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ABSTRACT: A novel solid sodium-ion conductor,
Na,Mg,TeOs (NMTO) with a P2-type honeycomb-layered
structure, has been synthesized for the first time by a simple
solid-state synthetic route. The conductor of NMTO exhibits
high conductivity of 2.3 X 10™* S cm™" at room temperature
(RT) and a large electrochemical window of ~4.2 V (versus
Na*/Na). The conductor is remarkably stable, both in the
ambient environment and within its metallic Na anode. This
facile sodium-ion conductor displays potential for use in all-
solid-state sodium-ion batteries (SS-SIBs).
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B INTRODUCTION

All-solid-state sodium-ion batteries (SS-SIBs) hold promise for
large-scale energy storage systems because the batteries are
affordable and relatively safe to use.'™ However, the lack of
suitable solid-state electrolytes (SSEs) with high ionic
conductivity, high chemical stability, and large electrochemical
windows restricts the development of SS-SIBs.*”

Unsuitable Electrolytes. Compared with solid polymer
electrolytes (SPEs), inorganic solid electrolytes have high ionic
conductivity, are nonflammable, and have large electrochemical
windows.”™® Sulfide, selenide, borohydride, and oxide ceramic
sodium conductors are common electrolytes for SSEs.””'?
Sulfide, selenide, and borohydride electrolytes have higher ionic
conductivity than that of oxide at room temperature (RT).
However, they are unstable in air and harm the environ-
ment."? ™"

Oxide electrolytes have attracted increasing attention because
of their high ionic conductivity, large electrochemical windows,
and high chemical stability.'°™"® #/p"-alumina and NASICON-
type NayZr,Si,PO,, are two kinds of common oxide sodium
solid electrolytes. Superionic conductor f/f"-alumina was
commercialized early on and mainly applied in high-temper-
ature Na—S$ batteries.'”* NASICON-type Na;Zr,Si,PO,, was
discovered in 1976 by Hong et al,, and its conductivity is ~1.0
%X 1073 S cm™! at RT.>' However, its stability is not suitable for
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sodium-ion systems because of poor electrolyte—electrode
contact.”

Layered Oxides. Layered oxides have large Na* migration
pathways between bonded 2D layers, thus showing high ionic
conductivity at RT.”*™>’ In 2011, a new family of layered
sodium compound Na,M,TeO4 (M = Nj, Co, Zn, Mg) was
discovered, and the structures of Na,Ni,TeO4 and
Na,Zn,TeO, were revealed for the first time.*’

In 2013, a heterovalent structure, Na,NiFeTeO, was
successfully synthesized by solid-state reaction, and its ionic
conductivity is ~4 X 107> S cm™" at 300 °C.*" More recently,
Na,Zn,TeO4 (NZTO) and Ga-doped NZTO (NZTO-Gx)
were reported with the high conductivity of 1.1 X 107 S cm™
at RT, and they show excellent chemical stability. The high
conductivity of NZTO-Gx is mainly attributed to adeguate Na-
site vacancies in the 2D network Na* diffusion layer.”*

NMTO: A New Layered Oxide. With a similar crystal
structure to NZTO,” Na,Mg,TeOs (NMTO) is a potential
Na*-ion conductor for SS-SIBs. In this work, and for the first
time, NMTO was successfully synthesized by conventional
solid-state reaction, and NMTO’s crystal structure, spectra,
®Na solid-NMR, and electrochemical performance were
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investigated. NMTO shows high Na® conductivity of 2.3 X
107* S em™! at RT, along with a large electrochemical window
of ~4.2 V (versus Na/Na*), and high stability with metallic Na
anodes.

B RESULTS AND DISCUSSION

The XRD pattern and Rietveld refinement of NMTO are
shown in Figure 1 and Table 1, respectively, without any
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Figure 1. Rietveld refinement of the powder diffraction pattern for
Na,Mg,TeOq.

