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All-solid-state Na batteries, which are inexpensive and highly stable, are promising candidates for energy storage in
environmentally friendly microgrids and vehicles. Na diffusivity is an important parameter for the performance of these

batteries. In this study, we found that the metastable phase NaioSns exhibits fast Na diffusivity (room temperature diffusion

coefficient Dzs = 5.4x107 cm? s'1), surpassing that of other reported alloys (Sb- and Ge- alloys) as well as oxide and sulfide

materials. Na1oSns was synthesised by a mechanochemical method, and its electrode properties were evaluated for an all-

solid-state battery. The cell exhibited an interfacial resistance of 100.1 Q cm?, which is smaller than those reported between

metallic anodes and solid or liquid electrolytes. These results indicate that NaioSna has significant potential as an ultra-low-

resistance electrode to improve all-solid-state Na batteries, which is a major step forward in energy storage materials

research.

Introduction

Recently, the demand for electricity grids and the use of electric
In this
context, the burden on electricity grids must be reduced.

vehicles and other electric devices have increased.

Microgrids allow for the local storage of electricity using
rechargeable batteries; hence, their construction plays an
important role in solving this problem.! All-solid-state Na-based
batteries, which have a high energy density and are leakage-
free and safe, are expected to play a role in this venture because
they are inexpensive.?2 In Na-based batteries, wherein Na is
exchanged between electrodes, the mobility of Na is one of the
most important parameters.3 Therefore, electrolyte and
electrode materials that allow fast Na diffusion through solids
have been widely studied to improve battery performance.? In
this study, we report a metastable phase of a Na—Sn alloy,
Na10Shs, which exhibits fast Na diffusivity (diffusion coefficient
Dys = 5.4 x 1077 cm? s1) at room temperature.

Na—-Sn alloys (e.g.,
electrodes to evaluate the performance of working electrodes
Such counter

NaisSng) are often used as counter

in all-solid-state Na secondary batteries.>
electrodes require resistance, necessitating high Na
diffusivity, high electronic conductivity, fast charge transfer at

low

the electrode—electrolyte interface, and high cycle stability.® Na
metal is generally used for such counter electrodes in
conventional liquid batteries.” However, it is worth noting that
active Na metal electrodes often degrade the sulphide solid
electrolytes (e.g. NasPS4)® found in all-solid-state batteries.?
Material degradation complicates electrochemical

measurements and is a major barrier in battery material
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research.10 Alloying with Sn metal is preferred because a Na—Sn
alloy system chemically stabilises the interface between the
anode and solid electrolyte.!! In this study, we focused on the
metastable phase NaieSng, identified only in the initial Na
absorption process on a thin Sn film, as the low-resistance
counter electrode.’? The phase has the space group R-3m, as
determined using the cluster expansion method describing the
total energy in terms of the configurational degrees of
freedom.12 The metastable phase, which was expected to have
high diffusivity,’®> was synthesised via a mechanochemical
method useful for metastable phase stabilisation,’* and its
in all-solid-state batteries were
evaluated to identify stable and low-energy-loss electrode

resistance characteristics

materials.

Results and discussion

Figure 1 shows the XRD patterns of the prepared Na—Sn alloys.
All Bragg peaks are consistent with the simulated patterns of
the NajoSns and NaisSng crystal structures, and no impurity
peaks are observed. Naj;oSns is a metastable phasel? obtained
at room temperature via mechanochemical synthesis. DTA and
XRD measurements were performed to investigate the thermal
stability of the Na1oSns phase (Figure S1). The results show that
no endothermic and exothermic peaks were observed in the
DTA curve up to 400 °C, and the Na;oSns phase was maintained
in the XRD pattern after the DTA measurement.

