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ARTICLE INFO ABSTRACT

Keywords: We investigated the reactivity of P2-type honeycomb layered oxides NayNi;TeOg (NNTO) and
Hon?ycomb layered oxide NayZn,TeOg (NZTO) co-fired at the temperature from 500 °C to 800 °C. From X-ray diffraction
Co-firing measurements, it was found that the reaction between NNTO and NZTO is unremarkable at the

Sodium-ion conductivity

. ; temperature below 700 °C. However, when annealed at 800 °C, they formed the solid-solution
Solid-state batteries

phase without any secondary phases. The NNTO and NZTO composite pellets co-fired at
800 °C showed sodium-ion conductivity well above 10™* S cm ™! at room temperature, indicating
that the solid-solution phase of NNTO and NZTO has good ionic conductivity. A maximum room
temperature conductivity of 7.4 x 10™* S cm™! was confirmed at the mixing ratio NNTO: NZTO
= 0.5: 1.5. These results can be applied to the fabrication of all-solid-state batteries using NNTO
as the cathode active material and NZTO as the solid electrolyte via a simple co-sintering process.

1. Introduction

Rechargeable secondary batteries are key devices contributing to the realization of a carbon-neutral society. To expand their
applications, improvements in the energy density, safety, and reliability of batteries are strongly desired [1]. All-solid-state sodium
(Na) ion batteries (NiBs) are promising high-safety and low-cost alternative energy storage devices for current lithium-ion batteries,
and are particularly suitable for application in large-scale energy storage systems [2-7]. The development of inorganic solid Na-ion
conducting materials for use as solid electrolytes is critical for realizing all-solid-state NiBs. Solid electrolyte materials should not
only have high Na-ion conductivity above 1 mS cm ™" at room temperature but also chemical and electrochemical stabilities against
both positive and negative electrode active materials. Although oxide based solid electrolyte materials have lower conductivity and
deformability than sulfide and halide-based ones, they offer advantages such as chemical stability in air and ease of handling [3-7].

NapM2TeOg (NMTO, M = Zn, Mg, Ni, Co, etc.) with a P2-type honeycomb layer structure is a fast Na-ion conductive oxide [8]. In
this compound, each TeOg octahedron is surrounded by six MOg octahedra via edge-sharing. Na ions are located between layers at
three different sites, all of which are partially occupied; thus, they can migrate between them [8,9]. NayZnyTeOg (NZTO) is an
attractive candidate as a solid electrolyte because of its high ionic conductivity well above 107 S em™! at room temperature and
electrochemical stability against metallic Na [10-16]. A wide electrochemical potential window from 0 to 4 V vs. Na/Na™ has been
experimentally confirmed in previous studies on NZTO [10,12]. Additionally, the densification temperature of NZTO is much lower
than those of other Na-ion conductive oxides such as Na-p/p” alumina [17,18], Na3ZrySioPO15 [19-21] and NasYSi4O12 [22,23].
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In contrast, NagNisTeOg (NNTO) has also been reported as a 3—4 V class cathode active material for rechargeable NiBs with a
reversible capacity of 90-100 mAh g~! via the Ni2*/Ni®>* and Ni®*/Ni** redox couples [24-26]. Because of the similarity in their
crystal structures and constituent elements, NNTO cathodes and NZTO solid electrolytes can be co-sintered to fabricate oxide based
all-solid-state NiBs without undesired side reactions or secondary phase formation at their interface [9]. In this work, we investigated
the reactivity between NNTO and NZTO powders co-fired at temperature from 500 to 800 °C. The reaction between NNTO and NZTO is
found to be unremarkable at temperature below 700 °C. When co-fired at 800 °C, they form a solid-solution phase with an expected
composition of NasZny 4NiyTeOg (NZNTO). It was found that the solid solution phases of NNTO and NZTO formed at 800 °C show
good ionic conducting properties at room temperature.

2. Experimental
2.1. Synthesis of NNTO, NZTO and NNTO-NZTO composites

NNTO and NZTO powders were synthesized by a conventional solid-state reaction method. Na;CO3 (Kojundo Chemical Laboratory,
99.5 %), NiO (Kojundo Chemical Laboratory, 99.99 %), ZnO (Kishida Chemical, 99.99 %) and Te;O3 (Kojundo Chemical Laboratory,
99.9 %) weighed with the molar ratio of Na: Ni or Zn: Te = 2.2: 2: 1 (10 % excess Na composition) were mixed and ground with ethanol
for 3 h by planetary ball-milling (Nagao System, Planet M2-3F) with zirconia balls with a diameter of 10 mm. The resulting mixture
was dried at 80 °C and calcined in an SiC crucible at 850 °C for 6 h in air. The as-prepared NNTO and NZTO powders were mixed in
various ratios, ground in an agate mortar and pelletized by cold isostatic pressing at 300 MPa. Mixed NNTO and NZTO pellets were co-
fired at 500, 600, 700 and 800 °C for 6 h in air to investigate the reactivity among them.