Table 1. X-ray Powder Diffraction Data for Na,Mg,TeO6
from Rietveld Refinement

compound Na,Mg,TeOq

space group Pg322

a=b,c(A) 5.251 (6), 11.286 (12)
a=p,y (deg) 90, 120

cell volume (A%) 269.45 (7)

number of formula units per unit cell Z 2

R,y (%) 9.71

R, (%) 7.05

y2) 5.701

impurity phase which appeared in Evstigneeva’s.’’ The crystal
parameters of NMTO are a = 5.2506 (6) A and ¢ = 11.2857
(12) A, slightly smaller than those of NZTO (a = 5.2784 A and
¢ = 11.2895 A)** because of the smaller diameter of Mg** (65
pm) than that of Zn** (74 pm). The superlattice reflections of
NMTO are observed at l-odd-index peaks of (101) and (103),
along with two weak l-even-index peaks of (100) and (102),
fully resembling NZTO. The space group of NMTO is Pg;22,
and the columns are occupied solely by Mg atoms.>” Figure 2a
shows a white ceramic plate of NMTO with a diameter of 12.9
mm, and the relative density of NMTO is 87.2% measured by
Archimedes principle. The morphologies of a cross-section of
NMTO are displayed by scanning electron microscopy (SEM)
in Figure 2b. The average size of particles that constitute
NMTO ceramic is ~1 ym. Figure 2c shows the selected area
electron diffraction (SAED) image of NMTO, and both of the
crystal planes (103) and (222) can be indexed by the Bragg
equation. Figure 2d shows that the lattice fringe of NMTO is a
(002) crystal plane, according to the Bragg equation, with
interplanar spacing of 5.5029 A, which is smaller than that of
NZTO (5.58 A).

Figure 3 shows the crystal structure of NMTO and NZTO.
Similar with NZTO’s structure, the structure of NMTO can be
indexed in a Pg;22 space group, and its layered structure forms
by MgOyg,; and TeOy/; octahedra ordering in the plane along
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Figure 2. (a) Photo of Na,Mg,TeO ceramic pellet. (b) SEM image of
cross-sectional of Na,Mg,TeO. (c) Electron diffraction pattern of
Na,Mg,TeO;s. (d) High-resolution TEM (HRTEM) image of
Na,Mg,TeOq.

shared edges, each TeOg/; octahedron being surrounded by six
MgOg/3. The result is a honeycomb structure within which Na*
ions order in the plane between two layers. Mg atoms have two
different sites in the crystal structure of NMTO, 2b (Mgl) and
2d (Mg2). Meanwhile, Na atoms have three sites, 6g (Nal), 2a
(Na2), and 4f (Na3). Nal is located in the middle of two
tetrahedral holes that are formed by two MgOg/; and one
TeOg/; octahedra; Na2 is sandwiched between the triangular
faces of MgOg/; octahedra, and Na3 is between MgOq/;
octahedra and TeOy;; octahedra. Therefore, NMTO has a
typical P2-type honeycomb layering. The bond lengths of Na—
O of NMTO and NZTO are shown in the bottom of Figure 3
and listed in Table 2, respectively. The Na—O bonds of NMTO
are smaller than those of NZTO, indicating larger acting force
during the process of Na* migration in the lattice of NMTO
than that of NZTO. Figure 4 shows the 3D bond valence
difference map isosurfaces of NMTO from the a axis (Figure
4a) and c¢ axis (Figure 4b) calculated by bond valence sum
(BVS), illustrating that Na* in NMTO can transfer freely in
three Na sites, similar to NZTO and different form Na,CoO,>*
and Na,Ni,TeO,.*>* The migration barrier of Na* transport in
the interlayer of NMTO is 2.55 eV, larger than of NZTO, 2.1
eV, indicating that the migration of Na* in NMTO is more
difficult than in NZTO.

Table 3 shows the Wyckoff positions, atomic coordinates,
Ujor and occupancies of NMTO from Rietveld refinements. All
Na sites are partially vacant [Na (1), occ 0.52; Na (2), occ 0.07;
Na (3), occ 0.41; occ, occupancy], providing all-important
crossover points that enable the fast ion conduction that we
observe by experiment (see below). Interestingly, the average
Na—Na distance of NMTO is 3.07 A, larger than that of NZTO
(2.54 A)* (see Table 4), which suggests that NMTO has a
smaller electron—electron Coulomb interaction. The thermog-
ravimetric analysis (TGA) and differential scanning calorimetry
(DSC) show a very stable heating process from RT to S00 °C,
except a less than 1% weight loss and a small endothermic
process observed at 100 °C (see Figure S1), which is related to