Figure S2 shows SEM images of the powder and fractured
surface of the NajoSns electrode. Na;oSns electrode powder
with a grain size of several micrometres was compacted to form
a dense body with necking between the particles. These Na;oSn,
and NajisSng electrodes were evaluated using the NasPS, solid
electrolyte most commonly used in all-solid-state Na-ion
batteries.® Figure 2 shows the results of constant-current
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Figure 1. XRD patterns and ICSD data for the Na;oSn,; and Na;sSn, samples
after ball milling. An airtight sample stand was used for the measurements in
an Ar atmosphere.

cycling tests at room temperature for the NajpSns | NazPS; |
NaloSI’M, Na | Na3PS4 | Na, and Na15$n4 | N83PS4 | Na15$n4
symmetric cells; Na1oSna exhibits the lowest overvoltage. Note
that under the operating conditions of the all-solid-state Na*
battery, there were no signs of dendrite growth that would lead
to a short-circuit condition with a resistance of 0 Q. The XRD
patterns of the Na electrode after charge—discharge are shown
in Figure S3. In addition to peaks of the Na electrode and NasPSa
solid electrolyte, peaks of Na,S are present, indicating that the
Na metal degraded the Na3PSs;. Conversely, no significant
change is observed in the XRD pattern of the Na-Sn alloy
electrode before and after charge—discharge (Figure S4). This
indicates that the Sn alloying successfully suppressed the
reactivity of the Na metal. Furthermore, although NajoSns is a
metastable phase, the crystalline structure was retained after
charge—discharge. In addition, as shown in Figure S5, NajoSns
shows a stable charge—discharge performance and crystal
structure even at 100 °C, which is above the melting point of Na
(98 °C). Evaluation at such high temperatures is difficult with
conventional cells using organic electrolytes because of their
thermal instability above 50 °C;'> therefore, all-solid-state
batteries using NajoSns can expand the evaluation temperature
range of the electrode material. Figure S6 shows the results of
long cycling tests at room temperature with a current density of
0.1 mA cm2; Na1oShy exhibits a stable, low overvoltage over 100
cycles.

The overvoltages for the symmetric cell with Na;sSn,4 electrodes

are smaller than those of the Na electrodes but slightly larger
than those of NazeSns (Figure 2 (c)). AC impedance

2| J. Name., 2012, 00, 1-3

measurements were also obtained to analyse the overvoltages.
The Nai1poSns symmetric cell shows the lowest and most stable
resistance (Figure 2 (d)—(f)), which is consistent with the
charge—discharge curve results. Resistance of the Na electrode
increases with each cycle, indicating that it is unsuitable as a
counter electrode with the NazPS, electrolyte. The NaisSng
symmetric cell does not show a clear increase in resistance
similar to that of the Na metal; however, it exhibits a larger
resistance than the NajeSns symmetric cell. Resistance
separation was performed in the cells after cycling to clarify
these results. The observed semi-circles in these impedance
plots may include the electrode/electrolyte interface resistance
and the electrolyte layer resistance. Therefore, the
electrode/electrolyte interface resistance was calculated by
subtracting the resistance of the electrolyte-only cell (565 Q,
Figure S7) from the semi-circle resistance after the last charge—
discharge cycle. The resistance was normalised by the area per
electrode and per pellet (0.785 cm?). Table 1 compares the
calculated interfacial resistances with those of other
representative Na battery systems. The interface resistance
(100.1 Q cm?) of the Na10Sna electrode is lower than that of the
system with Na and NaisSns electrodes!® and the system with
an electrolyte solution,'” whereas it is comparable to that of the
oxide systems in practical use (191 Q cm?2for Na | B”’-alumina,
etc.).2® The low interfacial resistance of Na;0Sns may be because
of the stabilising effects of the Sn component on Na, which also
gives a larger and more stable reduction potential (~0.13 V vs
Na/Na*) than that of NaisSns (~¥0.11 V vs Na/Na*) discussed
below. However, further detailed interfacial structure analysis
is required to confirm this hypothesis.

Table 1. Interfacial resistance of metal anode | electrolyte in representative Na-
based batteries.

