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Halide solid electrolytes (SEs) are emerging as an alternative to sulfide and/or oxide SEs for applications in all-
solid-state batteries owing to the advantage fulfilling high (electro)chemical stability and mechanical sinterability
at the same time. Thus far, the developments in halide SEs have focused on Li* superionic conductors. Herein,
the development of a new Na*-conducting halide SE, mechanochemically prepared Na,ZrClg (1.8 x 10> S em™!
at 30°C) with excellent oxidative electrochemical stability, is described. A trigonal crystal structure with the
P3m1 symmetry is successfully identified by the Rietveld refinement of X-ray diffraction. Additionally, the bond
valence sum energy level calculations disclose one-dimensional preferable Na*-diffusion channels in Na,ZrClg.
It is to be noted that despite the rather low Na* conductivity of Na,ZrClg, NaCrO, electrodes that uses Na,ZrClg
in NaCrO,/Na-Sn all-solid-state Na-ion batteries demonstrate an exceptionally high initial Coulombic efficiency
of 93.1% and a high reversible capacity of 111 mA h g~! at 0.1C and 30 °C (98.4% and 123 mA h g~! at 60 °C),
highlighting the excellent electrochemical stability of Na,ZrCl,.

1. Introduction

All-solid-state batteries that use inorganic Na* superionic con-
ductors hold a potential of better safety and lower cost, compared
to conventional lithium-ion batteries based on organic liquid elec-
trolytes [1-16]. Inorganic Na* solid electrolyte (SEs) materials include
oxides (e.g., Na3Zr,Si;PO;,, 0.4-1 mS em~1),[13-15] sulfides (e.g.,
Na;PS,, NazSbS,, 0.1-10 mS em™1),[1,3,5,7,9] and closo-borates (e.g.
Nay(B15H;5)(B1oHyg), 1 mS cm~!) [4]. Despite the acceptable (elec-
tro)chemical stabilities, oxide SEs suffer from poor contacts with elec-
trode active materials when fabricating all-solid-state batteries [1,5].
In this regards, sulfide materials have drawn significant attention
[1,3,5,7,9,16-18]. This is in the same vein of the preceding develop-
ments of Lit-conducting sulfide counterparts (e.g., LigPS5X, X = Cl, Br)
showing the high ionic conductivities (1073-10"2 S cm~!) and the de-
formable properties that are vital for achieving practical all-solid-state
batteries [5,11,19-22].

Cubic NasPS, was the first sulfide-based Na*t superionic conductor
to be developed, exhibiting a conductivity of 0.2 mS cm~! at room tem-
perature;[1] thereafter, extensive efforts have focused on enhancing the
Na* conductivity by examining the compositions based on NasPS, via
substitution [17,18,23-25]. The isovalent substitution of P5+ with Sb>*
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and As®* [3,25] or S2~ with Se®~ [24] led to improvements in the ionic
conductivity. Unlike the tetragonal phase (~107® S cm~!) obtained by
the conventional solid-state reaction, the mechanochemically derived
cubic phase was initially attributed to the high ionic conductivity of
NasPS, [1]. It was thereafter theoretically and experimentally deter-
mined that the formation of vacancies is crucial for the fast Na* trans-
port in this class of sulfide superionic conductors [17,18,26,27]. Na*t
conductivities of ~1 mS cm™! for Na3PS,-derived compositions were
obtained by the aliovalent substitutions of Nat with Ca%*,[17] S2~ with
Cl~,[18] and P>* with Sn** or Si** [8,23,26,28-30].

A limitation to be noted is that phosphorus-based sulfide SEs are
prone to toxic H,S gas evolution upon exposure to humid air [5,20].
It was observed that phosphorus-free Sb-based sulfide Na*-conducting
SE materials, such as Na;SbS,, Na,.,Sn;,Sb,S,, and Na; ,Sb; ,W,S, do
not suffer from the evolution of H,S gas [3,8,9]. Furthermore, our group
demonstrated that water could be utilized for the liquid-phase synthe-
sis of NazSbS, and Na,_,Sn;_,Sb,S,[16]. However, the use of heavy ele-
ments may offset the advantage of phosphorus-free sulfide SE materials.
Moreover, sulfide SE materials exhibit intrinsically narrow electrochem-
ical windows [30-32]. In contact with layered oxide cathode materials
that are used for either lithium- or sodium-ion batteries, the sulfide SE
materials undergo severe side reactions, resulting in unsatisfactory elec-
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trochemical performances [5,30,32-34]. In particular, Nat-conducting
sulfide SEs did not exhibit sufficient stability with the 3 V-class oxide
cathode materials, such as NaCrO, [3,35].