DOI: 10.1021/acsami.8b03938
ACS Appl. Mater. Interfaces 2018, 10, 15760—15766


http://pubs.acs.org/doi/suppl/10.1021/acsami.8b03938/suppl_file/am8b03938_si_001.pdf
http://dx.doi.org/10.1021/acsami.8b03938
http://pubs.acs.org/action/showImage?doi=10.1021/acsami.8b03938&iName=master.img-001.jpg&w=178&h=136
http://pubs.acs.org/action/showImage?doi=10.1021/acsami.8b03938&iName=master.img-002.jpg&w=237&h=226

ACS Applied Materials & Interfaces

Research Article

Na,Mg, TeO,

4w
I in
o
&
Y >
(] Na BNy,
O Mg o
Q Te I
-] 0 ' b
Nal Na2 Nal
2550 A9 /® ®3375 4 9.8, 2% 74134
2.390 A 2.484 A 2418 A

I
I
I
|
I
|
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
|

Na,Zn,TeO

5.58A

°c9© 00
g

Na2

Nal

2559 A

(W 11

/6% 2383 A ¢4\ )
2493 A

¢
2398 A

Figure 3. Crystal structure and Na—O bond length of Na,Mg,TeOy (left) and Na,Zn,TeOy (right) viewed from (110).

Table 2. Principal Interatomic Distances (A) in
Na,Mg,TeO¢ and Na,Zn,TeOgq

type Na,Mg,TeOq Na,Zn,TeOg¢
Te—-O 1.964 (15) X 6 1.971 (6) X 6
M1-0 (M = Mg, Zn) 2139 (17) x 6 2.148 (5) X 6
M2-0O (M = Mg, Zn) 2.153 (17) X 6 2.162 (6) X 6
Nal-O 2.550 (19) X 2 2.559 (6) X 2
2.391 (18) x 2 2.398 (6) X 2
2375 (17) x 2 2383 (8) x 2
average 2.439 245
Na2-0 2485 (18) X 6 2493 (5) X 6
Na3-0 2413 (18) x 3 2422 (9) X 3
2418 (18) X 3 2435 (10) x 3
average 2415 2.429

Figure 4. Three-dimensional bond valence difference map isosurfaces
for Na,Mg,TeOg with isosurfaces of (a) a axis, (b) ¢ axis v. u. for Na
ions.

Table 3. Wyckoff Positions, Atomic Coordinates, U,,, and

Occupancies of Na,Mg,TeO, from Rietveld Refinement

type Wyckoff atomic coordinate Us,o occupancy
Te 2c 0.33 0.67 0.25 0.007 1

Mgl 2b 0 0 0.25 0.001 1

Mg2 2d 0.33 0.67 0.75 0.001 1

Nal 6g 0.66 0 0 0.009 0.52
Na2 2i 0 0 0 0.452 0.67
Na3 4f 0.33 0.67 0.51 0.003 0.41

(6] 12i 0.36 0.33 0.65 0.011 1

a little water absorption and hygroscopy on particle surfaces. In
addition, upon comparison with fresh as-prepared samples, the
lattice parameters of a 1 month stored sample have no

15762

Table 4. Na—Na Distances (A) in Na,Mg,TeOq4

compound Na,Mg,TeOq
Nal—Nal 3.00820 (32) X 4

3.07840 (32) X 2
Nal—Na2 34733 (4) X 3

1.77732 (19) x 3
average 2.62531
Nal—Na3 5.5160 (4) X 3

1.74129 (18) x 3
average 3.62865
Na2—Na3 3.030416 (32) X 6
Na3—Na3 3.04190 (32) X 6
average 3.07121

significant change (see Figure S2), which reveals that NMTO is
highly stable in the ambient environment.

