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ABSTRACT: Mechanically sinterable sulfide Na* superionic conductors are N33PS Na; »Ca,PS,
key to enabling room-temperature-operable all-solid-state Na-ion batteries

(ASNBs) for large-scale energy storage applications. To date, few candidates y (&} (y ﬂ ﬂ

can fulfill the requirement of a high ionic conductivity of >1 mS cm™' using

abundant, cost-effective, and nontoxic elements. Herein, the development of a 'f) o
new Na® superionic conductor, Ca-doped cubic Na;PS,, showing a maximum

conductivity of ~1 mS cm™! at 25 °C is described. Complementary analyses cy © M ﬂ Cﬁ
using conductivity measurement by the AC impedance method, *Na nuclear , Tetragonal Cubic
magnetic resonance spectroscopy, and density functional theory calculations

reveal that the aliovalent substitution of Na* in Na,PS, with Ca®** renders a | E a/I\ & 0'254\ (1 mS/cm)

cubic phase with Na vacancies, which increases the activation barriers but

drastically enhances Na-ion diffusion. It is demonstrated that TiS,/Na—Sn ASNBs employing Ca-doped Na;PS, exhibit a
high charge capacity of 200 mA h g™! at 0.06C, good cycling performance, and higher rate capability than those employing
undoped cubic Na,PS,.

ithium-ion batteries have become ubiquitous in mobile room temperature have been achieved for several sulfide solid
I devices owing to their high energy and power electrolyte (SE) materials.”~ "¢~

densities."” At present, their application in large-scale Tatsumisago and co-workers developed the first sulfide Na*
energy storage such as battery-driven electric vehicles and grid- superionic conductor, cubic NayPS, (c-Na;PS,), showing a
scale energy storage is on the verge of an explosive conductivity of 0.2 mS cm™" at room temperature, which was
expansion.”” However, serious safety concerns originating in contrast to a previously reported tetragonal Na;PS, (t-
from the use of flammable organic liquid electrolytes’ > and Na,PS,, 0.001 mS cm™").**' By X-ray structural analysis, the
the cost issues related to Li (its limited abundance, recent high conductivity of the cubic phase was attributed to the
rapid increase in the price of Li,COj3, and geologically uneven existence of three-dimensional (3D) ionic conduction path-
distribution)®” are serious obstacles. In this regard, solidifying ways between the Nal and Na2 sites.”” Moreover, first-
electrolytes using inorganic Na* superionic conductors can be principles investigations showed that the occupancy of the Na2
the ultimate solution.” '® Although Na A-alumina (ionic site (or Na disorder) was key to the high ionic conductivity of
conductivity of ~107> S cm™" at room temperature) was the c-Na;PS,.” Since then, extensive efforts for further develop-
first commercialized Na-ion conductor employed in Na—S§ ment have been undertaken.
batteries for large-scale energy storage systems,w oxide The first strategy was an aliovalent substitution of P. The
materials may not be suitable to fabricate room-temperature- replacement of P in c-Na;PS, With26 mol % Si resulted in an
operable all-solid-state Na-ion batteries (ASNBs) because a ionic conductivity of 0.74 mS cm™.*" It was explained that the
deteriorating high-temperature sintering process is necessary to excess Na led to an increased occupancy in the interstitial Na2
obtain two-dimensional contact with active materials.”'*"*"”
In contrast, sulfide materials are mechanically sinterable owing Received: August 13, 2018
to their more covalent bonds.®™'®'*'® Moreover, high Accepted: September 14, 2018

conductivities reaching the order of 1074=107% S cm™! at
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Figure 1. Characterization of Ca-doped Na;PS, (Na,_,,Ca,PS, (0