Recently emerging halide SEs show potential for applications in all-
solid-state batteries, owing to their high (electro)chemical stability and
deformability. These properties were not achieved in the previously in-
vestigated single SE materials of sulfides or oxides [36-38]. A study by
Asano and coworkers on the mechanochemically prepared hexagonal
close-packed (hcp)-structure trigonal LizYClg and cubic close-packed
(cep)-structure monoclinic Li;YBrg reported the conductivities of 0.51
and ~1 mS cm™!, respectively. The results of their study were referenced
by the identification of alternative Li* superionic halide conductors,[38-
44] including Li5ErClg (0.31 mS cm™!),[44] monoclinic LizInClg (1.49
mS cm™1),[39] monoclinic Li,ScCl;,, (maximum 3 mS em™1),[41]
disordered spinel LiySc,,3Cl, (1.5 mS em™1),[42] orthorhombic Zr*+-
substituted Li3YClg or LizErCly (max. ~1 mS ecm™!),[40] and trigonal
Fe3+-substituted Li,ZrClg [43]. Uncoated LiCoO, in all-solid-state cells
using halide SEs, such as Li;YClg, exhibited excellent initial Coulom-
bic efficiency (94%) and stable cycling [38]. Notably, the high Li* con-
ductivities of Li;YClg and Li;ErClg were obtained by mechanochemical
milling [44]. Zeier and coworkers suggested that from the analysis of
the pair distribution function, the disordering in metal sites (M2/M3)
was the key to the significant enhancement of the Li* conductivity upon
mechanochemical milling [44]. Despite the important advancements in
Lit-conducting halide SEs, the use of expensive central atoms, espe-
cially rare-earth metals, hinders their practical application. This aspect
is highly critical in all-solid-state Na-ion batteries.

Herein, we report a new Na*-conducting halide SE, Na,ZrClg, pre-
pared by a mechanochemical method. It exhibits a Na* conductivity of
1.8 x 1075 S ecm™! at 30°C. A trigonal crystal structure of the P3m1l
symmetry with one-dimensional (1D) Na* diffusion channels was iden-
tified by the Rietveld refinement of X-ray diffraction (XRD) and bond va-
lence energy landscape (BVEL) calculations. Despite the relatively low
Na* conductivity of Na,ZrClg, a 3 V-class NaCrO, electrode that uses
Na,ZrClg in all-solid-state cells significantly outperforms the one which
uses conventional sulfide SE, cubic Na3PS,. The Na* conductivity of the
latter is one order of magnitude higher (1 x 10~* S em™1).

2. Results and discussion

Two Na,ZrClg powders were prepared by ball-milling a stoichiomet-
ric mixture of NaCl and ZrCl, with and without subsequent heat treat-
ment at 400 °C, and were denoted as HT-Na,ZrClg and BM-Na,ZrClg,
respectively. The Na* conductivities of the cold-pressed pellet sam-
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ples were measured by the AC impedance method using Na*-blocking
Ti/SE/Ti symmetric cells. Fig. 1a shows the Arrhenius plots of the Na*™
conductivities for BM- and HT-Na,ZrClg. The corresponding Nyquist
plots are shown in Figure S1. BM-Na, ZrClg exhibited a Na* conductivity
of 1.8 X 10> S cm™! at 30 °C with an activation energy of 0.40 eV. The
Na*t conductivity is approximately one order of magnitude lower than
that of cubic NagPS, (1.0 x 104 S cm™). For the heat-treated sample, a
considerably lower Na* conductivity of 6.9 x 1078 S cm~! and a higher
activation energy of 0.49 eV were obtained. The drastic change observed
in the Na* conductivity upon heat treatment is similar to that observed
for Li;YClg [38, 44]. The electron conductivity of BM-Na,ZrClg, mea-
sured by chronoamperometry using the Ti/SE/Ti symmetric cell was
2.1 x 10710 S em~1, which is more than five orders of magnitude lower
than the Na*t conductivity (Figure S2). Therefore, BM-Na,ZrClg can be
regarded as a good solid electrolyte.