2.2. Characterization of NNTO, NZTO and NNTO-NZTO composites

The crystal phases of NNTO, NZTO and mixed and co-fired NNTO and NZTO powders were identified by X-ray diffractometer (XRD;
Rigaku MultiFlex) using Cu Ka radiation (A = 0.15418 nm), with a measurement range 260 of 5-90° and a step interval of 0.002°. Based
on the measured XRD data, the lattice constants for a-axis and c-axis of the as-prepared NNTO or NZTO and co-fired NNTO and NZTO
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Fig. 1. XRD patterns for (a) calcined NNTO and NZTO powders, (b) and (c) mixed NNTO and NZTO powders (mixing ratio NNTO: NZTO =1 : 1)
after co-firing at 500—800 °C, and (d) mixed powders after co-firing at 800 °C with the different Ni contents x in NZNTO phase. For the mea-
surements, Si was mixed with all samples as the reference material.
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powders were calculated using the Rigaku PDXL software [27]. The density of each pelletized sample was estimated by its mass and
geometry. The theoretical density for NZTO-NNTO composite pellets were estimated from the theoretical densities NZTO and NNTO,
which are 4.88 g cm ™3 [10] and 4.90 g cm ™3 [24-26], respectively, and their fraction in the NZTO-NNTO composite pellets. The
microstructures of the fractured cross-sectional surfaces of the pelletized NNTO, NZTO and NNTO-NZTO composites with different
mixing ratios were observed using field-emission scanning electron microscopy (FE-SEM, SU8000 Type II, Hitachi). The distribution of
the constituent elements in the pelletized samples was investigated via energy dispersive X-ray analysis, using FE-SEM.

The ionic conducting properties of all pelletized samples were evaluated using electrochemical impedance spectroscopy. Complex
impedance measurement was carried out at room temperature (=27 °C) with an impedance meter (HIOKI IM3536) in a frequency
range from 4 Hz to 8 MHz and applied voltage amplitude of 0.01 V. Before the measurements, both parallel end surfaces of each
pelletized sample were polished and sputtered with Au films to serve as ion-blocking electrodes. The ionic conductivity of each sample
was calculated using geometrical parameters, and the bulk and total (bulk + grain-boundary) resistances were estimated from the
impedance data.

3. Results
3.1. Structural analysis of NNTO, NZTO and NNTO-NZTO composites

The XRD patterns of calcined NNTO and NZTO powders are shown in Fig. 1(a). For reference, calculated patterns for NNTO and
NZTO based on their structural data were also plotted [10,11]. The peak patterns for both powder samples agreed well with the
calculated patterns. The slight difference in the peak patterns between NNTO and NZTO is attributed to the differences in their crystal
structures, such as the lattice constants, slab stacking composed of TeOg and NiOg or ZnOg octahedra along the c-axis, and interlayer Na
distributions [10]. Fig. 1(b) and (c) shows the XRD patterns for mixed NNTO and NZTO powders (mixing molar ratio = 1:1) co-fired at
temperatures from 500 to 800 °C. For the measurements, Si was mixed with all samples as a reference material. As shown in Fig. 1(b),
no peaks corresponding to the secondary phases were observed. The separation of the diffraction peaks of NNTO and NZTO phases can
be confirmed in samples co-fired at 500—700 °C. When co-fired at 800 °C, it became difficult to distinguish the peaks of NNTO and
NZTO (Fig. 1(c)), suggesting the formation of a solid-solution phase NZNTO (with Ni content x = 1) [10]. Fig. 1(d) shows the XRD
patterns for mixed NNTO and NZTO powders with different mixing molar ratios after co-firing at 800 °C. A monotonous shift in the
diffraction peaks with the mixing ratio was confirmed, indicating that the lattice constants of the NZNTO solid solution phases
depended on the mixing ratios of NNTO and NZTO (Fig. S1 in the Supplementary Data) [10].