Interface of Area-specific

. Reference
metal anode | resistance N
o.
electrolyte [Q cm?]
Nai1oSna | NasPSa 100.1 This study
NaisSna | NasPSa 477.8 This study
Na | NasPSa 14860 This study
Na | NasPSs 3740 16
Na |
2139 16
Na2.94PS3.94Clo.0s25
Na | NASICON
(Nas.2Zr1.90Mgo.10Si2P 1658 19
O12)
Na | Na-B"-Al,03 191 18
Na | Typical liquid
electrolyte
700 17
(NaPFe-soluted EC-
DMC liquid)

This journal is © The Royal Society of Chemistry 20xx
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Next, to quantitatively compare the Na diffusion coefficients
within the Sn alloys, the Warburg coefficient, A,,2° was
calculated for each system from the linear portion of the AC
impedance at low frequencies (Figure S8). The Warburg
coefficient for NaijeSns (22.3 Q s%/2) was lower than that of
NaisSns (37.8 Q s1/2), indicating higher Na diffusivity in the
Nai0Sns electrode. The Warburg coefficient of NajoSn, after the
discharge process (20.0 Q s%2) calculated from Figure S9
indicated that the diffusivity did not vary significantly with alloy
composition. To obtain the diffusion coefficient (generally used
as a measure of the diffusivity of a material) from the Warburg
coefficient, the slope, b, of the OCV is required, as determined
by the following equation:

by,

b= (x/EFSAW) ’

where vy, is the molar volume of the active material, S is the
electrode reaction area, D is the diffusion coefficient, and F is
Faraday's constant. However, in a symmetric cell, calculating an
accurate value for the slope of OCV is difficult because both
electrodes contribute to the reaction. Therefore, a cell with a
Na counter electrode, whose OCV does not change with
charge—discharge, was fabricated, and the diffusion coefficient
was evaluated. Note that the degradation of Na, as seen in
Figure 2 (e), results in an underestimation of the calculated
diffusion coefficient. To minimise this effect, the constant-
current pulse method,?! which provides a signal in a shorter

M
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time than AC impedance, was employed. Constant-voltage
pulse measurements are also used similarly. However, this time
the constant-current pulse method was chosen because the
influence of interference of resistance polarisations (e.g. ohmic
and charge-transfer resistances) can be eliminated as long as
these polarisations are fixed.22 In the constant-current pulse
method, the diffusion coefficient is calculated using the
following equations:3!

D_4(b1vm)2 Vi
" m\ FS AE) "’

AE =E — (Ey +IR),

2

3)

where Ep is the voltage before current application, IR is the
voltage that instantaneously changes by Ohm's law, AE is the
voltage change in the curved region, / is the applied current, vn,
is the molar volume of the active material, b is the slope of OCV,
tis the current application time, F is Faraday's constant, S is the
electrode reaction area, and D is the diffusion coefficient.
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Figure 2. Evaluation of the NajoSn4, Na, and Na;sSn, electrodes in the all-solid-state Na batteries using NasPS, sulphide electrolyte. Constant-current cycling test
results of (a) NayeSng, (b) Na, and (c) NaysSn, symmetric cells. The numbers in the graphs indicate the current density (LA cm2). AC impedance plots of (d)
NajoSny, (€) Na, and (f) NajsSn, symmetric cells. The data shown was collected before, halfway through, and after the constant-current cycling test.

This journal is © The Royal Society of Chemistry 20xx
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Figure 3. Diffusivity evaluation of Na;oSn,. (a) Constant-current pulse measurements in a Na/Na;oSn, cell; the inset shows the voltage variation versus the square root of
time during the current pulse application. The diffusion coefficient is calculated from the slope. (b) Comparison of Na diffusion coefficients for Na battery materials. The
diffusion coefficients used for comparison are the maximum values in the charge—discharge process evaluated for thin film. The Na; gsSbo gs\Wo.12S4 diffusion coefficient s the

conductivity diffusion coefficient calculated from the Nernst—Einstein formula.