The powder XRD patterns of BM- and HT-Na,ZrClg are shown in
Fig. 1b. BM-Na,ZrClg exhibited broad main reflections. These reflec-
tions are commonly observed in mechanochemically prepared samples,
and indicate low crystallinity and/or structural disorder [38,39,44]. The
main reflections for BM-Na,ZrClg at ~15, 30, and 39° match well those
for LizYClg or LizErClg, which crystallize in a trigonal lattice with hep
anion sublattices (space group P3ml, Figure S3) [38,44]. The slight
shifts of the Bragg reflections to lower angles indicate larger lattice pa-
rameters of Na,ZrClg, which can be attributed to the larger ionic size
of Na* (102 pm) as compared to that of Li* (72 pm). In Li*-conducting
halide SEs, a ccp monoclinic lattice structure was observed in the com-
pounds when central metal ions with smaller ionic radii, including Sc3+
(72 pm) [41,45] and In3+ (80 pm),[39] were employed. On the other
hand, compounds comprising metal ions with larger ionic radii, such as
Y3+ (90 pm), Tb3+ (92.3 pm), and Lu3* (86.1 pm), form the hcp struc-
ture [38,45]. Despite the use of Zr** ions with small ionic radii (72 pm),
the occurrence of the hep trigonal structure for Na,ZrClg, and the ab-
sence of it in the ccp monoclinic structure can be ascribed to the larger
ionic size of Na* compared to that of Li*. It was also observed that
the position of the main reflections for BM-Na,ZrClg in the XRD pat-
tern coincides with those for HT-Na,ZrClg (Fig. 1b), indicating that the
two samples belong to the same parent structural framework [38, 44].
Thus, extensive structural analysis by powder XRD with Cu Ka; X-ray
radiation was performed for HT-Na,ZrClg [38].

The powder X-ray Rietveld refinement profile for HT-Na,ZrClg is
shown in Fig. 2a, and the corresponding results are summarized in
Table 1. All the reflections can be indexed as the trigonal crystal struc-
ture with P3ml symmetry (a = 11.4861 (1) A, ¢ = 6.2768 (1) A,
V =717.15 (1) A3, and Z = 3) that is isostructural with trigonal Li;YClg
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Fig. 1. Characterization of BM- and HT-Na,ZrCl,. a) Arrhenius plots of Na* conductivity and b) powder XRD patterns for BM- and HT-Na, ZrCl,. The Bragg reflections

for Li;YClg (ref. 38) are shown at the top.
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Fig. 2. Results of Cu Ka; XRD for HT-Na,ZrCl,. a) Observed
and calculated powder X-ray Rietveld refinement profile for

— 5 +  Observed HT-Na,ZrCly, recorded at 25°C. Bragg positions for Na,ZrClg
j | — Calculated are also shown. Crystal structure of Na,ZrClg, showing b)
. 1 ] Difference (100) and c) (001) views where the unit cells are outlined.
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Table 1

Crystallographic data and powder XRD Rietveld refinement results for Na,ZrClg.

Crystal System
Space Group
Lattice Parameter, Volume, Z

Trigonal

P3m 1 (no. 164)
a=11.4861 (1) A, c=6.2768 (1) A, V=71715(1)A3,Z2 =3

Atom X y z Wyckoff ~ Occupancy Ui, x 100
Zr1 0 0 0 1a 1.0 2,67 (1)
Zr2 1/3 2/3 04974 (8) 2d 1.0 2.67 (1)
cn 0.2347 (1) 0.7654 (1) 02632 (7) 61 1.0 2.67 (1)
Cl2 0.1097 (1)  0.8903 (1) 0.8022 (1) 6i 1.0 2.67 (1)
CI3 0.5727 (4) 04274 (1) 0.2433(7) 6i 1.0 2.67 (1)
Na 03574 (5) © 0 6g 1.0 2.67 (1)

*R, = 0.0795, Ry, = 0.1182, Ry, = 0.0816, R(F?) = 0.1965, x? = 2.102

and Li3ErClg [38, 44]. The atom positions in the unit cell were confirmed
from the observed Fourier map (Figure S4). All the atoms of Na, Zr, and
Cl were easily distinguishable because of the distinct differences in their
electron densities. The crystal structure is visualized with two different
orientations in Fig. 2b, c. The lattice framework of Na,ZrClg is similar
to that of previously reported trigonal LizErClg (or Li;YClg); however,
the Nat ions are fully occupied in one crystallographic Wyckoff site (6g)
for Na,ZrClg, while Li* ions occupy two sites (fully occupied in 6g and
half occupied in 6h) for Li;ErCls. We noted that the 6h site is present in
the midway between the two 6g sites parallel to the c-axis, and plays a
role of interconnecting the 6g sites. Na,ZrClg consists of three ZrClg oc-
tahedra and six Na atoms per unit cell. One ZrClg octahedron is located
in the ab-plane at z = 0, and the others are located at z ~ 0.5. Na* ions
also form a slightly distorted octahedron with halide ions. The ZrClg oc-
tahedron at z = 0 is surrounded by six Na* ions that form a honeycomb
lattice of NaClg octahedra, whereas the ZrClg octahedra at z ~ 0.5 have
no surrounding Na atoms. The average interatomic distance of d(Na-Cl)
is 2.76 A (Table S1), which is lower than the expected value (2.83 /D\)
from Shannon’s ionic radii; [46] such a short interatomic distance may
indicate strong binding between the Na* and Cl~ ions. Moreover, the
Na site exhibits 100% occupancy without undergoing any disordering.
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To summarize, the strong binding between Na* and Cl~ and the lack of
the interconnecting Na atom in the 6h site could be responsible for the
low Na* conductivity of HT-Na,ZrClg.

