic ground state. Smaller alkaline ions coordinate closer to the cyanide
ligands, while larger ones are located closer to the pore center [37]. In this model, a ladder
mechanism of diffusion is considered, which determines the jump from one cyanide ligand
to the next as the rate-limiting step (facilitated by larger cations). The mechanism predicts
that TM-site vacancies negatively affect ionic conductivity, as they disturb the diffusion
paths. For Rb+ and Cs+, the opposite is observed experimentally though, meaning very
large alkaline ions diffuse more readily in defective structures [38]. Diffusion of large
ions in a lattice without TM vacancies is associated with a larger energy barrier due to a
mismatch between ion size and free volume for diffusion [37]. This may be understood
as a shift from the ladder mechanism, where the mobile ion is mostly coordinated to a
single cyanide ligand, to a mechanism in which the ions jump from the center of the void
to a neighboring center. The off-center displacement is also observed experimentally in
ZHFs [33]. Upon freeze drying, the mobile ions coordinate closer to the elliptical window
at the N terminal of the cyanide ligands. For ion diffusion in ZHFs, one could therefore
also envision a ladder-like mechanism, with the rate-determining step being the movement
from one window to the next through the pore volume.
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Moreover, the diffusion coefficient of sodium in Na2Zn3[Fe(CN)6]2 has been reported
as a function of the state of charge, or in other words, sodium content [32]. Specifically, the
authors of that study established a connection between drying and improved diffusion
coefficient and cycling performance. Interestingly, a rough estimation of ionic conductivity
from the reported diffusion coefficient resulted in a value of 0.77 mS/cm (see Supporting
Information for details), which is in reasonable agreement with our data considering the
error from comparing electrode to bulk-diffusion measurements. Nevertheless, the precise
diffusion mechanism in ZHFs remains largely unexplored, calling for density functional
theory (DFT) calculations. For Na-ZHF-90, the activation energy for ion conduction was
determined by temperature-dependent EIS measurements in the range between 25 and
65 ◦C. The results are presented in Figure 3b, and the corresponding Nyquist plots of
the electrochemical impedance are shown in Figure S4 (Supporting Information). As
expected, the conductivity follows an Arrhenius-type behavior. The activation energy was
determined to be EA = 0.47 eV, similar to the best-performing PBA electrolyte (0.48 eV) [18].
Interestingly, the ionic conductivity of Na-ZHF-90 is significantly (2–20 fold) higher than
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that of reported PBAs [18], which points toward fine differences in charge transport between
the two material classes.

3.3. Electrochemical Testing

Na-ZHF-90 was also tested as an electrolyte, specifically as a separator, in pellet-stack
solid-state sodium-ion batteries, with Na3Sn and Na2Mn[Fe(CN)6] (Mn-PBA) (see the Mate-
rials and Methods Section for details on the synthesis) serving as anode and cathode, respec-
tively. Full cells (type 1) were assembled and cycled as outlined in the Materials and Meth-
ods Section, as well as in Table S1 (Supporting Information). The voltage–capacity curves
for some of the initial cycles at different current rates are shown in Figure 4a. With this
kind of cell configuration, specific charge and discharge capacities of qch = 103 mAh/gCAM
and qdis = 62 mAh/gCAM were achieved at C/20 (with 1C = 100 mA/gCAM), much lower
than those reported in the literature for Mn-PBA in liquid-electrolyte-based cells [27]. Yet,
the data demonstrate that a working full cell was successfully assembled. Charging and
discharging at higher current rates led to lower capacities and larger overpotentials, along
with severe voltage drops and interruptions. The latter features are not limited to the end
of charge, where dendrite formation at the anode side may occur [39–42], but are rather
arbitrarily distributed over both charge and discharge. Therefore, they are most likely
related to the formation of resistive interfaces (between the different cell components) and
interphases, resulting in sudden voltage changes due to (electro)chemical reactions.
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To pin down the origin of the interface resistance (impedance growth), symmetrical
cells of type electrode|Na-ZHF-90|electrode were built and cycled at current densities
ranging from 0.01 to 0.5 mA/cm2. The respective potential traces of cells using either anode
or cathode composite are shown in Figure 4b,c (see Table S1, Supporting Information, for
details on the cycling conditions). For the symmetrical cells with Na3Sn electrodes, an
overall increase in overpotential with increasing current density was observed. Moreover,
cycling at 0.5 mA/cm2 induced overpotentials exceeding 5 V, causing termination of the
experiment. Notably, there was a sharp increase in overpotential with increasing current
density, which however declined upon further cycling. This might be associated with
the redox activity of certain decomposition species. Cycling of the symmetrical cells with
Mn-PBA electrodes revealed a gradual increase in overpotential with increasing current
density, from 0.5 V at 0.01 mA/cm2 to 1.3 V at 0.5 mA/cm2, indicating that no severe
side reactions between Na-ZHF-90 and Mn-PBA occur and further pointing toward the
formation of “stable” interfaces. These results indicate that the solid electrolyte employed
in this work exhibits an intrinsically poor reductive stability, leading to electrochemical
decomposition in contact with Na3Sn.