Figure 3 (a) shows the results of the constant-current pulse
measurement. The inset plots the voltage change, AE, versus
the square root of time, ¥ t, during the current pulse portion.
The diffusion coefficient is calculated from the slope of this line
using Equation (2). Herein, the slope of the OCV, b, is the change
in voltage versus the solid-solution reaction rate. Therefore,
constant-current charge—discharge measurements were also
performed (Figure S10) to investigate the capacity of this
electrode for the solid-solution reaction. During charging, Na
desorption is observed in NaioxSns with an x of approximately
7, indicating reversible discharge with a capacity of 264 mAh g-
1in the first cycle. This cell showed similar behaviour in the
second cycle. The charge—discharge behaviour is different from
that of a previously reported Na-Sn alloy?®> where all Na is
desorbed from Sn upon a charge cut-off potential of 1 V (vs.
Na/Na*), indicating that the Nai1oSna electrode is an attractive
candidate for further research owing to its unique metastable
reaction. In addition, the relatively high capacity and low
potential indicate that this material may also be promising as a
full-cell type anode material. Such applications and the charge—
discharge mechanism should be investigated in the future. A
single slope is observed from the beginning of the charge up to
x of approximately 3.6 in Naio.xSna. From the Wykoff positions
of NaieSns (space group: R-3m) shown in Table S1, four Na
atoms in Na1oSh4 are distributed to one 6c site, four to another
6c site, and the remainder to two 3b sites. In addition, an energy
comparison of the post-defect structures of each Na site shown
in Table S2 also suggests that one of the 6c sites is also the most
thermodynamically unstable. Therefore, the slope with the
capacity of x = 3.6 corresponds to a solid-solution reaction of
the four Na atoms desorption at one of the 6c¢ sites. The capacity

4| J. Name., 2012, 00, 1-3

of the current pulse in Figure 3 (a) was converted to the solid-
solution reaction rate using this value, and the slope of the OCV
(b =1.86 V) was calculated from the change in OCV before and
after the pulse. The value of OCV after this relaxation (0.13 V vs
Na/Na*) was taken as the potential of NaioSns relative to Na.
The slope of the change in voltage with respect to the square
root of time (dE/dt!/2) during the application of the current
pulse is 4.31 x 104V s%/2 (Figure 3(a)). The electrode/electrolyte
interface (S) area was set as the area of the 10 mmda-diameter
measurement cylinder (S = 0.785 cm?). This accounts for the
spreading of the 6 mmd Na foil during pressing, thereby
avoiding the overestimation of the diffusion coefficient.
Nevertheless, the calculated diffusion coefficient, D, is 5.4 x 10~
7cm? s1, As compared in Figure 3 (b), this diffusion coefficient
is higher than that of the other alloy materials (Naz.xSb24 1.3x10-
108 5x109 cm? s and NaxGe?> 9.0x1014-1.6x1013 cm?2 s1) and
the oxide and sulphide electrode materials (NayCo0,2¢ 0.5—
1.5%x1019 cm? 51, NayMn0O327 0.8—4.3x1011 cm?2 s'1. NaTiy(PO4)328
2.4x1012—-1.0x10"° cm? s71, and TiS,2° 7.3x1017-3.9x1013 cm? s
1). Note that these comparisons were evaluated for bulk
materials, such as thin films, to compare only material
properties, and the maximum values during charging and
discharging were used. The diffusion coefficient of NaioSns in
this study was found to be higher than that recently reported
(3.3x107 cm?2 s?1) for a super-Na conductor
Na2.88Sbo.ssWo.1254 (ionic conductivity = 3.2x102 S cm™1) 30 lonic
conductivity was calculated by the Nernst—Einstein equation as
follows:

ionic

_ZZFZCD A
C=TRT )

This journal is © The Royal Society of Chemistry 20xx
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Figure 4. Probability density distribution of Na in DFT-MD calculation for (a) Na;oSns and (b) NaisSn, at temperature 25 °C. Site symmetry, M, is expressed as the multiplicity of

general position divided by site multiplicity.

where z is the valence of the ion, F is the Faraday constant, c is
the concentration of the carrier ion, R is the gas constant, T is
the temperature, and o is the ionic conductivity. The ionic
conductivity of NaigSns calculated by the Nernst—Einstein
equation is 6.1 x 102 S cmL. This high sodium diffusivity, in
addition to the low
electrode/electrolyte mentioned earlier, contributes to the
excellent charge—discharge characteristics of Na1gSna.