Next, for further investigation, NNTO, NZTO and NNTO-NZTO composite pellets were prepared at 700 and 800 °C for further
investigation. As shown in Fig. 2, all the pelletized samples were composed of the grains with the size ranging from 0.5 to 2 pm.
Relative densities of each sample calculated from the measured density reduced by the theoretical one, are ranged from 80 to 85 %
(Fig. S2 in the Supplementary Data). Although NZNTO solid solution phases were formed in the composite pellets prepared at 800 °C,
their theoretical densities are changed slightly from 4.88 to 4.90 g cm™> and gradually increased with increasing Ni content. The
difference in the relative density among the samples was unremarkable, however, NNTO showed a slightly lower density than the other
samples. Fig. 3 shows SEM images of the NNTO-NZTO composite pellets and the contour mapping of Ni and Zn in the observed areas. In
the composite pellets prepared at 700 °C (Fig. 3(a)), Zn and Ni were distributed at different positions in the observed areas. This
indicates the insufficient formation of the NZNTO solid-solution phase. On the other hand, it can be confirmed that the distribution of
Zn and Ni is more uniform in the composite pellets prepared at 800 °C (Fig. 3(b)), suggesting the promotion of NZNTO phase for-
mation, which was also confirmed by the XRD measurement results (Fig. 1).
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Fig. 2. SEM images for NNTO, NZTO and NZTO-NNTO composite pellets with different mixing ratios prepared at 700 °C (top) and 800 °C (bottom).
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Fig. 3. SEM images and contour maps for Ni and Zn distributions in the observation areas of NNTO-NZTO composite pellets prepared at (a) 700 °C
and (b) 800 °C.

3.2. EIS measurement and ionic conductivity of NNTO, NZTO and NNTO-NZTO composites

Fig. 4(a) shows the Nyquist plots of the complex impedance (Z’ + jZ”) at room temperature for NNTO and NZTO composite pellets
co-fired at 800 °C. The real and imaginary parts of complex impedances Z’ and Z”, multiplied by a factor of S/t, are plotted for direct
comparison of the data for all samples, where S and t are the surface area and thickness of each sample, respectively. The plots are
composed of two distorted semicircles at high frequencies and a linear tail in the low frequency range. These data correspond to the
ionic conduction at the bulk and grain boundaries and the response of the ionic blocking electrodes, respectively [28]. The dashed lines
in Fig. 4(a) represent the fitting curve for the equivalent circuit to the distorted semicircle parts in the plot, consisting of (Ry), (R1—Q1),
and (Ro—Q2), where Ry, R1, Ry, Q1 and Q, correspond to the resistance in the measurement circuit, bulk resistance, grain-boundary
resistance, and constant phase angle element (CPE) of the bulk and grain-boundaries. Using R; and Ry values estimated by fitting,
the bulk and total (bulk + grain-boundary) ionic conductivities were calculated and summarized in Table 1.

As shown in Fig. 4(b), bulk conductivity reduces gradually with increasing Ni content x in the composite pellet, while total con-
ductivity shows the maximum (=7.4 x 107* mS em™!) at x = 0.5 (corresponding to the composition of NayZnj sNigsTeOg). All
composite pellets prepared at 800 °C showed the total conductivity well above 10~ S em ™! at room temperature, which are superior to
NZTO (=3.8 x 10~*mS cm 1) and NNTO (=2.5 x 10~*mS cm ™) pellets prepared at the same condition. These results can be applied
to form a solid-solid interface in all-solid-state NiBs with NNTO as the cathode and NZTO as the solid electrolyte via a simple co-
sintering process.

4. Discussion
To determine why bulk conductivity and total conductivity show different Ni content dependences, Fig. 4(c) shows the contribution

of grain-boundary resistance to the total (bulk + grain-boundary) one for NNTO-NZTO composite pellets prepared at 800 °C.
Compared to NZTO, NNTO-NZTO composites have lower contribution of grain-boundary resistance, indicating that the formation of



K. Yamamoto et al.

(a) 6.0 p— 3
ox=0.5 ° [
5.0 : S
ox=1.0 N .
— ao] ox=15 a o
g x=2.0 o o
G 3. “Fitting curve o P
3 (Ry)(R,//CPE,)(R,//CPE,)
2.0 g S §
00 1.0 20 30 40 5.0
2’ [kQ cm]
0.8 — : , , ,
C
© 27°C
o
0.6F ]
<
+
= 0.4 |
§ ,". -------- @l o
) N
0.2 o i
0.0 — s \ : l
00 05 10 15 20

Ni content x in NZNTO

(b)

log,,(c[S em™))

Bulk conductivity [mS cm™]

et
%)