< x < 0.300)) prepared at 700 °C. (a) Powder XRD patterns for

Na,_,,Ca,PS,. Bragg positions for Be window (gray vertical lines) are also shown at the bottom. (b) X-ray Rietveld refinement profile for
Na, ;30Cay135PS;. The photograph of Na, ,3,Ca, 135PS, powders is provided in the inset. (c) Crystal structure of cubic Na, ,3,Cay 35PS, with
the unit cell outlined. (d) Calculated formation energy of Na;PS, as a function of ¢/a ratio by varying Ca doping and Vy, concentration. The
details about the symbols are shown in Table 1. The short-dashed line (---) and the dashed—dotted line (—*—) indicate the c/a ratios for t-

Na,PS, obtained by the experiment”'
Na;_,,Ca,PS,. Nyquist plots are shown in the inset of panel e.

and calculation, respectively. (e) Na-ion conductivities at 25 °C and activation energies for

site, increasing the conductivity.””** This reasoning was
supported by the subsequent density functional theory
(DFT) calculation results.”® The second strategy was an
isovalent substitution of P or S in Na;PS, with larger elements
of Sb, As, and Se; high ionic conductivities of ~1 mS cm™!
were achieved for tetragonal Na;SbS,””*”® tetragonal
Na;Py 4,As035S,,°  and cubic Na;PSe,***” By exploration of
four-element systems, a new structural class of superionic

30,31
and Na;;Sn,PS;,,”""" was also

conductors, Na,_,Sn,_.Sb,S,"”
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identified. However, the introduction of heavy elements, such
as Sb, Sn, Se, and As, for SEs would result in lowering the
specific energy density of ASNBs. Also, toxicity (or environ-
mental effects) and abundance of the elements should be
considered in designing Na* superionic conductor materials for
their practical application."” The last strategy was to generate
Na vacancies. Contrary to the initial assumption that the high
ionic conductivity of c-NayPS, originates from its cubic
structure,” DFT and molecular dynamics (MD) calculations
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Table 1. Calculated Vacancy and Ca Doping Formation Energy of Na;PS,, Varied by Ca Doping and Vy, Concentration

Composition Concentration Symbol Vacancy site? Cassite Formation
P of Na vacancy (%)  in Figure 1d Y energy (eV)
e} Narl - 1.022
Na, 43,sPS, 2.08
[ Na2 - 1.011
© Nal - 1.128
Na2.8750PS4 417
] Na2 - 1.167
A Na,l Na,l 0.692
Na, ;50Ca,1,5PS,  4.17 A Na2 Nal 0.593
v Nal Na2 0.579, 0.594
O Nail & 2 Na,l 1.659, 1.658
Na, ,Cay ,:PS, 833 ] Na2 & 2 Nal 1.709,1.710
o NaJd & 1 Na2 1.613,1.612
® Nad & 2 Na2 1.611

“Based on tetragonal structure.

showed that a stoichiometric ¢-NajPS, is a poor ionic
conductor and that the introduction of Na vacancies drastically
enhances the ionic conductivity.”>*”**** It was predicted that
2% Na vacancies in t-NayPS, (Na, ¢,PS,) rendered the increase
in Na' tracer diffusivity by more than order of magnitude
(from 1 X 1077 to 2.3 X 107° cm? s7!).** Furthermore, it was
reported that the formation of Na vacancies by aliovalent
substitution of S in Na;PS, with Cl, which resulted in the
formation of tetragonal Na, ¢375PS;.9375Cly 25, could achieve a
high conductivity of 1 mS cm™".>* However, it should be noted
that this value was obtained using spark-plasma-sintered
pellets, leading to significantly reduced grain-boundary and
interparticle resistances compared with those of pellets
prepared by conventional cold pressing.’*® Considering the
strong emphasis on Na vacancies in Na* superionic
conductors,”**¥**7**373% it s surprising that there has been
only one experimental case investigating the formation of
vacancies by aliovalent substitution of Na;PS,, Cl-doped
Na;PS,, in this field.”*