To investigate the cause of the fast Na diffusivity in Na1oSna, we
performed a first-principles dynamics (MD)
simulation analysis. Figure S11 shows the mean squared
displacement (MSD) calculated as follows:

interface resistance between the

molecular

MSDO == Y+ O -rl, ()
i k

where n is the number of atoms, m is the number of time series
data, r is the distance travelled by i atoms, and ty is the start
time of the kth time series data. In both NaiSns and NaisSng,
only Na diffuses with increasing time. From the slope of the
MSD of Na, the diffusion coefficient D was calculated using the
following equation:

MSD = 2dDt, (6)
where d is the diffusion dimension (here, d = 3). The results
show that NaipSns has a higher diffusion coefficient (1.2 x 10-¢
cm? s1) than that of NajsSng (1.4 x 10°10 cm? s1), similar to the
experimental results. The diffusion coefficient of Na1pSns is also
higher than that of other alloys calculated by first-principles MD
calculations (NaSi: 8.31 x 102 cm?2 s1, NaGe: 2.87 x 108 cm?2 s,
and NaSn: 3.66 x 10® cm? s1).31 The trajectories of Na in each
MD for Naj1pSns and NaisSng are shown in Figure 4. While only
localised diffusion is observed for NaisSns, a clear 3D diffusion
path is observed for NajoSns. Since metastable phases tend to
have good symmetry,32 this highly symmetric 3D conduction
pathway may be attributed to NaioSns being a metastable
phase.’2 Moreover, highly symmetrical structures often have
low diffusion activation energies.13

This journal is © The Royal Society of Chemistry 20xx

To demonstrate the high symmetry of Na;oSns, the symmetry of
the carrier Na site was defined as Ms = general position
multiplicity mg/site multiplicity ms" and compared with the
stable phase, Na1sSna. Na1oSna (R-3m, mg of general position: 36)
has M= 12 at site 3a and M; = 6 at site 6¢, which is larger than
the M (4 at site 12a and 1 at site 48e) of Na15Sn4 (/-43d, mg of
general position: 48). This indicates that the metastable phase
Nai1oSns has a higher symmetry, which may contribute to its high
diffusivity. In addition, Nai0Sns is an alloy and, therefore, has
more metallic bonding than other oxide and sulphide materials.
Because metallic bonding involves free electrons, the
anisotropy of the bonding is smaller than that of ionic or
covalent bonding, which may reduce the Na diffusion activation
energy. Further investigation of the source of the high Na
diffusivity of this binary alloy is planned. Finally, the charge—
discharge cycle characteristics of the full cells with a TiS;
cathode (Figure S12) indicate that changing the anode from
NaisSns to NaioSns improves the initial capacity and capacity
retention of the cell.

Conclusions

The metastable phase NaieSns was characterised as a low-
resistance counter electrode in all-solid-state Na-ion batteries.
The NaioSns electrode showed a stable, small interfacial
resistance and high Na diffusivity. This NaigSns electrode
exhibited a higher room temperature diffusion coefficient (5.4
x 107 cm? s1) than other alloys and oxide and sulphide
materials. Na diffusivity is an important parameter in Na-based
batteries, and this research has led to the discovery of a
material with ideal properties. This low-resistance counter
electrode may enable significant research on the properties of
electrode materials for environmentally friendly, high-energy-
storage, all-solid-state Na* batteries, including the Na1oSns alloy
itself. This material is a well-studied binary system, and it

J. Name., 2013, 00, 1-3 | 5
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highlights the importance and potential of metastable phasesin
the material research space.
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