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We report on layered NaTiO, as a potential anode material for Na-ion
batteries. The material is prepared from only earth-abundant
elements, delivers 152 mA h g~* of reversible capacity at C/10 rate,
shows excellent cyclability with capacity retention over 98% after 60
cycles, and high rate capability. Furthermore, in situ X-ray diffraction
analysis reveals a reversible O3-0’3 phase transition, including an
unusual lattice parameter variation coupled to complicated Na
vacancy orderings in a series of 2nd order phase transitions.

Sodium-ion batteries have attracted increasing attention for
large-scale energy storage applications because of the natural
abundance and low cost of sodium resources."”® Na has a larger
ionic radius (0.97 A) and higher redox potential (—2.71 V vs.
SHE) than Li, and the interactions between Na ions and the host
crystal structures can vary greatly from those of their Li
analogues,® which is why Na-intercalation in compounds is
often very different from the behavior of the Li-analogues.'™
The most commonly applied anode material in Li-ion batteries
is graphite, for which Na-ion intercalation is thermodynami-
cally not favourable.® Currently, reports on applicable anode
materials for Na-ion batteries are limited in the literature,*> as
summarized in Fig. 1. Hard carbon exhibits a reversible capacity
of 240 mA h g~' with stable cycle performance in a NaClO4/
EC:DEC electrolyte.® However, its density is very low, and most
of the usable capacity is located near the sodium plating
voltage, leading to potential safety concerns. Alloys such as Sn
and Sb have been shown to exhibit very high storage capacities
(~600 mA h g '); however, undesired large volume change
during sodium insertion and extraction makes it challenging to
attain satisfactory cyclability without the use of special binders
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Broader context

Lithium-ion batteries are currently the energy storage technology of choice
in portable electronic devices and electric vehicles. In recent years,
sodium-ion batteries have been actively restudied as a promising alter-
native because of the abundance of sodium resources and the high
capacity cathodes available. But as graphitic carbon can not be used as
anode material, as it is in lithium batteries, the design of the novel Na-ion
anode materials with high capacity and cycling-stability is critical for the
advancement of Na-ion batteries. In this paper, we successfully synthe-
sized and tested the layered NaTiO, compound with high reversible
capacity and excellent cycling performance. The details of structural
evolution and fundamental intercalation mechanism upon charging and
discharging are revealed by in situ X-ray diffraction. Our findings will
facilitate the development of novel electrode materials for sodium-ion
batteries.

and electrolyte additives, and to achieve high enough effective
energy density.”'* In addition, alloy anodes suffer from large
capacity losses (150-500 mA h g~ ') during initial sodiation.
Oxides have also been explored as potential electrode candi-
dates for Na-ion batteries.**** Na,Ti;O, delivers an initial
capacity of more than 200 mA h g '; however, its cycling
performance is not satisfactory."»"® Li,TisO;, can deliver a
reversible capacity of 155 mA h g~ in a displacement reaction
with Na, and shows good cyclability using carboxymethyl-
cellulose as the binder."* A new anode material, P2-Nag g6-
[Lig2,Tio.78]O,, exhibits excellent cyclability partly due to its
negligible volume change (0.77%) during sodium insertion and
extraction; however, the usable capacity is limited to 100 mA h
¢!, corresponding to 1/3 Na per formula unit.'®

Research on layered NaMO,-type oxides (M = 3d transition
metal, such as Ti, V, Cr, Mn, Fe, Co, Ni) as intercalation elec-
trode materials began in the 1980s but has recently received
renewed interest.'* Using advances in electrolytes, a re-
investigation of NaMnO, and NaNiO, demonstrated that these
compounds can reversibly exchange approximately 0.8 Na and
0.5 Na,”* respectively, noticeably larger than the results
previously reported in the 1980s.'**° In the 1980s, Mazzaz et al.
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Fig. 1 Average voltage versus reversible capacity for various reported anode materials for Na-ion batteries. Lines of constant specific energy
density are also shown, assuming a cathode of 200 mA h g™t at 3.5 V average voltage. The specific energy density is calculated from full cells with
a balanced weight of anode and cathode. The cycling performance is based on literature reports.

examined the electrochemical performance of NaTiO, (ref. 19)
as a potential anode intercalation material. However, limited
cyclable capacity corresponding to =~0.3 Na was reported. A
recent DFT calculation hinted at an unusually high barrier of
0.75 eV for Na migration in NaTiO,,"* which would prevent
intercalation at any reasonable rate.