The Raman spectra of BM-Na,ZrClg and HT-Na,ZrClg, compared
with those of precursor ZrCl,, are also shown in Figure S5. For ZrCly,
the characteristic signatures of the zigzag polymer-like chain-structured
[(ZrCly,5)Cl,];, of the bridged octahedra are shown [47]. In contrast,
both BM- and HT-Na,ZrClg showed that the signatures of the bridging
octahedra disappeared; strong peaks at ~320 cm~!, which are attributed
to Ay stretching and generally observed for a series of elpasolite com-
pounds, are indicative of ZrClGZ* [48,49].

The bond valence sum has been widely used to estimate valences in
inorganic solids for verifying the validity of the crystal structure [50].
The bond valence sums for each atom in Na,ZrClg were calculated: Nal
(1.10 valence unit; v.u), Zrl (3.62 v.u), Zr2 (3.93 v.u), Cl1 (0.99 v.u), C12
(0.96 v.u), Cl13 (1.07 v.u), all of which match well with the expected ion
charges. To better understand the Na* migration pathways in Na,ZrClg,
the BVEL calculation was also employed [3,8,51,52]. The BVEL map
for Na,ZrClg, using the structural parameters from Rietveld refinement
(Fig. 3a, b, ¢), visualizes the possible Na* migration pathways. From this
result, in addition to the Nal site, a Na interstitial site (Na,, ) bridging
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Fig. 3. BVEL calculation results for Na,ZrClg. a-c) Na* dif-
fusion paths for Na,ZrCly obtained by the BVEL calculations
with an iso-surface value of 0.47 eV and d) energy landscape
diagram for Na,ZrClg, showing the migration barriers between
Na* and interstitial sites determined from the BVEL calcula-
tions.
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the 6g sites parallel to the c-axis can be identified near (0.325, 0, 0.5) in
the distorted Cl~ surrounding octahedra, which corresponds to the 6h
site. As shown in Fig. 3a, in the view of the ab-plane at z = 0, the Na*™
migration pathways are restricted to two neighboring Nal-Nal sites. In
the view of the ab-plane at z = 0.5 (Fig. 3b), the six Na;,; sites create
ribbon-shaped migration pathways with a low activation energy of 0.26
eV (Fig. 3d). However, Na* ions cannot diffuse over long distances be-
cause they cannot migrate to the neighboring ribbons. The interatomic
distance between the two Nal atoms along the c-axis is large (6.28 A)
for direct Nat-hopping to occur. However, the Na;,, site between the
two Nal atoms acts as a bridge, and the average interatomic distance for
Nal-Naj,, , 3.17 A, is a reasonable hopping distance. Thus, Na* migra-
tion would easily occur through Nal-Na;,; -Nal-Na;,, along the c-axis.
Considering that Na* cannot migrate over long distances in the ab-plane
and Nal-Na;, —Nal-Na;,, pathways are formed in the [001] direction,
Na,ZrClg likely prefers the 1D Na* migration pathways. The activation
energy for the Nal-Na,, —Nal pathway parallel to the c-axis was calcu-
lated to be 0.47 eV (Fig. 3d). This value agrees well with that obtained
using the AC impedance method (HT-Na,ZrClg, 0.49 eV, Fig. 1a).

In previous reports on trigonal Li*-conducting halide SEs, such as
Li;YClg and LizErClg, it was reported that the ball-milled samples ex-
hibited higher ionic conductivities than the heat-treated samples, which
was interpreted as the consequence of M2/M3 site disordering [38,44].
Considering the too large interatomic distance between the two Nal
atoms along the c-axis in HT-Na,ZrClg, we anticipate the 1D Na* mi-
gration could be facilitated, if Na;,, sites could be partially occupied, via
the concerted or correlated interstitial (knock-on) mechanism [53-56].
We speculate the mechanochemical-milling would drive disordering of
both M and Nat sites. And this might lead to a partial occupation of
Na;,, as well as a reconfiguration of Na* channels,[44] which could
result in regulated energy landscape for more facilitated Na* migra-
tion and thus drastically enhanced Nat conductivity, as compared to
HT-Na,ZrClg (from 6.9 x 1078 to 1.8 x 10™> S cm™!). Alternatively,
aliovalent substitution to increase Na contents may also be effective on
enhancing Na* conductivity of Na,ZrCl,. Based on theoretical calcula-
tions, Mo and co-workers showed that ionic conductivities are highly
affected by the concentration and distribution of cations in halide SEs
[53]. Recently, our group reported that mechanochemically prepared
Li, ZrClg showed the trigonal structure like Na,ZrClg in this work and its
Li* conductivity could be more than doubled by the aliovalent substitu-
tion with trivalent metals, such as Fe3*, V3*, and Cr3+ (from 4.0 x 10~*
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to max. ~1 x 1073 S cm~1), demonstrating the importance of charge
carrier of mobile ions [43].

