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Introduction

Multicomponentization of a super-Na ionic
conductor chloride NaTaClg, enhancing ionic
conductivity and electronic resistivityt

Keisuke Makino,® Naoto Tanibata,@*a Takaaki Natori,° Tomoko Nakano,?
Hayami Takeda © 2 and Masanobu Nakayama &2

All-solid-state Na-ion batteries have attracted considerable attention because of their advantages such as
high safety, high energy density, and low cost. Solid electrolytes used in these batteries require high Na-ion
conductivity to minimize energy loss, high electronic resistivity to prevent self-discharge, and high oxidation
resistance to enable the use of high-potential cathodes. Recently, NaTaClg was reported to possess both
high oxidation resistance and ionic conductivity, and its ionic conductivity improved with a decrease in
its crystallinity. Therefore, in this study, we aimed to further reduce the crystallinity of NaTaClg and
improve its ionic conductivity and electronic resistivity through multicomponentization. The verified
composition was NaxTag e25Zr0.25Gag 125Cls 625(CO3)0.25(BO3)0.125, Wherein polyatomic anions (COs%~ and
8033’) were expected to have inductive effects that maintained the high oxidation resistance of
chloride. Through multicomponentization, the NaTaClg phase transitioned to a low-crystallinity state,
resulting in a significant improvement in the ionic conductivity (1.2 x 107> S cm™), which was
approximately ten times higher than that of crystalline NaTaClg (1.1 x 107* S cm™Y). The electronic
resistivity of the low-crystallinity multicomponent was more than one order of magnitude higher than
that of crystalline NaTaClg, effectively suppressing self-discharge and improving the energy-storage
preservation properties of the material. Furthermore, the multicomponent NaTaClg retained a high
oxidation resistance with an oxidation limit of 4.6 V vs. Na/Na*. Thus, this multicomponentization
strategy simultaneously retains high oxidation resistance while improving the ionic conductivity and
electronic resistivity of the electrolyte material, thereby enabling the development of high-performance
all-solid-state Na-ion batteries.

because of the abundance of Na on Earth.® As a base alkali metal
similar to Li, Na offers the potential for developing low-cost Na-

Owing to their high energy density, Li-ion batteries are widely
used in various applications, including cell phones and electric
vehicles (EVs)." However, conventional Li-ion batteries employ
flammable liquid organic electrolytes, which can occasionally
lead to explosions and other safety concerns.” To address these
issues, all-solid-state batteries, in which liquid electrolytes are
replaced with nonflammable solid electrolytes, have gained
considerable attention because of their improved safety.?
However, as the demand for Li continues to grow with the shift
from conventional vehicles to EVs, the cost of Li-based mate-
rials is expected to increase.* Consequently, Na-based batteries
have recently attracted interest as promising alternatives
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ion batteries.® Therefore, Na-ion all-solid-state batteries, which
have the advantages of safety, high energy density, and low cost,
have been the focus of extensive research.” Further, a solid
electrolyte material with high oxidation resistance is essential
for developing high-potential cathodes, which are critical for
achieving high energy density in all-solid-state batteries.®®
Sulfide-based electrolytes, which are known for their higher
ionic conductivity attributed to the greater polarizability of their
carrier-ion counterions compared to those of oxides, have been
the focus of intensive material development.'®** However,
sulfide materials typically exhibit relatively low oxidation
resistance (~2 V vs. Na/Na')."* In contrast, chlorides have
recently attracted attention because of their high ionic
conductivity, which can be attributed to their high polariz-
ability, and their oxidation resistance, which can be attributed
to their high electronegativity.’>” A recent study*® reported that
a low crystallinity NaTaClg solid electrolyte demonstrated a high
ionic conductivity (4.0 x 107* S em™") at 25 °C along with a high
oxidation resistance (4.1 V vs. Na/Na"). The ionic conductivity of

This journal is © The Royal Society of Chemistry 2025
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this material increased with extended ball milling, which
simultaneously reduced its crystallinity and led to blackening.
This blackening was likely caused by the formation of a high
concentration of defects associated with the prolonged ball-
milling process. This ionic conductivity is higher compared to
previously reported values for crystalline chloride materials,
such as Na;_,Er; _,Zr,Clg (3.5 x 10> Sem ™ 1),* Nas_,Y; _Zr,Clg
(6.6 x 107> S em™"),*° Nay,,Zr;_,In,Clg (2.7 x 107> S em™ 1),
Na,ZrClg (1.8 x 107> S em ™ (ref. 22)), NaAlCl, (~107° S cm ™"
(ref. 23)), and Na,_,Zr,La;_,Cl, (2.9 x 107* S em ™" (ref. 24)).

