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Abstract 

We fabricated Na2Zn2TeO6 (NZTO) ceramic electrolyte thick films by aerosol deposition (AD) method 

without applying any thermal treatment. Ball-milled NZTO powders are directly splayed onto a metallic 

substrate to form the thick film via impact consolidation phenomena at room temperature. NZTO film 

formed by AD has a thickness of 25 µm and an identical crystal structure with base powder. Ionic 

conductivity of as-deposited NZTO thick film was estimated to be 0.74  10−5 S cm-1 at room temperature. 

On the contrary, electronic conductivity of the film was four orders lower than the ionic conductivity. 

Although the ionic conductivity of as-deposited NZTO film by AD is more than one order of magnitude 

lower than that of sintered NZTO, obtained electrical conducting property is acceptable level for thin film 

sodium-ion battery application. 
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1. Introduction 

Na ion conducting layered oxide Na2Zn2TeO6 (NZTO) is an attracted solid electrolyte material for the 

application to all-solid-state sodium-ion batteries (SiBs), because of the high ionic conductivity above 10-4 

S cm-1 at room temperature range and excellent chemical and electrochemical stability [1−5]. NZTO has a 

honeycomb-structured compound with a space group of P6322 and in the layers, every TeO6 octahedron is 

surrounded by six ZnO6 octahedra via edge-sharing [2, 3]. Na ions are located between the layers at three 

different sites, all of which are partially occupied and Na ions can migrate among them.  

The sintering temperature for densification of NZTO is 800−900 C [1−5] and much lower than that 

for other Na-ion conducting oxide such as Na-/” alumina [6, 7] and Na3Zr2Si2PO12 [8, 9]. However, the 
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densification temperature of NZTO may be still high for the formation of good solid-solid interface with 

most electrode active materials through co-sintering process. The decreasing the densification temperature 

is strongly required for fabricating ceramic-based all-solid-state SiBs. In addition, thinner thickness of a 

solid electrolyte layer in a solid-state SiB is favorable for enhancing the volumetric energy density. 

In this work, we applied the aerosol deposition (AD) method for fabricating NZTO thick film for the 

first time, which uses impact consolidation for ceramic particles at room temperature [10, 11]. Although 

the ratio of the amount of powder that contributed to film formation to the amount of base powder used is 

low, the film formed by AD has similar structural and physical properties as the base powder material. 

Based on this feature, the applicability of AD process for Li-ion conducting solid electrolyte thick films 

have been already reported [12–15]. Microstructure and electrical conductivity of as-deposited NZTO films 

were investigated for the feasibility of AD for fabricating Na-ion conducting ceramic thick films. 

 

2.  Experimental 

NZTO thick films were formed on a SUS316L substrate by AD process with NZTO powder 

synthesized by a solid state reaction method. Primary parameters for film fabrication are summarized in 

Table 1. Crystal phase and microstructure were investigated by X-ray diffraction (XRD) analysis and 

scanning electron microscopy (SEM). The electrical conductivity of an as-deposited film was characterized 

using AC impedance and DC polarization measurements. The details are described in Supplemental data. 

 

3.  Results and discussion 

SEM images for ball-milled NZTO powder used for film fabrication and as-deposited NZTO thick 

film are shown in Fig. 1(a)−(c). The size and morphology of ball-milled NZTO particles are not uniform. 

As-deposited NZTO film is composed of sub-micrometer sized NZTO particles and the film thickness is 

approximately 25 µm. The relative density of NZTO film is calculated by the theoretical density of NZTO 

(= 4.88 g cm-3), the deposition area size (1 cm2), thickness (= 25 µm) and mass (= 8 mg) of the film and 

estimated to be approximately 70 %, which is lower than sintered NZTO (= 85 %) confirmed in our previous 

works [4, 5]. The X-ray diffraction patterns for NZTO base powder and NZTO thick film formed by AD 

are compared in Fig. 1(d). The calculated patterns for P2-type NZTO phase based on their structure data 

are also plotted as the references [1, 2]. The peak positions for both ball-milled NZTO powder and NZTO 
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thick film formed by AD well agree with the calculated pattern, while the peaks in thick film become 

slightly broader compared to powder sample. For example, the full width at half maximum (FWHM) for 

the peak from 002 plane is 0.18  for ball-milled powder and 0.24  for as-deposited film, respectively. This 

would be caused by the degradation of the crystallinity of NZTO by plastic deformation and/or fracturing 

of NZTO particles during the impact consolidation [10−15]. 