It is also noted that the size effect of the alkali ions may be more
substantial in halide SEs, as compared with sulfide SEs, as the anionic
framework for halide SEs is based on close-packed structure while that
for sulfide SEs is based on base centered cubic in many cases [53,57].
Comparing Na,ZrClg with the Li counterpart, Li,ZrCl,, the lattice vol-
ume is increased by only 12% (HT-Na,ZrCly: 2.43 g cm™3, BM-Li, ZrClg:
2.48¢g cm™3) [43]. It is thus considered that over an order of magnitude
lower ionic conductivity of BM-Na,ZrClg (1.8 X 107> S cm™!) than the
Li counterparts including BM-Li,ZrClg (4.0 x 104 S cm~') might be
largely attributed to the larger ionic size of Na* (102 pm) than that of
Li* (72 pm) [58].

Electrochemical stability of BM-Na,ZrCly was assessed via cyclic
voltammetry measurements using Ti/Na,ZrClg/NaszPS,;/Na-Sn cells
(Figure S6). BM-Na,ZrClg showed poor cathodic stability with the onset
voltage of ~1.3 V (vs. Na/Nat) for reduction but excellent oxidation
stability up to 5 V (Na/Na‘), which is in line with other halide SEs [36-
40].

Finally, NaCrO, electrodes fabricated using BM-Na,ZrClg
(1.8 x 107> S em™!) or NagPS, (1.0 x 104 S ecm™!) in NaCrO,/Na-Sn
all-solid-state cells were cycled between 1.4 and 3.5 V at 30 °C. No
carbon additives were used in the electrodes. To stabilize the SE/Na-Sn
interfaces, a hybrid SE layer of NasPS,/Nay(Bi,H;5)(BigH;o) was
used such that the Na,(B;3H;5)(B1gHpo) (1.8 x 1072 S cm™!) side
maintained contact with the Na-Sn anode (nominal composition of
NagSn, ~0.1 V (vs. Na/Na*)) [59,60]. Fig. 4a shows the first-cycle
charge-discharge voltage profiles at 0.1C (1C = 120 mA g~1). While
no noticeable differences were observed in the initial charge, discharge
capacity was much lower when using Na3PS,, as compared to when
using BM-Na,ZrClg (90 vs. 111 mA h g1), reflecting highly irre-
versible reaction of Na3PS,. It is to be noted that the initial Coulombic
efficiency (ICE) for using BM-Na,ZrClgy was extremely high: 93.1%,
which is comparable to that of conventional liquid electrolytes [61].
NaCrO,/Na-Sn all-solid-state cells tested at an elevated temperature
of 60 °C showed increased capacities (Figure S7). Importantly, the
electrodes using BM-Li,ZrClg outperformed those using NasPS, as
well. Specifically, the ICE and the capacity retention at 22nd cycle for
using BM-Li,ZrClg were as high as 98.4% and 96.8%, respectively.
These values are even higher than those at 30 °C (93.1% and 83.7%,
respectively), which is indebted to more facilitated Na* conduction in
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Fig. 4. Electrochemical characterization of
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the electrodes at the elevated temperature of 60 °C (6.6 x 107> S cm~!
vs. 1.8 x 1075 S/cm at 30 °C). To assess the cathode-SE interfacial
stabilities between NaCrO, and the two different SEs, BM-Na,ZrClg and
Na;PS,, electrochemical impedance spectroscopy (EIS) measurements
were conducted. As presented in Fig. 4b, the corresponding Nyquist
plots in the 2nd and 5th cycles show that the size of the semicircles
for the NaCrO, electrodes employing NasPS, (corresponding to the
interfacial resistance at the NaCrO,-SE interface) is much larger (~933
Q) than that observed when using BM-Na,ZrClg (~320 Q).