We performed a multicomponent modification of the chlo-
ride solid electrolyte NaTaClg to further improve its ionic
conductivity while maintaining its high oxidation resistance.
Our approach focused on developing low-crystallinity
compounds with a high Na’ concentration by substituting
multiple elements for the cation (Ta’") and anion (Cl™). The
multicomponentization of the system was expected to stabilize
the low-crystallinity state.”®** The mixed-anion effect, which
improves ionic conductivity, is a well-known phenomenon
attributed to anion complexation within amorphous struc-
tures.”” In addition, the ionic conductivity in the amorphous
structures increases exponentially with the carrier ion concen-
tration,”® suggesting that increasing the Na concentration
through charge compensation associated with elemental
substitution can significantly enhance ionic conductivity. Ta>*
(r = 0.64 nm; 6-coordination), Zr** (r = 0.72 nm; 6-coordina-
tion), and Ga** (r = 0.62 nm; 6-coordination)?® were selected as
cation substitutes. These elements have a lower valence than
pentavalent Ta>* but possess similar ionic radii. For the anion
substitution of Cl™, ions with valences higher than those of
monovalent Cl~ were necessary for increasing the Na concen-
tration. However, a key challenge is that monatomic ions with
higher valences than Cl~ (such as S~ and P?7) can undergo
oxidation at low potentials,®* which would loses the high
oxidation resistance typical of chlorides. Thus, polyatomic
anions with a thermodynamic radius ry; similar to that of CI™ (r
= 1.81 nm),” specifically CO;>~ (ry = 1.78 nm), and BO;* ™~ (ry =
1.91 nm),*" were selected. These anions were selected because of
their high resistance to oxidation, which is attributed to the
inductive effect * of their highly electronegative cations (C**
and B*"). Furthermore, energy storage preservation perfor-
mance is a critical parameter in batteries.**** Although Li-ion
batteries are known for their lower self-discharge and superior
energy storage preservation performance compared to those of
other systems such as Ni-metal hydride batteries,* the use of
solid electrolytes often characterized by lower electronic resis-
tivity than that of liquid electrolytes raises concerns about
potential self-discharge caused by electronic conduction in the
solid electrolyte. The low electronic resistivity of solid electro-
lytes can promote the growth of metal dendrites, thereby
leading to short-circuiting and eventual cell failure.*® Reducing
the crystallinity of a material increases its electrical resistivity.?”
We aimed to achieve low electronic conductivity, which can
improve battery storage properties by inducing low crystallinity
through the multicomponentization of the system.

In this study, we explored the incorporation of multiple
components into the highly ionically conductive NaTaClg
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chloride to simultaneously enhance its ionic conductivity and
electronic resistivity while maintaining its high oxidation
resistance. To achieve multicomponentization, Zr**, Ga*',
CO0,*", and BO;*>~ were selected as the substituted species for

the aforementioned reasons.

Results and discussion

The composition of multicomponent NaTaClg was determined
to be Na,Tag e25Zr0.25G20.125Cl5.625(C03)0.25(BO3)o.125 (Na-Ta-
Zr-Ga-Cl-CO;-B0O3), with equal amounts of cations and anions
substitution. The substituted species with valences closes to
those of the original ion were used to double the amount to
ensure a nominal Na composition of 2. Fig. 1(a) shows the X-ray
diffraction (XRD) patterns of NaTaCls and Na-Ta-Zr-Ga-Cl-
CO3-BO; synthesized via a mechanochemical method using
a ball mill. The NaTaClg crystal peak is visible in the unsub-
stituted NaTaCls, whereas the NaTaClg crystal peak is almost
absent in the multicomponent Na-Ta-Zr-Ga-Cl-CO;-BOj3,
indicating the successful formation of a low-crystallinity
compound through multicomponentization. Most NaTaClg
peaks disappeared in this material, and therefore, the major
phase appeared to be amorphous. However, some low-intensity
crystalline peaks corresponding to NaTaClg remain. Further-
more, the Na-Ta-Zr-Ga-Cl-CO;-BO; composition exceeded the
solid solubility limit of Na, as evidenced by the presence of an
impurity peak corresponding to NaCl. These observations
confirm that this material is a glass-ceramic composite
composed of the amorphous phase of the main component with
low-crystallinity NaTaCls and crystalline NaCl as impurities.
Although determining the optimum composition remains
a task for future studies, we successfully synthesized a low-
crystallinity compound, which was the primary goal of this
study. Further analysis was performed on samples with this
composition, and photographs of the samples are shown in
Fig. 1(b and c). Unlike the previously reported low-crystallinity
NaTacClg, which exhibited black discoloration,'® Na-Ta-Zr-Ga-
Cl-CO3-BO; synthesized in this study retained its white color,
similar to that of crystalline NaTaCl,.