To validate this hypothesis, a second set of full cells (type 2) was assembled, in which
an anode composite containing Li4Ti5O12 (LTO), Na3PS4, and Super C65 carbon black was
utilized [43]. The higher redox potential of LTO vs. Na+/Na compared to that of Na3Sn
should help minimize the electrochemical degradation of Na-ZHF-90. Voltage profiles
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and cell capacities at current rates of C/20, C/10, and C/5 are presented in Figure 5a,b.
Initially, the voltage window was set to 0.5–3.0 V, resulting in first-cycle specific capacities of
qch = 182 mAh/gCAM and qdis = 128 mAh/gCAM at C/20 (see Figure 5a). This corresponds
to a relatively low initial Coulomb efficiency of 70%, due to irreversible side reactions
occurring during cycling. Therefore, the upper cutoff voltage was lowered to 2.75 V in
the subsequent cycles, as shown in Figure 5b. As expected, lower specific capacities of
qdis = 79 and 50 mAh/gCAM were achieved at C/10 and C/5, respectively, in this case (see
Figure 5b). Long-term cycling at C/5 revealed a capacity retention of 63% after 120 cycles
(see Figure 5c). The full cells also exhibited a much lower overpotential than the type
1 design with Na3Sn anode. This further stresses that the anode composite is primarily
responsible for the poor cycling performance of the latter cells (type 1) and further confirms
the limited cathodic stability of garnet-type ZHF solid electrolytes. Nevertheless, the results
demonstrate that ZHF frameworks show promise for application in solid-state batteries.
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4. Discussion

In this study, garnet-type zinc hexacyanoferrate frameworks were successfully pro-
duced (for the first time) by aqueous synthesis for use as electrolytes in solid-state batteries.
Specifically, lithium, sodium, and potassium ion conductors were prepared and then com-
pared with regard to drying behavior and room-temperature ionic conductivity. From
this comparison, sodium zinc hexacyanoferrate emerged as the most promising solid elec-
trolyte, exhibiting a significantly higher conductivity than previously reported Prussian
blue analogues. Note that they offer higher conductivities as solid electrolytes by changing
the ion-diffusion (channel) structure from cubic to garnet type. Overall, these materials
offer ample opportunities for further investigation. In particular, the vacancy concentration,
particle size, charge-carrier density (fraction of mobile ions), and composition represent
intriguing possibilities for tailoring the transport properties as well as the electrochemi-
cal stability.

The application of sodium zinc hexacyanoferrate in solid-state sodium-ion batteries
was also examined, and the cathodic stability was identified as being the most limiting
factor. In conclusion, this work expands on the usage of Prussian blue-like compounds,
which are usually of low cost, air-stable, easy to synthesize, and can be readily processed at
low temperatures.
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