Figure Sa shows the electrochemical impedance spectroscopy
(EIS) spectra of NMTO at RT with a typical semicircle at high
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Figure S. (a) EIS of Na,Mg,TeO, at room temperature. (b) Arrhenius
conductivity plot of Na,Mg,TeOg from 50 to 120 °C. Inset: Nyquist
impedance plots of Na,Mg,TeO¢ from 50 to 120 °C.

frequency and one Warburg-type region at low frequency. The
total resistance of NMTO ceramic is 509.2 Q, and the total
conductivity of NMTO is 2.3 X 10™* S em ™', which is obtained
by Ohm’s law. From the composition of total resistance of
NMTO, the bulk resistance is 95.7 Q, lesser than grain-
boundary resistance 413.5 €2, which illustrated that NMTO has
high grain-boundary resistance. Figure S3 shows the DC-
polarization properties of NMTO at RT. The stabilized current
that represents NMTO’s electronic motion is much smaller
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than the initial current that represents all charge carriers’
motions. The result illustrates that the electronic conductivity is
much lower than the ionic one in NMTO, confirming that
NMTO is a typical ionic conductor.

Figure Sb shows the reciprocal temperature dependence of
the total ionic conductivity of NMTO. The linear dependence
of log o versus (1/T) follows the Arrhenius law: ¢, = A
exp(—E,/kgT), where o, is the total conductivity, A is the pre-
exponential parameter, T is absolute temperature, and ky is the
Boltzmann constant. The inset in Figure Sb shows the
representative Nyquist plots of NMTO at the temperature
range 50—120 °C. The shapes of these spectra are characteristic
of ionic conductors, and the total resistance is reduced with
increased temperature. As a result, E, of NMTO is 0.341 eV,
smaller than that of NASICON, ~0.385 eV. The main reasons
are large interlayers and abundant Na* vacancies in NMTO.
The larger interlayers induce longer Na—O bonds and decrease
Coulomb force between Na* and O?, while abundant Na*
vacancies not only increase the concentration of current carriers
but also decrease Na* migration energy (E,,). However, E, of
NMTO is larger than that of NZTO (0.327 eV),” which
confirmed with the result of the BVS calculation, because of the
smaller interlayer d-spacing increasing the attractive force
between Na* and O”7, resulting in the migration energy of Na*
in NMTO being higher than in NZTO.

Figure 6a shows **Na NMR spin—lattice relaxation rates T7"
versus inverse temperature of NMTO. For NMTO, ;!
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Figure 6. (a) BNa NMR spin—lattice relaxation rates T;' versus
inverse temperature for Na,Mg,TeO,. (b) Activation energy calculated
by EIS from bulk Na-ion conductivity of Na,Mg,TeO4 compared with
migration energy calculated by 2*Na NMR T7' measurements.

increases linearly to a maximum and then drops off with
increasing temperature. At the maximum, the condition @,z &
1 is fulfilled with the motional correlation time (i.e., the Na*
hopping time 7) being ideal for the frequency distribution to be
effective for relaxation. In Figure 4a, as w,/27x = 105.8 MHz,
the Na* hopping rate 73" ~ 6.6 X 10° s™' of NMTO can be
reached at 200 °C. The migration energy of NMTO is 0.18 eV,
which is calculated by the slope of spin—lattice relaxation rates
T7! versus inverse temperature between RT to 200 °C, and is
greater than that of NZTO, which is caused by NMTO having
smaller interlayer spacing than NZTO, comporting with the
result of active energy measurement. 2*Na NMR results show
that the diffusion coefficient of NMTO is 3.19 X 107'? at 55
°C, and the ionic conductivity oy is 2.11 X 107 S em™,
smaller than that of NZTO, and comporting with the results of
EIS measurement. Figure 6b compares bulk activation energy
E, calculated by bulk resistance of EIS and migration energy E |
calculated by results of NMR in NMTO. The results of E, and
E,, of NMTO are significantly close, 0.231 and 0.18 eV, and
confirm each other, which verifies that the result of NMR is
dependable.

Figure 7a shows the electrochemical window of NMTO with
metallic Na investigated by cyclic voltammetry (CV) measure-
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Figure 7. (a) Cyclic voltammogram in a symmetric steel/
Na,Mg,TeOg¢/Na cell from —0.5 to 4.5 V at scanning rate of 5 mV
s7". (b) Cyclability of Na,Mg,TeOy in a symmetric Na/Na,Mg,TeO,/
Na cell with a current density of 0.1 mA cm? at 45 °C. (c) Charge and
discharge curve of the second cycle of NVP/Na,Mg,TeOs/Na under
0.2 C at 80 °C. The inset displays the polarization of the battery. (d)
Cycle performance of NVP/Na,Mg,TeO4/Na under 0.2 C at 80 °C.