The Raman spectra of NaTaCls and Na-Ta-Zr-Ga—-Cl-CO;-
BOj; are shown in Fig. 1(d and e), respectively. The low-Raman
shift peak at ~400 cm™", indicated by the black circle in
Fig. 1(d), appears at a lower position for Na-Ta-Zr-Ga-Cl-CO;-
BO; compared with the corresponding peak for NaTaCls.
According to Ohno et al.,*® in Na,,,Ta; ,Zr,Cls (where NaTaClg
is doped with Zr), the [TaClg] ™ peak shifts toward lower Raman
shifts with an increase in the amount of Zr doping (x). Thus, the
shift of the black circular peak to a lower Raman shift in this
study could likely be attributed to Zr and Ga doping. In addi-
tion, for Na-Ta-Zr-Ga—-Cl-CO;-BOj, the black circular peak
broadened because of the low crystallinity of the NaTaClg phase.
Further, several shoulder peaks appeared on the lower Raman
shift side of the black circular peak; this was not observed for
NaTaClg, which was attributed to contributions from the
[GaClg]’~ and [ZrClg]*~ peaks.®® The peaks observed near
900 cm ™ (red circle) and 1100 em ™" (black circle) in Fig. 1(e) are
attributed to the BO;>~ unit* and CO5>” unit,* respectively,
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Fig. 1 Characterization results for mechanically synthesized NaTaClg
and Na-Ta-Zr-Ga-Cl-CO3-BOs. (a) XRD patterns of NaTaClg and
Na-Ta-Zr-Ga-Cl-CO3-BOs. (b and c) Photographs of the synthe-
sized powder samples of NaTaClg and Na-Ta—-Zr-Ga-Cl-COz-BOs,
respectively. (d and e) Raman spectroscopy results; (d) shows a general
view of the measurement range, and (e) presents a magnified view of
the Raman shift range between 850 and 1100 cm ™. (f and g) TOF-SIMS
measurement results on the pellet surface of Na-Ta-Zr-Ga-Cl-
CO3-BO3, showing ion mapping of cations and anions, respectively.
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thereby confirming the presence of these polyatomic anion
units without decomposition. Further, we performed time-of-
flight secondary ion mass spectrometry (TOF-SIMS) measure-
ments, which showed high spatial resolution even for such
insulating samples, to observe the dispersion of these units.*'
The TOF-SIMS spectra are shown in Fig. S1(a and b),t which
primarily display signals attributed to the units of each cation
(Na, Ta, Zr, Ga, and B) and anion (Cl and O). The spatial
distributions of these ions are shown in Fig. 1(f and g), which
indicate that all constituent elements, except for the CO; unit,
are uniformly present at the submicrometer scale. The absence
of the COj; unit is likely caused by its tendency to desorb as CO,
during TOF-SIMS measurements. The Cole-Cole plots from the
AC impedance measurements for NaTaCls and Na-Ta-Zr-Ga-
Cl-CO3-BO; at various temperatures are shown in Fig. 2(a and
b), respectively. The shape of the Cole-Cole plots shows a partial
semicircle on the high-frequency side, along with a slope on the
low-frequency side attributed to the ion-blocking electrode,
thereby indicating that the resistance of the semicircle is caused
by ionic conduction. Although both bulk and grain boundary
resistances were expected for the pressed powder samples, they
could not be individually distinguished from the plots. There-
fore, the total resistance (sum of the bulk and grain boundary
resistances) was considered in the evaluation of ionic conduc-
tivity. The total ionic conductivities were calculated using the
resistance values indicated by the black arrows in the plots. The
ionic conductivity of Na-Ta-Zr-Ga-Cl-CO3;-BO; (1.2 X
107 S em ') was approximately ten times higher than that of
NaTaClg (1.1 x 10~* S em™ "), despite the presence of NaCl as an
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Fig.2 AC impedance measurements of NaTaClg and Na—-Ta—-Zr—-Ga-
Cl-CO3-BOs. (a and b) Cole—Cole plots for NaTaClg and Na—-Ta—-Zr—
Ga-Cl-CO3—-BOs at various temperatures, respectively. (c) Arrhenius
plot derived from these results, when black open circles and red filled
circles indicate NaTaClg and Na-Ta-Zr-Ga-Cl-CO3-BOs3,
respectively.
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impurity. The ionic conductivity of the components (terminal
compounds) added in this study is low (Na,ZrCls;; 1.8 X
107> S em ™', NazBO;z; 1.5 x 10°° S em™',* etc.), and this
improvement in ionic conductivity can be achieved because of
the multicomponent nature of the material. Scanning electron
microscopy (SEM) images of the cross sections of the NaTaClg
and Na-Ta-Zr-Ga-Cl-CO3;-BO; pellets (Fig. S2(a and b),}
respectively) show that the grain boundaries nearly disappeared
in both samples after cold pressing, suggesting that even the
multicomponent material retained the high deformability
derived from chloride,*** and that the grain boundary resis-
tance has a minimal impact on these materials. The Arrhenius
plot in Fig. 2(c) revealed that the activation energy of low-
crystallinity Na-Ta-Zr-Ga-Cl-CO3;-BO; was 0.30 eV, which is
lower than that of crystalline NaTaClg (0.36 eV). This decrease in
the activation energy indicates that the potential landscape for
the carrier ions is smoothed by the effects described above.