Ty
=]

ot
%

e
N

N
'S

g
=

Heliyon 10 (2024) e30691

27 °C
| m. _
o Vm
,"’ n. ".
- . b ‘\. -
| ---m-- Bulk conductivity ®
---@-- Total conductivity
0.0 0.5 1.0 1.5 2.0
Ni content x in NZNTO
T T T T T 11.30
° — Bulk conductivity (27 °C)
L e 11125 <
@ : e =
3 <,
L £
° -
. ‘.‘\ .5
3 "*,. 111.20 3
- .
c-axis length
1 1 1 1 1 l 1'15
0.0 0.5 1.0 1.5 2.0

Ni content x in NZNTO

Fig. 4. (a) Nyquist plots for complex impedance at room temperature, (b) Room temperature bulk and total (bulk + grain-boundary) conductivity,
(c) fraction of grain-boundary resistance R, in total resistance R; + R, for NZNTO pellets with different Ni content x prepared at 800 °C, and (d) bulk
conductivity and c-axis length for NZNTO with different Ni content x prepared at 800 °C.

Table 1

Bulk resistivity R;, grain-boundary resistivity Ry, bulk and total ionic conductivity of pelletized NNTO, NZTO and NNTO-NZTO composites prepared
at 800 °C. The fractions of R, in total resistivity (R; + R») are also shown in the table.

Sample R; [Q cm] Ry [Q cm] R2/(R1 + R2) Tonic conductivity [mS cm ']
Bulk Total
NZTO 945 1658 0.64 1.06 0.38
NNTO-NZTO (0.5: 1.5) 1087 264 0.20 0.92 0.74
NNTO-NZTO (1 : 1) 1243 670 0.35 0.80 0.52
NNTO-NZTO (1.5: 0.5) 1379 763 0.36 0.73 0.47
NNTO 2608 1402 0.35 0.38 0.25

the NZNTO phase has a positive effect on reducing the grain boundary resistance. During the co-firing of NZTO and NNTO at 800 °C,
NZNTO phase is formed through the mutual diffusion of Ni in NNTO grains and Zn in NZTO grains. It is speculated that this contributes
to increasing the intergranular connectivity and lowering the grain-boundary resistance. Although the difference in compositional
dependencies of bulk and total conductivity are related to the degree of contribution of grain boundary resistance, the reason why the
grain boundary resistance is mitigated at a Ni content of 0.5 is not well clarified. Therefore, a more detailed investigation is required.

As reported in literature [29,30], the Na-ion conductivity of P2-type honeycomb layered oxide strongly depends on the interlayer
spacing along the c-axis. In Fig. 4(d), the bulk conductivity and c-axis length for all samples sintered at 800 °C are plotted against the Ni
content in the NZNTO solid-solution phase. It is evident that bulk conductivity tends to decrease with increasing Ni contents and
decreasing c-axis length. NZTO has a much higher bulk conductivity (=1.06 x 102 S cm ™) than NNTO (=3.8 x 10~*S cm™?). Smaller
interlayer spacing along c-axis increases the attractive force between Na' and O3, resulting in a larger migration energy of Na* and
lower bulk ionic conductivity.

Lastly, it is worth noting that the total conductivity of pelletized samples prepared at 700 °C was lower than the samples prepared at
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800 °C (Fig. S3 in the Supplementary Data), probably owing to poor sintering and/or insufficient formation of the solid solution phase.
A higher processing temperature may further improve the total conductivity; however, sodium volatilization must be considered [14,
15]. Moreover, a lower co-firing temperature may be preferable for preserving the function of NNTO as a cathode and the electro-
chemical stability of NZTO as a solid electrolyte. Because the densification temperature of NZTO can be reduced to 700 °C or less by
applying hot pressing (HP) [17], we believe that a highly conductive solid-solid interface between NNTO and NZTO in the composite
can be formed by tuning the co-firing temperature in HP.

5. Conclusion

The reactivity of NNTO and NZTO co-fired at temperatures from 500 °C to 800 °C was systematically invesitigated. It was found
that the reaction between NNTO and NZTO is not remarkable at co-firing temperature below 700 °C. However, when annealed at
800 °C, they formed the NZNTO solid-solution phase without forming any secondary phases. NNTO and NZTO composite pellets co-
fired at 800 °C showed total ionic conductivity well above 107 S cm™! at room temperature, indicating that the NZNTO phase has
good ionic conducting property. The obtained results provide fundamental information for the fabrication of all-solid-state battery
with NNTO as the cathode and NZTO as the solid electrolyte via co-sintering.
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