Herein, we report the development of new Na* superionic
conductors, Ca-doped cubic Na;PS,. Aliovalent substitution of
Na' in t-NajPS, with Ca’* results in the cubic phase
(Nay_,,Ca,PS,) and creates Na vacancies, drastically enhanc-
ing the ionic conductivity up to ~1 mS cm™" at 25 °C (x =
0.135, using cold-pressed pellet). It is emphasized that the high
conductivity of 1 mS cm™" in this work is obtained using earth-
abundant and environmentally benign elements (Na, Ca, P,
and S). The fast ionic movements in Ca-doped c-Na;PS, are
investigated by **Na solid-state nuclear magnetic resonance
(NMR) spectroscopy. DFT calculations confirm the evolution
of the cubic structure by Ca doping, the excellent Ca
dopability, and the increased activation barrier for migration
of Na vacancies by Ca doping. Also, DFT-based MD
(DFTMD) simulations reveal the vacancy-driven enhancement
in Na-ion diffusion of Ca-doped Na;PS,. Furthermore, the
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promising electrochemical performance of TiS,/Na—Sn
ASNBs employing Na, ;00Cag150PS, is highlighted.

Ca’" is the most suitable divalent ion for substitution of Na*
because of their similar ionic sizes (Ca®*, 100 pm; Na*, 102
pm). Figure la shows the X-ray diffraction (XRD) patterns of
Na;_,,Ca,PS, prepared by a solid-state reaction at 700 °C.
Without Ca doping (x = 0.000), doublet peaks appear, which
are indicative of the tetragonal phase. As the amount of Ca
increases, however, the doublet peaks merge to become single
peaks, reflecting the evolution of the cubic phase. However,
these single peaks are asymmetric, implying the coexistence of
cubic and tetragonal phases, which is later confirmed by X-ray
Rietveld refinement analysis. As an unknown phase starts to
evolve at x = 0.450 (Figure S1), the doping range of Ca in
Na;PS, is determined to be 0 < x < 0.375. Figure 1b presents
the X-ray Rietveld refinement profile for Na, ,;,Ca,;35PS,. All
the peaks could be indexed to the cubic structure (a
6.9768(1) A, Z =2, 143m, Table S1). The Rietveld refinement
results for all the compositions are also provided in Figure S2
and Tables S2—S17. The refinement was performed by
considering the coexistence of Ca-free t-NajPS, and Ca-
doped c-Na;PS, phases. Their crystal structures are shown in
Figure S3. (To avoid confusion, Na sites in t-NajPS, are
denoted Na,1 and Na?2.) The unit cell structure of Ca-doped
¢-Na;PS, consists of a body-centered cubic sublattice of PS,*~
tetrahedra in which Nal sites with higher occupancies and Na2
sites with lower occupancies are interconnected via 3D
pathways (Figures 1c and S3). Ca occupies the Nal site. As
the amount of Ca increases, the lattice volume for Ca-doped c-
Na,PS, slightly decreases (~1% for Na,,30Cag135PSs, Figure
S4 and Table S1), which could be explained by the slightly
smaller ionic size of Ca®" than Na* and/or strong Coulombic
attraction between Ca?* and PS,>”, and the decreased amounts
of cations.

DFT calculations were performed to investigate the
formation energies of undoped and Ca-doped Na;PS, and
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Figure 2. Results of *Na static NMR for t-Na;PS, and Ca-doped c-Na;PS, (Na,,3,Ca 135PS,). (a) **Na NMR spectra and (b) **Na NMR

spin—lattice relaxation rate 1/T, at different temperatures.

the corresponding c¢/a ratios by varying the amount of Ca
doped and the concentration of Na vacancies (Vy,) generated
to compensate the higher charge of Ca®* (Figure 1d). The
calculated c/a ratio for the stoichiometric (pristine) t-Na;PS,
(without Vy,) is 1.021, which is in good agreement with the
experimental observation (1.017). The calculated structures
with different vacancy concentrations (Na,g43,sPS, and
Na, ;sPS,) and vacancy sites (Vy,, vs Vy, ) maintain tetragonal