The results of the DC polarization tests (Fig. 3) provide
valuable insights into the electronic resistivity of NaTaCls and
the multicomponent Na-Ta-Zr-Ga-Cl-CO;-BO; system. The
electronic resistivity calculated from the steady-state current
values was found to be 6.7 x 10° Q cm for NaTaClg and 1.2 x
10'° Q ecm for Na-Ta-Zr-Ga-Cl-CO3;-BO;. These values suggest
that electronic resistivity increased by approximately twofold
after multicomponentization of the material. The rapid relaxa-
tion of the current values observed in the initial phase of the test
for both samples was attributed to the polarization of ions,
which likely resulted from the high ionic conductivity of the
materials. Notably, this relaxation rate was faster in Na-Ta-Zr-
Ga-Cl-CO;-BO3, which was consistent with its higher ionic
conductivity compared to that of NaTaCls.

Fig. 4 shows the linear sweep voltammetry (LSV) results for
NaTaCls and Na-Ta-Zr-Ga-Cl-CO;-BO;. The slight difference
between these plots suggests that the high oxidation resistance
derived from chloride was retained even with the substitution of
polyatomic anions (CO5;*>~ and BO,*"). The larger current values
in Na-Ta-Zr-Ga-Cl-CO3;-BO; compared to those in NaTaClg
may be attributed to the higher ionic conductivity of Na-Ta-Zr-
Ga-Cl-CO;-BO;. First-principles calculations were performed
to validate oxidation limits. Data for NaTaClg, obtained from the
Materials Project, an inorganic material database, were used as
the original cell structure for these calculations. The number of
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Fig. 3 Results of DC polarization tests. (a) NaTaClg and (b) Na-Ta—-Zr-
Ga-Cl-CO3-BOs.
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The cell configuration used in the measurements was Na;oSny (ref. 46)|
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atoms in the cell was set to 32, and the oxidation limit potential
was calculated based on the energy difference between the
original composition and the composition without Na atoms.
Na desorption model calculations indicated an oxidation limit
of 4.6 V vs. Na/Na" for NaTaCls. The thermodynamic oxidation
limit was investigated by extracting the compositional data of
the decomposition components from the Materials Project and
performing convex-hull calculations for these components.
Details of the calculations are provided in the ESI.{ The oxida-
tion limit determined using the convex-hull model calculation
was determined to be 3.6 V vs. Na/Na'. The oxidation of the
material is expected to cause decomposition through the reac-
tion NaTaClg — Na + TaCl; + 1/2Cl,. The oxidation limits for
NaTaClg and Na-Ta-Zr-Ga-Cl-CO3;-BO; are estimated to be
4.6 Vvs. Na/Na" based on Fig. 4. This value was consistent with
the results of the Na desorption model calculations. These
findings suggest that the reaction predicted by the convex-hull
model calculations was not observed in the actual LSV
measurements because of the high resistance caused by
significant structural changes. In addition, these oxidation
limits (4.6 V vs. Na/Na') are higher than the oxidation limit re-
ported by Hu et al. for NaTaCl, (4.1 V vs. Na/Na').** One possible
reason for this discrepancy is the black discoloration of the
NaTaClg sample.

