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Nag.67Cro.33Mgo.17Tio.s02 with a P2-type layered structure has been
synthesized and examined as a negative electrode material for
rechargeable sodium batteries. The layered oxide delivers a
reversible capacity of > 90 mAh g1, which corresponds to > 95% of
the theoretical capacity with excellent cyclability for > 450 cycles.

Low-cost energy storage technology is indispensable to realize
sustainable energy development, and rechargeable sodium batteries
made from abundant elements are the promising candidate for this
purpose.’6 Layered materials, e.g., LiCo1-«Nix2Mn 20, and graphite,
are widely used for practical lithium battery applications, including
electric vehicles. Graphite, which has a two-dimensional diffusion
path for guest ions with high electronic conductivity associated with
a conjugated carbon framework structure, is an ideal host structure
for this purpose. First-stage graphite intercalation compound, in
which all interlayer sites are filled by guest ions, is formed by
electrochemical reduction in aprotic electrolyte solutions with Li
salts,” and the reaction proceeds with high reversibility. However,
sodium ions cannot be inserted into graphite, which presumably
originates from the thermodynamic limitation, and only a high stage
graphite intercalation compound is formed by electrochemical
reduction in aprotic electrolyte solutions with Na salts.? Instead of
graphite, hard carbon, which has different microporous structures,®
is used as a negative electrode material for sodium storage
applications.1% 11 Na ions are reversibly accumulated in hard carbon
with micropores in which quasi-metallic sodium is formed.12 A
gravimetric reversible capacity as the negative electrode material
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reaches to > 300 mAh g1, which is comparable to that of graphite
used for rechargeable lithium batteries.!! Nevertheless, the sodium
insertion voltage in hard carbon synthesized at higher temperatures
is extremely close to the plating potential of metallic sodium (< 0.1
V), and this fact results in the difficulty to design rapid charge
batteries with hard carbon without less resistive interphase.13 Rapid
charge for hard carbon leads to metallic sodium plating at the surface
of hard carbon, which inevitably sacrifices the battery safety.

Titanium-based oxides are also extensively studied as the
potential negative electrode materials for sodium storage
applications, including Na;Tis07,%* NayTigO13,1°> NasTisO12,16 TiO,Y7
etc.l® Among the materials reported in literature, chromium
substituted Ti-based layered oxides, P2-type NaoCrosTio.s02° and
P3-type NaossCrossTio.a2022° show excellent reversibility as negative
electrode materials. Herein, the notations of P2 and P3 are used for
the classification of layered structures proposed by Delmas.2! “P”
denotes the environment of sodium ions between metal oxide layers,
and sodium ions are located at “prismatic” sites for both P2 and P3
phases. Numbers “2” and “3” indicate the total numbers of metal
oxide slabs in the unit cells. These layered structures with MO, (M =
transition metal ions) slabs formed by edge-shared MOg octahedra
provide superior in-plane conductivity for both ions and electrons.?2
These Ti-based layered oxides are operable at a relatively lower
operating voltage range (1.1 — 0.5 V vs. metallic Na) on the basis of
Ti3*/Ti** redox reaction. The operating voltage is relatively low as
Ti3*/Ti** redox reaction compared with a Li counterpart (for instance,
operating voltage is 1.55 V vs. metallic Li for Lis«xTisO12 with a spinel-
type structure?3) and is high enough to avoid metallic Na deposition.
However, the use of Cr, which is a relatively less-abundant element,
must be reduced for Na battery applications. Recently, sodium
deficient O3-type Nagg7Mgo33Tios702 without Cr ions has been
reported in literature.2* Herein, “O” denotes that sodium ions are
located at “octahedral” sites. However, MgO is a typical basic oxide,
which easily reacts with acid, and therefore, excess substitution of
Mg ions in the host structure would lower its chemical stability as
electrode materials.



In this study, P2-type Nage7Cro.s7Tio330,%° is targeted as
the host structure of potential negative electrode materials, from
which Cr3* is bi-substituted by Mg?*/Ti** to reduce Cr contents in the
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Figure 1. (a) XRD patterns of Naoe7Cro.67—xMgx/2Tio334x/202 With
different chemical compositions. (b) A schematic illustration of the
P2-type layered structure, which was drawn using the program,
VESTA,%> and (c) a SEM image and (d) EDX maps of
Nao.67Cro.33Mgo.17Tios02 (x = 0.33 in Nag 67Cro.67-xMgx/2Tio.33+x/202) are
also shown.