ments in Na/NMTO/steel cells. An obvious anodic peak, larger
than that of NZTO, appears at close to 4.2 V, which suggests
that NMTO is electrochemically stable with metallic Na with
an electrochemical window of 4.2 V (versus Na*/Na), without
adverse side reactions. Figure 7b shows the electrochemical
stability of NMTO with metallic Na illustrated by galvanostatic
cycling of a symmetric Na/NMTO/Na cell with a current
density of 0.1 mA cm ™ at 45 °C. The results demonstrate that
sodium is plated and stripped fully reversibly with a low
overpotential reaching a maximum of ~100 mV for S0 cycles,
and the calculated resistance of the interface between NMTO
and metallic Na is ~420 Q. The stable voltage fluctuation
demonstrates that NMTO has excellent stability with metallic
Na. Figure 7c shows the charge and discharge curves of SS-SIBs
built with Na,V,(PO,); cathodes that use NMTO solid
electrolyte and metallic Na anodes with a current rate of 0.2
C at 80 °C. The SS-SIBs with NMTO electrolyte display a
small polarization of 0.091 V and reversible capacity of ~65 mA
h ¢! in the first cycle, less than the capacity of 100 mA h g™" in
practical charge—discharge performance (as shown in Figure
S4). The reason for this phenomenon could be related to a
consumption of Na in NVP in the interface between NVP
cathode and NMTO solid electrolyte.*® Figure 7d shows the
cycle performance at 80 °C of the NVP/NMTO/Na all-solid-
state battery. It exhibits stable cycle performance before 8 cycles
at 80 °C. However, at 45 °C and room temperature (Figure
SS), the capacity of the NVP/NMTO/Na all-solid-state battery
is close to 0 in every cycle. The poor performance at 45 °C and
room temperature is due to high interface resistance of the
NVP/NMTO/Na all-solid-state battery. This problem can be
improved by surface treatment of electrode and electrolyte in
the next work. For example, introducing a “buffer layer”, such as
Si coating on the garnet electrolyte, could enable a conformal
interface to reduce the resistance of the interface between
electrode and electrolyte,”” demonstrating that a 3D bilayer
electrolyte could provide a high loading of cathode and more
continuous ion pathway between cathode and electrolyte to
reduce the resistance of the interface between cathode and
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electrolyte.”® Despite all of this, these performances demon-
strate that NMTO is a promising electrolyte for fabricating
advanced SS-SIBs.

B CONCLUSION

In conclusion, we report a novel NMTO sodium-ion conductor
as a solid electrolyte for SS-SIBs. Combining XRD, ’Na NMR,
and EIS analyses shows that this solid electrolyte has a P2-type
layered structure with a Pg;22 space group, and the Na'
migration pathway in the crystal lattice is in the interlayers
between two honeycomb frameworks of NMTO and has been
simulated by BVS. NMTO exhibits high ionic conductivity of
2.3 X 107" S cm™" at RT that only requires a simple solid-state
synthetic route. It also shows excellent chemical stability under
ambient conditions, a large electrochemical window of ~4.2 V
(versus Na*/Na), and high stability with metallic Na. The all-
solid-state battery NVP/NMTO/Na works properly with a
current rate of 0.2 C at 80 °C. These results will lead to a
progressive development of SS-SIBs.

B EXPERIMENTAL SECTION

Solid Electrolyte Synthesis. Polycrystalline Na,Mg,TeOq4
(NMTO) was prepared by conventional solid-state reaction. Sodium
carbonates (Na,COj, Aldrich, 99.9%), magnesium oxide (MgO,
Aladdin, 99.9%), and tellurium oxide (TeO,, Aladdin, 99.9%) were
mixed with the stoichiometric proportion; the powders were ball-
milled for 30 min and calcined in air at 700 °C for 12 h with heating
rate of 2 °C min™". After regrinding and pressing, the powders were
cold-pressed into pellets at 100 MPa and then sintered at 850 °C for 6
h with a heating rate of 2 °C min™". To avoid the contamination of
AP*, the pristine powder was placed between the crucible and the
pellet during sintering.