Fig. 2 shows the Bode plot and Nyquist plot of the complex impedance (Z’ + jZ”) at room temperature 

for a NZTO thick film formed on a SUS316L substrate. Before the measurement, Au film electrode with 

the area size of 0.5 cm2 was formed by sputtering, and both an Au film and a SUS316L substrate behave as 

the ion blocking electrodes for ionic conduction [13, 15]. The Nyquist plot is composed of the part of a 

distorted semicircle at frequency above 10 kHz and a linear tail at low frequency range. These data belong 

to the ionic conduction at NZTO grain boundaries and the response by ionic blocking electrodes, 

respectively [4, 5]. Since the upper limit of measurement frequency was 3 MHz, the data reflecting the 

ionic conduction in NZTO grain is not observed clearly. The solid line in Fig. 2(b) represents the fitting 

curve for the equivalent circuit consisting of (Rb)(Rgb−Qgb)(Qel), where Rb, Rgb, Qgb and Qel correspond to 

the bulk resistance, grain-boundary resistance, constant phase angle element (CPE) of grain boundary and 

CPE of electrodes. Suppression degree  of (Rgb−Qgb) circuit was calculated to be 0.57. Consequently, the 

value of Rb, Rgb and Qgb for NZTO film are estimated to be 66  cm2, 271  cm2 and 0.27  10−8 F, 

respectively. 

The total resistance Rtotal = Rb + Rgb for ionic conduction of NZTO thick film is calculated to be 337  

cm2, resulting into total ionic conductivity total of 0.74  10−5 S cm−1 at room temperature, which is slightly 

higher than as-deposited Li ion conducting ceramic films formed by AD [12–15]. Since Rgb / Rtotal is 

approximately 0.80, bulk conductivity is well above 1  10−5 S cm−1 at room temperature. Although total 

of as-deposited NZTO film is approximately two order lower than the conductivity of sintered NZTO [2–

5], but approximately 2−3 times higher than amorphous LiPON film used as a solid electrolyte in thin film 

Li battery [16]. We believe that the lower conductivity of NZTO thick film formed by AD compared to 

sintered NZTO is attributed to both low relative density and higher density of grain boundary in AD film. 

Fig. 3 shows the measurement result for potentiostatic polarization current at room temperature and applied 

DC voltage of 20 mV for a NZTO thick film formed on a SUS316L substrate. As can be seen, the output 

current is almost saturated at approximately 2 nA, corresponding to the area specific resistance for 
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electronic conduction of 5  106  cm2. The electronic conductivity e of NZTO thick film is calculated to 

be 0.5  10−9 S cm−1, which is approximately four orders lower than ionic conductivity total as mentioned 

above. Consequently, ionic transfer number (= total / (total + e)) is estimated to be 0.99993, indicating the 

dominant Na ion conduction of NZTO thick film.  

Reducing the film thickness is simple and effective way to reduce the area specific resistance for ionic 

conduction. Thinner NZTO film with the thickness of approximately 4 µm (Fig. S1 in supplemental data) 

can be fabricated easily by shortening the processing time for AD, but when Au film was coated on the 

surface of thin NZTO film by sputtering, soft-short occurred between Au film and SUS316L substrate due 

to the low film density. To achieve both higher Na ion conductivity and good insulating property for electron 

conduction for as-deposited NZTO film formed by AD, further study is necessary to increasing the film 

density by controlling the size and morphology of NZTO base powder.  

 

4.  Conclusion 

NZTO thick films were successfully fabricated by AD method without applying any thermal treatment. 

Obtained thick film formed by AD has a thickness of 25 µm and an identical crystal structure with base 

powder. Ionic conductivity of as-deposited NZTO thick film was estimated to be 0.74  10−5 S cm-1 at room 

temperature, while electronic conductivity of the film was four orders of magnitude lower than the ionic 

conductivity. Although the ionic conductivity of as-deposited NZTO film by AD is more than one order of 

magnitude lower than that of sintered NZTO, obtained electrical conducting property could be applicable 

for solid electrolyte layer in a thin film sodium-ion battery. 
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Table 1. Parameters for NZTO film fabrication by AD. 

Substrate material SUS316L (thickness = 0.5 mm) 

Orifice size of nozzle 10 mm  0.5 mm 

Distance between a substrate and a nozzle 10 mm 

Scan speed of a substrate 10 mm s−1 

Scan length of a substrate 50 mm 

Mass flow of N2 career gas  10 L min−1 

Pressure of deposition chamber without career gas 50 Pa 

Mass of NZTO powder set in aerosol chamber 1.5 g 

Duration time for deposition 10 min 

 

 

Figures with captions 

 

 

Fig. 1. SEM images for (a) ball-milled NZTO powder used for film fabrication, (b) the surface and (c) 

transverse cross section of NZTO thick film formed by AD. XRD patterns for NZTO powder and thick film 

are compared in (d). 
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Fig. 2. (a) Bode plot and (b) Nyquist plot of complex impedance measured at 27 °C for NZTO thick film. 

The solid line in (b) are the fitting curve by the equivalent circuit (inset). 
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Fig. 3. Potentiostatic polarization current as a function of measuring time at 27 °C and 20 mV for NZTO 

thick film. Inset is the photo of NZTO thick film on a SUS316L substrate. 