Fig. 5 compares the performance of the materials obtained
in this study (NaTaCls and Na-Ta-Zr-Ga-Cl-CO;-BO;) with
those of representative Na-ion-conductive chlorides, sulfides,
selenides, and oxides (Na, ggSbg gsWo.1254,"” NazPS,,*® Na;;Sn,-
PS;,,% NajzZr,Si,PO;,,°** NazPSe,,”* Nas_,Y;_,Zr,Clg,*® Na, s-
Cro.5Zry 5Cls,>® Na,ZrClg,*> NaAlCl,,*® NaTaCls (black)'®). The
ionic conductivities and electronic resistivities are shown in
Fig. 5(a) and Table S1.f Na-Ta-Zr-Ga-Cl-CO;-BO; obtained in
this study exhibited superior ionic conductivity and higher
electronic resistivity than the other chlorides, with relatively
high values.
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Fig. 5 Comparison of the performance of the materials obtained in
this study (NaTaClg and Na—-Ta-Zr-Ga-Cl-CO3z-BOs) with repre-
sentative Na-ion conductive materials (Nas ggSbgoggWp 125447
Na3PS4,48 Nallsn2P512,49 Na;ZrzSiZPOQ,SO'Sl Na;PSe4,52
Nas,XY:l,XZrXCIG,ZO N82_5Cr0_5zr0v5cls,53 NaZZrCl6,22 NaAlCl4,23 NaTaClG
(black color)®®). (a) Axes show the logarithm of ionic conductivity
versus the logarithm of electronic resistivity. (b) Comparison of the
time until complete energy loss from a full charge occurs due to
leakage current, derived from the electronic resistivity of the elec-
trolyte. This time is calculated using the electronic conduction resis-
tance of the electrolyte layer and the leakage current value,
determined by Ohm's law from a typical battery voltage of 3 V.

In addition, to demonstrate the effectiveness of this high
electronic resistivity, we estimated the time required for
complete energy loss caused by self-discharge using the leakage
current value calculated from the electronic conduction resis-
tance of the electrolyte layer and Ohm's law based on the voltage
of a typical battery (3 V). This calculated time is likely to be
underestimated, as energy losses can occur because of factors
such as reactions between the electrode and electrolyte.
Assumed parameters,* such as battery capacity (1.2 mA h cm™?)
and electrolyte thickness (20 pm), are summarized in Table S27.
Fig. 5(b) compares these results with those of representative Na-
ion-conductive materials.

Sulfides tend to have higher electronic conductivity than
chlorides. In this hypothetical experiment, the time to lose
energy from a full charge, calculated from the electronic
conductivity of the sulfide showing the highest Na-ion
conductivity (Na, ggSbg ssWo.1254), was within half a day (0.4
d). However, chlorides exhibit a low electronic conductivity,
which increases the time required for energy loss. However, the
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previously reported black NaTaCl (ref. 18) lost its fully charged
energy in approximately one month (26.7 days). It has been
suggested that an electronic conductivity of approximately
107" S em™* or lower is required to preserve energy storage
properties for more than six months.

In this study, we successfully reduced the crystallinity of
NaTaClg while maintaining its white color and significantly
extended the time required for complete energy loss from full
charging. Specifically, through multicomponentization, the
time to discharge the full-charge energy exceeded 13 months
(406.5 d). This result indicated that the multicomponentization
approach used in this study effectively enhanced the energy-
storage preservation characteristics by suppressing the self-
discharge of the battery.

Conclusion

In this study, a multicomponentization strategy was employed
by substituting several elements to reduce the crystallinity of
NaTaCls, which exhibits excellent ionic conductivity in a low
crystallinity state. This strategy produced a system with low
crystallinity, resulting in a ten-fold increase in ionic conduc-
tivity (NaTaClg: 1.1 x 10~* S em ™', Na-Ta-Zr-Ga-Cl-CO;-BOs5:
1.2 x 107* S em™"). This improvement can be attributed to the
combined effects of the mixed anions* and increased Na
concentration,”® in addition to the low crystallinity of the
system. Furthermore, the electronic resistivity increased
because of the low crystallinity of the system (NaTaClg: 6.7 x 10°
Q cm, Na-Ta-Zr-Ga-Cl-CO;-BO;s: 1.2 x 10" Q cm), which
suppressed self-discharge and resulted in high energy-storage
preservation properties (more than 400 days from full charge
to complete energy loss in a hypothetical test within a standard
single cell) when applied as the solid electrolyte in all-solid-state
batteries. Furthermore, despite multiple elemental substitu-
tions, the material retained the high oxidation resistance
derived from chloride, suggesting the possibility of stable
battery operation even with a high-potential cathode. Therefore,
the low crystallinity achieved through multicomponent substi-
tution in chloride electrolytes maintains a high chloride-derived
oxidation resistance while improving ionic conductivity and
electronic resistivity. This is a successful example of an effective
strategy for enhancing the performance of solid electrolytes.
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