Na;V,(PO,); Cathode Synthesis. The Na,V,(PO,); cathode was
synthesized by a conventional solid-state reaction. Stoichiometric
starting materials Na,CO;, V,05, and NH;H,PO, were thoroughly
mixed, ground in a mortar using ethanol as a reagent. Subsequently,
the pellets were heated at 350 °C for 6 h and 800 °C for 10 h in Ar/H,
and cooled down to room temperature naturally. All chemicals were
used directly without any further purification and were analytical
reagents.

Structural and Thermostability Characterization. Thermog-
ravimetric analysis (TGA) of the NMTO samples was performed using
a PerkinElmer diamond TG apparatus carried out from 25 to 500 °C
under an N, flow (20 mL min™") with a heating rate of § °C min™".
DSC profiles were recorded on a PerkinElmer DSC8000 instrument
under a N, flow (20 mL min™") with a scan rate of 10 °C min™" from
25 to 500 °C. X-ray diffraction (XRD) patterns of the samples were
collected using an X’pert Pro powder diffractometer (PANalytical)
with Cu Ko radiation in the range 26 = 10—80°. Rietveld refinements
were performed using GSAS software with the EXPGUI interface to
determine the crystallographic data.** The morphology and micro-
structure of the prepared materials were characterized by scanning
electron microscopy (FE-SEM, JEOL).

Electrochemical Characterization. Electrochemical impedance
spectroscopy (EIS) measurements were conducted using a Princeton
P4000 frequency response analyzer between 1 MHz and 1 Hz at the
amplitude of 100 mV. Pellets (12 mm diameter and ~3 mm in
thickness) for the EIS measurement were sparked Au as the blocking
electrode. For the Arrhenius plot, the temperature was raised from 50
to 120 °C in a drying oven (Jin Hong).

The electronic conductivity of the NMTO solid electrolytes was
evaluated by the DC-polarization measurement, with the cold-pressed
pellet (12 mm diameter and ~3 mm in thickness) with Au as the
blocking electrode for the DC-polarization measurement, using a
Princeton 4000 instrument with a constant voltage (1 V). The voltage
was held for 40 min, and the electronic conductivity was calculated
from the stabilized current and constant voltage by Ohm’s law.

NMTO pellets (12 mm diameter and ~3 mm in thickness) for
cyclic voltammetry studies were sparked Au on one side to be a
blocking electrode, and Na foils were carefully attached on the other
side. Cyclic voltammetry investigations were conducted using a
Princeton 4000 instrument with a scan rate of $ mV s™! between —0.5
and 4.5 V versus Na*/Na at 45 °C. NMTO pellets (12 mm diameter
and ~3 mm in thickness) for symmetric cells and cyclic voltammetry
studies were attached to Na foil on two sides. Then, the assembled
symmetric cells were cycled with a current density of 0.1 mA cm™ at
room temperature.

BNa Solid-NMR Spectroscopy. »*Na NMR experiments were
conducted at the Larmor frequency of 105.8 MHz using a Bruker
Avance IIT 400 spectrometer with a 0.7 cm high-temperature MAS
probe and spin rate of 3000 Hz. The saturation-recovery method was
applied to measure the spin—lattice relaxation rate (77"') with the 90°
pulse length of 4.5 us. For NMTO, measurements were carried out at
the temperature ranging from 2S5 to 225 °C. The temperature was
calibrated with Pb(NO,),, and chemical shift of *Na was referenced
to 1 mol L™ NaCl aqueous solution.

Characterization of All-Solid-State Batteries. The fabrication
of all-solid-state sodium-ion batteries was carried out in an Ar-filled
glovebox. One electrode was fabricated by mixing Na;V,(PO4),
(NVP) powder, Ketjen black, poly (vinylidene fluoride) (PVDF),
and Na(CF;S0,),N (NaTFSI) in an agate mortar with a mass ratio of
4:1:1:4. The mixture was dispersed in N-methyl-2-pyrrolidone (NMP)
and coated on one side of NMTO pellets. Then, the solid electrolyte
with electrode coating was dried in a vacuum oven at 80 °C for 12 h to
remove NMP and trace moisture. The loading mass of the electrode
was ~1 mg. Afterward, sodium metal was attached on the other side of
the NMTO pellet. Finally, a laminated SS-SIB was assembled into a
2032-coin cell, and the charge/discharge tests were performed on a
battery testing system (Neware Electronics, China) at room
temperature between 2.0 and 3.8 V versus Na/Na'".
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