To further evaluate the effects of interfacial irreversible reac-
tions on the electrochemical performance, largely varied by the
types of SEs, NazPS, vs. Na,ZrClg, EIS experiments were carried
out using Na* non-blocking e~-blocking symmetric cells of Na-
Sn/NasPS,/electrode/NasPS,/Na-Sn for NaCrO, or RuO, electrodes us-
ing Na3PS, or BM-Na,ZrClg before cycling and after cycle or charge
(Fig. 4c). Resulting Nyquist plots and corresponding Na* conductivities
for the NaCrO, electrodes are shown in Fig. 4d-f. The equivalent circuit
model and the fitted results are also provided in Figure S8 and Table S2.
It was anticipated that the formation of interfacial side-reaction prod-
ucts, i.e., cathode SE interphase (CSEI) indicated in Fig. 4c, would lead
to an overall decrease in Na* conductivity of the electrodes after charge.
For the NaCrO, electrodes, while Na* conductivity for using Na3PS, re-
mained with a marginal change after initial cycle, Na* conductivity in-
creased significantly for using Na,ZrClg (from 3.4 x 107¢ to 1.2 x 10>
S em™1). This result indicates the advantageous feature of Na,ZrCly over

| s
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the NaCrO,/Na-Sn all-solid-state cells em-

o NapPS§, 2nd . o

4 Naps, 5 ployl.ng BM-Na,ZrClg e?nd NagPS, at 30°C.
o NagZrCl, 2nd a) First-cycle charge-discharge voltage pro-
v NagZrCly 5th files at 0.1 C for the NaCrO, electrodes us-

ing BM-Na,ZrCly and NayPS, and b) corre-
sponding Nyquist plots. Cycling performance
at 0.1 C is also shown in the inset. c)
Schematic illustrating the EIS measurements of
Na™* non-blocking e~-blocking symmetric cells
of Na-Sn/Na,PS,/electrode/Na;PS,/Na-Sn for
NaCrO, or RuO, electrodes using Na;PS, or
BM-Na,ZrCls. Nyquist plots of the symmetric
cells for NaCrO, d) before cycling and e) after
initial cycle, and f) corresponding Na* conduc-
tivities at 30 °C. Nyquist plots of the symmetric
cells for the RuO, electrodes g) before cycling
and h) after first charge, and i) corresponding
Na* conductivities at 30 °C. The arrows in (d,
e, g, h) indicate the contribution by the elec-
trodes only.

2000

(iv)

After cycle or charge

—o— Na,PS,
—u— Na,ZrCly
10* T T

Pristine After charge

—e— Na,PS,
—a— NayZrCly
107 T T

Pristine After charge

Na3zPS, in terms of intactness. However, the even increasing Na* con-
ductivity after initial cycle when using Na,ZrClg reflects the appreciable
contribution by Na,;_,CrO,, that is, the partially desodiated Na;_,CrO,
would show higher Na* diffusivity than pristine NaCrO, [62]. Thus,
to eliminate the contribution of the cathode active material, electrodes
employing Na*-inactive but e~ -conductive RuO, were also tested and
corresponding results are presented in Fig. 4g-i. The loss of Na* conduc-
tivity was significant when using NagPS, (from 3.9 x 1077 to 2.1 x 1077
S em™1) which is in stark contrast to the marginal change when using
NayZrClg (from 3.8 X 1077 to 3.6 x 10~7 S cm™1). These results clearly
demonstrate the intactness of Na,ZrClg and the severe side reaction of
Na3PS, when applied for 3 V cathodes, which also agrees perfectly with
the drastic differences in interfacial resistances in the Nyquist plots for
half cells in Fig. 4b.

The underlying interfacial (electro)chemical evolution was probed
by ex situ X-ray photoelectron spectroscopy (XPS) measurements of the
NaCrO, electrodes employing Na;PS, and BM-Na,ZrClg before and after
10 cycles (Fig. 5). For the electrodes using Na;PS, after cycling (Fig. 5a),
both S 2p and P 2p XPS spectra exhibited the evolution of the oxidized
species of SO,2~, PO,3", bridging sulfur (P-[S],-P), and P,Ss, derived
from Na3PS,, and this result is consistent with that reported in the pre-
vious reports on electrodes using Li*-conducting sulfide SEs [31,63]. In
contrast, for both Zr 3d and Cl 2p spectra (Fig. 5b), marginal changes
were observed after 10 cycles, corroborating the intactness of Na,ZrClg.
Briefly, the electrochemical and ex situ XPS measurements unambigu-
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Fig. 5. Ex situ XPS signals of the NaCrO, electrodes employing a) Na;PS, and b) BM-Na,ZrCl before and after 10 cycles.

ously confirm the excellent stability of Na,ZrCly when operated in con-
tact with NaCrO, up to ~3.6 V (vs. Na/Na‘).