host structure. Figure 1 shows X-ray diffraction (XRD) patterns of the
samples prepared with different chemical compositions (0.0 < x <
0.45 in Nao 67Cro.67-xMgx/2Tio 33+x/202) in starting materials. Mixtures of
Na,COs, Cr,03, Mg(OH),, and TiO, (anatase form) were heated at
1000 °C for 5 h in Ar atmosphere (see Supplementary information in
more detail), and the samples after heating were stored in an Ar-
filled glove box to avoid the contact to moist air. Phase purity and
crystal structures of the samples were studied using an X-ray
diffractometer (D2 PHASER, Bruker) equipped with a high-speed one-
dimensional detector. All measurements were conducted with an
airtight sample holder to avoid air exposure. Structural analysis was
conducted using RIETAN-FP software.?® The P2-type layered
structure is retained by x > 0.33 in Nag67Cro.67-xMgx/2Tio.33+x/202 and a
single phase of Nag 7Cro.33Mgo.17Ti0.5002 is successfully synthesized by
solid-state calcination. 50% of Cr ions are substituted by Mg/Ti ions
from the original phase. Nevertheless, further reduction of Cr ions
and enrichment of Mg/Tiions result in the appearance of an impurity
phase. 03 Nag.s7Mgo.33Tin.s702 without Cr ions reported in literature?*
was not able to be synthesized by using our experimental conditions
(see Supporting Figure S1). The impurity phase observed in Figure 1a
is assigned into a Ti-based tunnel-type structure and is expected to
be isostructural with CaFe,Os-type structure,?’ in which Na and
Cr/Mg/Ti ions presumably occupy Ca and Fe sites, respectively (see
Supporting Figure S2). This impurity phase is enriched when the
concentration of vacant sites is increased from 33% as shown in
Supporting Figure S2.

Morphological features of Nag7Cro.33Mgo.17Tio.5002 were
observed using a scanning electron microscope (JCM-6000, JEOL) and
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elemental maps for each ion were also obtained. Particles with the
smooth faceted surface are observed (Figure 1c), which is originating
from the synthesis condition; calcination at the higher temperature
of 1000 °C, and similar particle morphology is observed with the
sample without Mg ions (Supporting Figure S3). Uniform
distributions for Na, Cr, Mg, and Ti ions are also noted on elemental
maps obtained by energy dispersive X-ray spectroscopy (Figure 1d),
which is consistent with the data of XRD study.

Structural analysis of Nag.67Cro.33Mgo.17Tio.5002 was
further conducted by time-of-flight neutron diffraction (TOF-ND)
measurement at iMATERIA,28 BL20 of Materials and Life Science
Experimental Facility (MLF), J-PARC in Japan. The sample was sealed
in a vanadium tube (6.0 mm in diameter) in an inert atmosphere.
TOF-ND data was collected at room temperature. The collected data
was analyzed using the Z-Rietveld software.2® All diffraction lines
were well fitted by using the structural model of the P2-type layered
structure as shown in Figure 2. Refined structural parameters are
also summarized in Table 1. Na ions are found at two distinct
prismatic sites, 2b and 2d sites, and such trend is often observed for
layered oxides with the P2-type structure.3® Na ions at 2d prismatic
sites share three edges with octahedral sites in the transition metal
layer, which are expected to be energetically stable sites for Na ions.
Na ions are also found at 2b prismatic sites, which share a face with
the octahedral site in the transition metal layer, and thus larger
repulsive electrostatic interaction is anticipated. Such unfavorable
interaction at the face-shared site is partly relieved for the P2-type
layered phase with a wide interlayer distance, and therefore Na ions
are also found at 2b sites. From the neutron diffraction pattern, Cr
and Ti ordering is not evidenced, which is also consistent with the

Face-shared site
(2b site)

Edge-shared site
(2d site)

I
) J,\ " -+ AT
L Y Ve Li Y

3 2 15 1
dspacing / A

Figure 2. A refined result of Rietveld analysis on the neutron
diffraction pattern of Nao.s7Cro.33Mgo.17Tio.502. Refined
structural parameters are summarized in Table 1. Schematic
illustrations of two distinct crystallographic sites, 2b and 2d
sites, for Na ions are also shown.
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former study without Mg ions.?® Na and vacancy ordering is also not
evidenced on a synchrotron XRD pattern collected at SPring-8,
BL19B2,% in Japan as shown in Supporting Figure S4.