geometries with ¢/a = 1.017—1.031. On the other hand, Vy,
with Ca doping stabilizes the cubic structure. As shown in the
triangles in Figure 1d (the red region of “Ca + Vy.”,
Na, -s,Cag 1,sPSs), when Ca and Vy, coexist, the c/a ratio
decreases to 0.995 and 0.98 (inverted triangles, Ca at the Na.22
site and Vy, at the Na,l site) with the most stable energies.
Also, when more Vy, is present (the blue region of “Ca +
2V, Na, 6,5Cag1,5PS,, denoted as squares and diamonds),
the structure better resembles the cubic geometry. The
tetragonal-to-cubic phase transition might be associated with
the interaction between Ca®* and Vy,. The detailed vacancy
formation energies for undoped and Ca-doped Na;PS, are also
compared in Table 1. The formation energies for concurrent
Vyna. and Ca doping (Na,,50Cag,5PS,: ~0.6 eV) is
approximately half of those for pure Vy, (Na,g375PS,,
Na, g750PS4: ~1.0 eV), indicating the excellent Ca dopability
with inducing Vy, in NayPS,. In particular, Vi, was found to
be the most stable near Ca*". Strong Coulombic repulsion
between Ca®" and Na* prevents Na* from being located at the
original Na sites close to Ca?t, resulting in the generation of
Na vacancies around Ca?".

Ca-doped Na;PS, shows the excellent mechanical deform-
ability (Figure SS). The electronic conductivities of
Na;_,,Ca,PS,, measured by the van der Pauw method, are
<107 S em™1."%"** Na* ionic conductivities were measured
by the AC impedance method using ion-blocking Ti/
Na;_,,Ca,PS,/Ti symmetric cells. Their variation at 25 °C as
a function of the amount of doped Ca (x) in a series of
Na;_,,Ca,PS, prepared at 700 °C is displayed in Figure le
(Nyquist and Arrhenius plots of conductivities are shown in
the inset of Figures le and S6, respectively). t-Na;PS, without
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Ca doping shows a conductivity of 0.077 mS cm™". This value
is lower than that for c-Na,PS, (0.2° or 0.1 mS cm™ in this
work) but much higher than that for t-Na;PS, in a previous
report (~0.001 mS cm™).* The discrepancy may stem from
different Na vacancies, affected by experimental condi-
tions.”**”*" As the amount of doped Ca (x) increases, the
conductivity drastically increases and reaches a maximum value
of 0.94 mS cm™ at x = 0.135. This value is comparable to the
conductivities of other state-of-the-art sulfide Na* superionic
conductors (Table S18, characteristics for each material are
also compared). Moreover, considering that the present result
was achieved using cold-pressed pellets, even higher con-
ductivity could be achieved if the grain-boundary resistance
could be minimized using hot pressing or spark-plasma
sintering.”>***" The subsequent increase in the amount of
doped Ca (x) results in a decrease in conductivity (e.g., 0.12
mS cm ™" at x = 0.30). Despite the conductivity enhancement
by Ca doping, the activation energies for Ca-doped Na;PS,
(0.36—0.49 eV) are higher than that for other superionic
conductors (typically, 0.2—0.3 eV)**7191327353741 44
surprisingly even higher than that for t-Na;PS, (0.35 eV),
which will be discussed later. For the samples prepared at 550
°C, the Ca-doping-induced phenomena, the tetragonal-to-
cubic phase transition and the concomitant conductivity
enhancement along with increased activation energies are
also confirmed (Figures S7 and S8).

The Arrhenius equation for conductivity is given by eq 1**

(1)

where o is the conductivity, T the temperature in K, Ay the
pre-exponential factor proportional to the concentration of
mobile ion carriers such as interstitials and vacancies n,* E,
the activation energy (or activation barrier), and kg the
Boltzmann constant.