3. Conclusions

In summary, a new Na‘*-conducting halide SE, Na,ZrCls with a
maximum Na* conductivity of 1.8 x 10~ S cm~! was prepared by a
mechanochemical method. Rietveld XRD refinements of the heat-treated
Na,ZrCl, identified the trigonal structure of a space group of P3m1 with
the fully ordered metal (Zrl and Zr2) and Na sites. Moreover, BVEL
calculation results revealed the 1D-preferable Na*t migration pathways
parallel to the c-axis via the Na* interstitial sites. Finally, the promis-
ing electrochemical performance of NaCrO,/Na-Sn all-solid-state cells
using Na,ZrClg, especially in terms of high ICEs of 93.1 and 98.4% at
30 and 60 °C, respectively, was highlighted. The intactness of Na,ZrClg
with NaCrO, up to ~3.6 V (vs. Na/Na*) was also confirmed by ex situ
XPS measurements. Despite the comparably low Na* conductivity of
Na,ZrClg, a highly desirable electrochemical performance was demon-
strated, which emphasizes the importance of cathode-SE interfacial sta-
bility in all-solid-state batteries. Further improvements in Nat conduc-
tivity, such as aliovalent and/or isovalent substitutions, are required for
this new halide SE, Na,ZrClg, similar to that required for halide Li coun-
terparts [40,43,53] and Na*-conducting sulfide SEs.[8,9,17,18,23,25].

4. Experimental
4.1. Preparation of materials

For the preparation of Na,ZrClg, a stoichiometric mixture of NaCl
(99.99%, Alfa Aeser) and ZrCl, (99.99%, Sigma Aldrich) was ball-milled
at 600 rpm for 10 h in a ZrO, vial with ZrO, balls using Pulverisette
7PL (Fritsch GmbH). For further heat treatment, the ball-milled powders
were annealed at 400°C for 12 h in a fused silica ampule sealed under
vacuum. Na;PS, powders were prepared by ball milling a stoichiomet-
ric mixture of Na, S (Sigma Aldrich) and P,S5 (99%, Sigma Aldrich), fol-
lowed by heat treatment at 270 °C for 1 h in a fused silica ampule sealed
under vacuum. For the preparation of Na,(B;,H;5)(B;¢H;g), a stoichio-
metric mixture of pre-dried Na,B;,H;, and Na,B;,H;, (Katchem) was
first dissolved in anhydrous isopropanol (99.9%, VWR), subsequently
dried in a rotary evaporator, and heat-treated at 180°C for 4 h under vac-
uum [59,64]. RuO, powders with a particle size of < ~100 nm (99.9%,
Sigma Aldrich) were used for Na*-non-blocking e~ -blocking symmetric
cells.

4.2. Materials characterization

The powder XRD patterns were collected using a Rigaku MiniFlex
600 diffractometer with Cu Kea radiation (1 = 1.54059 10\). XRD cells
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containing hermetically sealed SE samples with a beryllium window
were mounted on an XRD diffractometer and measured at 40 kV and
15 mA. Powder XRD data for Rietveld refinement were collected at
room temperature on a Bragg-Brentano X-ray diffractometer (PANa-
lytical Empyrean) with Cu Ka; X-ray radiation, a focusing primary Ge
(111) monochromator (4 = 1.54059 Z\), and a position-sensitive PIX-
cel 3D 2 x 2 detector. Data acquisition covered the angular range 10°
< 260 < 130° at a step width of 0.0131303° and a total measurement
time of 13 h. Powder sampling for X-ray measurement was conducted
in an Ar atmosphere glovebox, and an airtight specimen dome-type X-
ray sample holder obtained from Bruker was used to protect our sam-
ple from air during the measurement. The crystal structure of Na,ZrClg
was determined from the powder XRD data, using a combination of
the powder profile refinement program GSAS [65,66] and the single-
crystal structure refinement program CRYSTALS,[67] as described in
our previous work [68,69]. For a three-dimensional (3D) view of the
Fourier density maps, MCE was used [70]. A trigonal unit cell was de-
termined using the program Dicvol [71] run in WinPLOTR [63] using
12 diffraction peaks. Le Bail fitting was performed for the new phase.
Initially, a structure model with only a dummy atom at an arbitrary
position in the unit cell was used. Subsequently, Le Bail fitting was
performed to obtain the structure factor of each (hkl) reflection. The
obtained structure factors were employed as the input data for CRYS-
TALS. In this case, a direct method was used for the initial phasing
model using SHELX [72] run in CRYSTALS, which yielded several metal
positions and not all atoms at once. The partial structural model re-
placed the initial dummy-atom model, and it was used for a Le Bail fit
in GSAS again (step 1). Subsequently, improved structure factors were
obtained, and refinement was performed in CRYSTALS (step 2). Steps 1
and 2 were repeated until a complete and satisfactory structure model
was obtained. Finally, Rietveld refinement in GSAS was performed to
complete structure determination, resulting in reasonable isotropic dis-
placement parameters and agreement indices for Na,ZrClg. The bond
valence sums [73,74] for each atom in Na,ZrClg were calculated with
the program SoftBV [75] to validate the structure of Na,ZrClg. The BVEL
calculation was also performed using SoftBV. The BVEL results show
the energy barrier for Na ions and the plausible diffusion pathways by
3D graphics.