In this paper the performance of NaTiO, is re-investigated.
In contrast to the previous work, an electrochemical reversible
capacity of 152 mA h g ' is achieved, corresponding to
approximately 0.5 Na exchange, with excellent cyclability and
good rate capability. Our DFT simulation reveals very low Na
diffusion barriers, consistent with the excellent electrochemical
performance. In situ X-ray diffraction (XRD) reveals a compli-
cated process of superstructure evolution coupled to an unusual
lattice parameter variation during Na de-intercalation. Under-
standing this process may further help in the design of better
Na-intercalation electrode materials.

Results

NaTiO, was synthesized via a solid-state reaction using Na
metal to reduce anatase TiO,."” The XRD spectrum and SEM
image of the as-prepared NaTiO, powder are presented in Fig. 2,
which shows a pure O3-type NaTiO, phase of space group R-3m
with particle size of approximately 1 to 2 um. The “O3”
nomenclature is after Delmas® and indicates that the Na ions
are octahedrally coordinated by oxygen and have a repetition
period of three transition metal stacking along the c-axis.*
Rietveld refinement gives hexagonal lattice parameters of a = b
= 3.037(1) A and ¢ = 16.260(2) A, which is consistent with
previous reports.”?*' Another equivalent definition of the unit
cell, which is often used to describe the phase with monoclinic
distortion,'®* is illustrated in Fig. 2(a) together with the
hexagonal definition. The corresponding lattice parameters of
pristine NaTiO, to the two equivalent definitions are listed in
the inset table in Fig. 2(c). Using an approach developed
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recently in the NaCoO, system,** we find the Na content of the
compound by comparing the c lattice parameter with the ones
measured by in situ XRD at different Na intercalation levels

b
Chex

hex. mon.
a(A) 3.037 5.260
- b(A) 3.037 3.037
= c(A) 16.260 5.697
§ B(* ) 90 107.927
B
c
15}
E

20(Ke,,Cu)

Fig. 2 (a) Schematic illustration of O3-type and O’3-type structures.
The yellow and blue spheres represent Na and Ti, respectively. (b) SEM
image of as-prepared NaTiO,, which shows an average particle size of
1to 2 um. (c) X-ray diffraction pattern and Rietveld refinement of the
as-prepared O3 NaTiO,. The Bragg peak positions are indicated by the
short vertical lines. The black (red) line represents the experimental
(calculated) data. The background and three broad peaks between
10°-30° originate from the Kapton film used to seal the sample. The
refinement results are performed in the R-3m space group and yield
Rwp = 11.06% and goodness of fit = 1.28. In the inset, lattice param-
eters in a monoclinic cell are given for comparison with that of the
hexagonal cell.
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(Fig. S1t1). This analysis yields a composition close to
Nay 99TiO,, which is consistent with previous reports.’**

A battery was assembled as NaTiO,|1 M NaPF, in EC : DEC =
1: 1|Na. The electrolyte was dehydrated using molecular sieves,
with details provided in the Methods. The electrochemical
performance of NaTiO, is shown in Fig. 3. NaTiO, delivers 152
mA h g~ ' of reversible capacity in the voltage range of 0.6-1.6 V,
corresponding to approximately 52% of the theoretical capacity
based on a single-electron redox process of the Ti**/Ti*" couple
(theoretical capacity of 293.3 mA h g™ calculated based on the
partial desodiated compound Na, sTiO,). The capacity is among
the highest of anode intercalation compounds, as evidenced by
Fig. 1. The strong similarity between the discharge and charge
curves and the low 0.02 V hysteresis at the voltage plateau
shown in Fig. 3(a) indicates that the intercalation process is
reversible with only small polarization.