The parabolic conductivity curve as a function of the
amount of Ca doped (x) on Na;_,,Ca,PS, in Figure le reflects
the variation in concentration of mobile ion carriers.
Consistently, the as-obtained pre-exponential factors for
Na;_,,Ca,PS, also follow the trend of Na* conductivities

oT = Apexp( — E,/kgT)
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Figure 3. Theoretical calculation results for undoped and Ca-doped Na;PS,. Calculated migration barriers for Na vacancies (Vy,) in
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barriers for Na, 4,sPS,. (c) Out-of-plane and (d) in-plane migration barriers for Na, ,5,Cag,5PS;. MSD depending on the time step at (e)

1100 K and (f) 700 K.

(Figure S8). A similar behavior is also found in the classical
example of Li,_;,ALSiO, (0 < x < 0.5)."> Whereas the end
members of the solid solution (Li,SiO, and Li, Al SiO, for
which the specific Li* sites are fully occupied and empty,
respectively) are almost insulating, the sample with the
intermediate composition (x = ~0.25) exhibits an optimal
conductivity of ~107> S cm™" at 100 °C.

2Na solid-state NMR spectra for t-Na,PS, and
Na, ;30Cag13sPS, were obtained to acquire alternative
information about Na-ion dynamics. Figure 2a displays »*Na
static NMR spectra recorded at various temperatures. At a low
temperature of 165 K, both spectra show broad complex
asymmetric signals, which are attributed to second-order
quadrupolar and dipolar interactions.”” As the temperature
increases, the broad spectra become narrower, which is
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referred to as motional narrowing.’”* Notably, for Ca-
doped Na;PS,, at 345 K, the spectrum shows a symmetric
peak. This suggests that Na-ion mobility is sufficiently high to
average out the quadrupolar and dipolar interactions. In stark
contrast, t-Na;PS, shows an asymmetric resonance signal even
at a high temperature of 435 K. Figure 2b shows **Na NMR
spin—lattice relaxation rates (1/T;) as a function of temper-
ature. For Ca-doped Na;PS,, 1/T, exhibits a maximum at 360
K (~86 °C) at which the hopping frequency of Na* is regarded
to be equivalent to the Larmor frequency @,.*>** In contrast,
1/T, for t-Na;PS, does not reach the maximum value at 435 K,
implying that Na-ion mobility in t-Na;PS, at 435 K is still
lower than the order of Larmor frequency.32’44 In short, both
the motional narrowing (Figure 2a) and spin—lattice relaxation
rate results (Figure 2b) confirm much faster diffusion of Na* in
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Ca-doped ¢-Na;PS, than in t-Na;3PS,, which agrees perfectly
with the AC impedance results (Figure le).

The activation energy for Na-ion diffusion in Ca-doped
Na,PS,, obtained from the slope of log[1/T;] as a function of
1000/T (Figure 2b) at the low-temperature regime, is 0.346
eV "% Activation energy estimated at the low-temperature
regime reflects localized ionic motion, whereas that from the
high-temperature regime is determined by long-range ionic
motion,”** which is inaccessible in the present data. The
value of 0.346 eV is lower than that obtained by the AC
impedance method (0.49 eV, Figure le), which is reasonable
considering the additional contributions involved in the AC
impedance method, such as electrode—electrolyte interfacial
and grain-boundary resistances.'®** Using the Einstein—
Smoluchowski equation, a self-diffusion coefficient for Ca-
doped Na;PS, at 360 K, where 1/T, reaches the maximum
value, is calculated to be 1.4 X 1077 cm? s71.>*** The Nernst—
Einstein relation then gives the corresponding ionic con-
ductivity of 11 mS cm™". Using the Arrhenius equation with
the activation energy of 0.346 eV, a conductivity of 1.4 mS
cm™! at 25 °C is obtained (see the Supporting Information for
details). Despite the rough estimation, interestingly, this value
is comparable to that measured by the AC impedance method
(0.94 mS cm™!, Figure le).

For a majority of superionic conductors, ionic conductivities
increase with decreasing energy barriers.***” Highly polar-
izable elements, such as S and I, as a framework constituent are
generally advantageous for fast ionic conduction because the
energy barrier can be lowered.*” Ceder and co-workers
reported that body-centered cubic (bcc) anion frameworks
allow direct hopping of Li* between adjacent tetrahedral sites
with low energy barriers, enabling high ionic conductivities.*®
In a recent report, Mo and co-workers revealed significantly
lowered energy barriers by concerted migrations of multiple
ions, which rationalized the high ionic conductivities for non-
bee structured superionic conductors.”” All the above-
mentioned instances strongly emphasize the correlation
between high conductivity and low energy barrier. In this
regard, the result for Ca-doped Na;PS,, namely, the enhanced
conductivities with increased energy barriers, is not common.