Table 1. Crystallographic parameters obtained by Rietveld analysis
on the neutron diffraction pattern of Nag.s7Cro.33Mgo.17Tio.s02.

atom site g X y z B/ A2
Na 1 26 0.183(2) 0 0 025  0.50(5)
Na 2 2d 04843 1/3 2/3 075  0.50(5)
cr 2a 1/3 0 0 0 0.20(2)
Mg 20 1/6 0 0 0 0.20(2)
Ti 2a 1/2 0 0 0 0.20(2)
(0] af 1 1/3 2/3 0.093(1) 0.70(5)

Hexagonal, space group P6;/mmc, a = 2.9597(3) A, ¢ = 11.169(1) A, v =
84.69 A3, R, = 5.85%, Ry = 3.74%

Electrochemical properties of Nage7Cro.33Mgo.17TiosO2 was tested in
Na cells and the results are compared with
Nag.s7CroesTin3702 without Mg ions in Figure 3.
performance of the samples was examined in Na cells. The composite
electrodes consisted of 80 wt% Nage7Cro33Mgo.17Tios02, 10 wt%
acetylene black, and 10 wt% poly(vinylidene fluoride), pasted on

those of
Electrode

aluminum foil as a current collector. Metallic sodium was used as a
counter electrode. Electrolyte solution used was 1.0 mol dm=3 NaPFg
in propylene carbonate (PC) with/without fluoroethylene carbonate
(FEC) additive Kishida Chemical).3? NaPFs/PC
electrolyte solution is known to be stable against metallic Na.32
Detailed methodology  of
characterization is described in literature.2 The cell was cycled in the
range of 0.2 — 2.0 V vs. metallic Na. Although Cr3* is oxidized into
highly toxic Cré* on charge to 4 V,2° the possibility of the formation of
Cré* is eliminated in this voltage range. Because the mass of Mg2* is
smaller than that of Cr3*, the substitution of Mg2* for Cr3* increases
the theoretical capacity as negative electrode materials. Indeed, the

(Battery grade,

experimental electrochemical

increase in a reversible capacity (approximately 10 mA h g1) is noted
for the Mg substituted sample (Figure 3a). No capacity fading is
observed for the 50-cycle test as shown in Figure 3b. The observed
reversible capacity at a rate of 10 mA g1 nearly corresponds to the
theoretical capacity of Nag.e7Cro.33Mgo.17Tio.s02 (96 mAh g1), which is
estimated on the assumption that 1/3 mol of Na ions are reversibly
inserted/extracted into/from Nag 67+,Cro.33Mgo.17Tio.s02. The voltage
profiles are similar (1.1 - 0.5 V vs. Na metal) for both samples (Figure
3c), but a slightly broadened profile compared with the sample
without Mg ions is noted in differential capacity plots (Figure 3d). Mg
substitution for Cr/Ti ions influences phase transition processes, and
thus clear voltage plateaus at 0.55 and 0.60 V on reduction and
oxidation, respectively, observed for the non-substituted sample are
lost. Moreover, the sample shows excellent rate capability and
delivers a reversible capacity of > 60 mA h g1 even at a rate of 2560
mA g1 (Figure 3e). Rate capability of Nage7Cro33Mgo.17Tios02 is
comparable to that of the non-substituted sample (Supporting
Figure S5), and the deterioration of electrode performance is not
caused by partial Mg substitution. The extended cycle test was also
conducted for Nag 67Cro.33Mgo.17Tio.s02, and the sample was cycled for
continuous 300 cycles at a rate of 100 mA g1 (Figure 3f). Although
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the degradation is observed after 200 cycles in the electrolyte
without FEC (Supporting Figure S6), good capacity retention without
degradation is realized for > 450 cycles at a rate of 100 mA g1 as
shown in Figure 3f. Similar capacity retention is also observed for P2
Nao.67Cro.67Ti0.3302 without Mg ions. Excellent capacity retention for
the sample is expected to originate from a quite small volume change
(approximately 1%) on electrochemical cycles. The original unit cell
volume of 84.81 A3 changes to 84.12 A3 after sodium insertion as
shown in Supporting Figure S7, and this process is highly reversible
process. Further optimization of particle morphology, electrolyte,
binders etc. will result in the further improvement of electrochemical
properties of Ti-based layered oxides. These research progresses
lead to the development of cost-effective and high-performance Na-
ion batteries with moderate energy density in the future.
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Figure 3. Electrochemical properties of Nag 7Cro.33Mgo.17Tio.s02 and
Nao.67Cro.67Ti0.3302 as potential negative electrode materials for Na-
ion batteries; (a) charge/discharge curves of the sample and (b)
capacity retention at a rate of 10 mA g-1. (c) Comparison of small
hysteresis for charge/discharge processes (10 mA g!) obtained at 3™
cycle for both samples, and (d) differential capacity plots obtained
from (c). Rate-capability of Nao.67Cro.33Mgo.17Tio.sO; is also evaluated
as shown in (e). Sample loading was 4.73 mg/cm2. (d) The extended
cycle test in a Na cell with 1 vol% FEC additive at a rate of 100 mA g~
1. Specific capacities of the active materials were calculated on the
basis of mass of layered oxides (80 wt%) in composite electrodes.
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