4.3. Electrochemical characterization

The Na*t conductivity was measured by the AC impedance method
using ion-blocking Ti/SE/Ti symmetric cells under ~70 MPa. The cold-
pressed pellets were prepared at 370 MPa. The EIS data were recorded
with an amplitude of 100 mV and a frequency range from 10 mHz to
7 MHz using a VMP3 (Bio-Logic). All-solid-state NaCrO,/Na-Sn half-
cells were fabricated using the following procedure: Na-Sn (nominal
composition: NazSn) was used as the counter and reference electrodes,
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which was prepared by mixing Na metal (Sigma Aldrich) with Sn metal
powders (Sigma Aldrich). Composite electrodes were prepared from a
NaCrO,/BM-Na,ZrClg or NasPS, mixture in a weight ratio of 94:56.
The separating SE layers were formed by pelletizing 100 mg of Na;PS,
powders under 370 MPa. To prevent degradation between NasPS, and
Na-Sn, NazPS, (100 mg)/Na4(B,,H;5)(B1oH;() (25 mg) was used.[59]
Subsequently, the NaCrO, electrodes and the Na-Sn electrodes were
placed on each side of the SE layers to form (NaCrO,/BM-Na,ZrClg
or NazPS,)/(NazPS,/Nay(B;,H;5)(B1gH;o))/Na-Sn assemblies. Finally,
the whole assemblies were pressed at 370 MPa, forming all-solid-state
NaCrO,/Na-Sn cells. The galvanostatic discharge—charge cycling of
the all-solid-state NaCrO,/Na—-Sn cells was conducted in the voltage
range of 1.4-3.5 V under ~70 MPa. All the procedures to fabricate all-
solid-state cells were performed in a polyaryletheretherketone (PEEK)
mold (diameter = 13 mm) with Ti rods as the current collectors. All
electrochemical tests were conducted at 30°C. The EIS measurements
for the half cells were performed from 1.5 MHz to 5 mHz with 10
mV of amplitude after discharging the cells to 2.85 V for Na,ZrClg
and to 2.80 V for NazPS,;/Na,(B;,H;,5)(B1oH;g) at 0.1C at the second
and fifth cycle. Na* non-blocking e~ -blocking symmetric cells of Na-
Sn/NayPS,/electrode/Na;PS,/Na-Sn for NaCrO, or RuO, electrodes us-
ing NasPS, or BM-Na,ZrClg were fabricated as follows. The separating
SE layers were formed by pelletizing 150 mg of Na3;PS, powders un-
der 370 MPa. Na-Sn (nominal composition: Na;Sn) was used as the
counter and reference electrodes. Composite electrodes were prepared
by manual mixing of NaCrO, and BM-Na,ZrClg or NazPS, in a weight
ratio of 94:56 or RuO, and BM-Na,ZrClg or Na;PS, in a vol. ratio of
7:3. Subsequently, the composite electrodes and the Na-Sn electrodes
were placed on each side of the SE layers to form electrode/Na;PS,/Na-
Sn assemblies, which was followed by pressing the whole assemblies
pressing at 370 MPa (Fig. 4c (i)). For the EIS measurements of the pris-
tine electrodes (Fig. 4c (ii)), after 150 mg of NasPS, powders were
put on the electrode side, the assemblies were pelletized. Then, Na-
Sn was placed on the NagPS, layer, followed by pressing at 370 MPa.
The as-assembled Na-Sn/NasPS,/electrode/NasPS,/Na-Sn symmetric
cells were subjected to the EIS measurements. For the EIS measure-
ments of the cycled or charged electrodes (Fig. 4c (iv)), before stack-
ing NazPS, and Na-Sn layers on the electrodes, electrode/NazPS,/Na-
Sn cells were charged to 3.6 V at 0.1C and 30°C . The EIS data for the
symmetric cells were recorded under ~70 MPa with an amplitude of
10 mV and a frequency range from 100 mHz to 7 MHz using a VMP3
(Bio-Logic).
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