To understand this abnormal behavior of Ca-doped Na;PS,,
the following theoretical methods were performed: (i) the
nudged elastic band (NEB) method to examine the effect of
Ca’" on the mobility of Na* locally distributed around Ca*"
and (ii) DFTMD simulations to analyze the average
macroscopic effect of Ca** on the Na* mobility in the entire
system.

As shown in Figure 3a,b, the Na* migration barriers along
out-of-plane and in-plane directions for undoped Na;PS,
(Na, 4,sPS,) are quite low, ~0.08 eV. In sharp contrast, the
Na* migration barriers near Ca®>" along out-of-plane and in-
plane directions for Ca-doped Na;PS, (Na,;5,Cag,5PS,) are
2—3 times higher, 0.26 and 0.14 eV, respectively (Figure 3c,d).
Ca® has a more positive charge than Na*, pushing away
neighboring Na* because of strong Coulombic repulsion. Thus,
Na vacancies are readily formed near Ca** and easily trapped,
resulting in a high migration barrier. The detailed information
on the energy barriers for other paths is summarized in Figure
S9 and Table S19.

Figure 3e,f shows the mean square distance (MSD) of total
Na at 1100 and 700 K obtained by DFTMD simulations. As
shown in Figure 3e, at 1100 K, the MSD for Ca-doped Na;PS,
(Nay,750Cag125PS,, red) is much higher than that for pristine t-
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Na;PS, having no Vy, (blue). This result confirms that the
large number of Vy, created by Ca doping generates Na-ion
pathways that facilitate Na" migration. This is also in line with
the suggestion in a previous report that the conductivity of
Na;PS, is governed by the vacancies rather than the
structure.””*”**7** However, when t-Na,PS, has the same
Vna concentration (Na,g,sPS,) as Ca-doped Na,;PS,
(Na,750Cag1,5PS,), the MSD (black) of the former is relatively
higher. This could be rationalized by the high energy barrier to
Na* migration induced by Ca?*. A similar tendency is found for
Na" migration at 700 K. As shown in Figure 3f, the MSD for
both undoped t-Na;PS, having Vi, (Na, g,sPS,, black) and Ca-
doped Na;PS, (Na,,s,Cag1,5PS,, red) exhibits linearly
increasing behaviors up to 30 ps. After 30 ps, however, the
slope for Ca-doped NajPS, becomes zero, indicating a
temporary trapping of Na vacancy, while that for undoped
Na;PS, keeps increasing linearly. These DFTMD simulation
results match with the higher Na* migration barrier shown in
the NEB results (Figures 3a—d and S9). Detailed MSD data
for other temperatures are shown in Figure S10. It should also
be noted that considering the much higher conductivities
measured for Ca-doped Na,PS, (maximum ~1 mS cm™") than
for t-Na;PS, (0.077 mS cm™), in practice, t-NayPS, must have
a much lower vacancy concentration than the one considered
for the DFTMD simulations (4.17% corresponding to
Na, 575PS,).

In short, by the complementary analysis so far, it could be
rationalized that the overall conductivity can be determined by
the interplay between the enhancement in Vy, concentration
generated by Ca doping and the impediment by the increased
energy barriers near Ca*". It is believed that Ca-doped Na;PS,,
showing high conductivities and high activation energies, is an
exceptional case where the former (the enhancement in Vy,
concentration or the pre-exponential factor) prevails over the
latter (the impediment by the increased energy barrier).

Electrochemical stability of Ca-doped Na;PS, is assessed
from the cyclic voltammetry test of Ti/Na,,3,Cag;35PSs/
Na;Sn cells in the negative (0.0—2.0 V (vs Na/Na*)) and
positive (1.5—5.0 V (vs Na/Na")) voltage ranges (Figure S11).
Interestingly, Ca-doped Na;PS, exhibits slightly poorer
cathodic stability but better anodic stability than c-Na;PS,.
The slightly deteriorated reduction stability by Ca-doping may
be explained by possible formation of metallic Ca upon full
reduction.'’

Finally, TiS,/Na—Sn ASNBs were fabricated using c-Na;PS,
(0.1 mS cm™) and Ca-doped Na;PS, (Na,-40Cag150PSs ~1
mS cm™') and cycled between 1.0 and 2.5 V at 30 °C
(schematic of the all-solid-state cells are provided in Figure
S12). Figure 4a shows the first two-cycle discharge—charge
voltage profiles for the cell using Ca-doped Na;PS, at 0.06C.
The two voltage plateaus at ~2.0 and 1.5 V during discharge
agree with the previous report, which might be attributed to
the irregular intercalation of Na* ions, followed by the
formation of Na, TiS,."**” The charge capacities at the second
cycle for the cells using c-Na;PS, and Ca-doped Na;PS, are
191 and 198 mA h g!, respectively. These values,
corresponding to an extraction of 0.8 mol of Na, are not
only much higher than those for TiS,-based ASNBs reported
previously””** but also comparable to those for TiS,/Li cells
using liquid electrolytes.”*’ The charge capacities for TiS,/
Na—Sn cells employing ¢-Na;PS, and Ca-doped Na;PS, as a
function of cycle number at different C-rates are also displayed
in Figure 4b (voltage profiles at different C-rates and different
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Figure 4. Electrochemical performance of TiS,/Na—Sn ASNBs
using c-Na;PS, and Ca-doped Na,PS, (Na, ;0Caq 5oPS,) at 30 °C.
(a) First two-cycle discharge—charge voltage profiles at 0.06C. (b)
Charge capacity and the corresponding Coulombic efficiency (CE)
as a function of cycle number at C-rates.

cycle numbers are shown in Figure S13). At high C-rates,
capacity difference varied by the solid electrolytes becomes
distinct. At 0.55C, while the TiS,/Na—Sn ASNB using c-
Na,PS, shows a negligible capacity of 11 mA h g, the one
using Ca-doped Na;PS, retains 45% capacity (88 mA h g™'),
compared with that at 0.06C. Moreover, the capacity retention
for the TiS,/Na—Sn ASNB employing Ca-doped Na;PS, after
100 cycles is 91.0%, which is in contrast to a retention of 78.6%
achieved for the ASNB using c-Na3PS,. Overall, the decent
electrochemical performance for the TiS,/Na—Sn ASNB using
Ca-doped Na;PS, highlights the high Na* conductivity of Ca-
doped Na;PS, and the good compatibility between TiS, and
Ca-doped Na,PS,.

In summary, new Na® superionic conductors, Ca-doped
cubic Na;PS, (Na;_,,CaPS, (0 < x < 0.375)), showing a
maximum conductivity of ~1 mS cm™' at 25 °C, were
developed. It was shown that Ca substituted Na to form Na
vacancies, which resulted in a tetragonal-to-cubic phase
transition. The significant enhancement in Na'-ionic con-
ductivity of Na;PS, by Ca doping along with the increased
activation energy was confirmed by the AC impedance method
and *Na NMR spectroscopy measurements. The NEB method
and DFTMD calculations revealed that although the formation
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of Na vacancies by Ca doping caused the temporary trapping
near Ca®", it resulted in an overall significant enhancement in
the diffusion of Na* compared with that in vacancy-free
Na;PS,. Finally, the high capacity and excellent cycling stability
of TiS,/Na—Sn ASNBs employing Ca-doped Na;PS§,
(Nay 700Cag150PSs) were successfully demonstrated. Our
findings and developments are important in understanding
the ionic conduction mechanism in superionic conductors and
for designing new superionic conductors, thus contributing to
progress in the field of all-solid-state batteries.
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