When raising the lower voltage cutoff, a specific capacity of
approximately 109 mA h g™ in the voltage range of 0.8-1.6 V
(0.37 Na) is achieved as shown in Fig. 3(d), which is slightly
larger than the previously reported value.* It is noteworthy that
in the low-voltage range from 0.6 V to 0.8 V, NaTiO, delivers an
additional capacity of approximately 45 mA h g~ (0.15 Na). We
notice that the open-circuit-voltages of as-prepared batteries fall
into this voltage window, which might be due to different levels
of Na self-deintercalation from battery to battery. However, the
capacity in the low-voltage range derives from a reversible
intercalation reaction, as confirmed by the continuous decrease
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of the slab distance of Na,TiO, upon Na intercalation down to
0.6 V (Fig. S11) and a reverse process upon Na de-intercalation
identified by in situ XRD. Identification of this reversible elec-
trochemical reaction in the low voltage range not only results in
capacity that is 50% higher than previous reports,'® but more
importantly, it gives the correct relation between Na composi-
tion and electrochemical voltage for further structure and
superstructure analysis.

If the lower cutoff voltage is further decreased to 0.55 V, cycle
life decreases as demonstrated in Fig. S2,1 likely due to the
electrolyte decomposition.® If charged above 1.6 V, an irrevers-
ible structure modification is observed in our in situ XRD results
(Fig. S3t1), in accordance with a previous ex situ XRD study.' We
thus restricted the voltage window to 0.6-1.6 V. Fig. 3(b) shows
that in the 0.6-1.6 V voltage range NaTiO, retains 98% of its
initial capacity after 60 cycles at a current rate of C/10. The
coulombic efficiency is approximately 82% in the initial cycle
and 99.5% in the later cycles, which is comparable to the
behavior of some of the best anode materials.***

The rate capability of NaTiO, is shown in Fig. 3(c). At C/5
rate, a charge capacity of 152 mA h g~' (99% of C/10 rate) is
achieved with excellent cyclability. Even at 1 C rate, the
compound still delivers a large charge capacity of 133.6 mA h
27" (87.9% of C/10 rate) with a small polarization of the voltage
curve. Note that special treatment of the electrode material such
as carbon coating or nanosizing may further improve the elec-
trochemical performance from the micrometer-sized NaTiO,
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Fig. 3 Electrochemical performance of NaTiO,. (a) The 1st, 10th and 30th galvanostatic charge/discharge curves at a current rate of C/10 in the
voltage range of 0.6-1.6 V versus Na*/Na. The voltage curve of the battery pre-discharged to 0.6 V is not shown for simplicity (see ESI Fig. S1(b)t).
(b) Cyclability. The charge/discharge capacity versus cycle number at a current rate of C/10. (c). Rate capability. The battery was discharged to
0.6V ata current rate of C/20 and then charged to 1.6 V at different rates from C/10 to 2 C. (d) Comparison of the amount of cycled Na in voltage

windows with lower cut-off voltages from 0.6-0.8 V.
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particles.** The average voltage of sodium insertion into NaTiO,
is approximately 1 V, which is higher than previous report for
P2-Nay ¢6[Lip.22Tio 78]0,."> However, as observed in Fig. 1 and
ESI Table 1, full cells assembled with NaTiO, anode and
appropriate cathodes could still achieve a considerably higher
energy density due to the relatively larger capacity of NaTiO,.

The structural evolution in Na,TiO, upon electrochemical
de-intercalation as measured by in situ XRD is illustrated in
Fig. 4. In the 0.6-0.94 V range, the positions of the diffraction
peaks shift continuously, suggesting a typical single-phase
domain. XRD refinement reveals that the O3 phase with
hexagonal R-3m symmetry is maintained in the corresponding
composition range of 1 > x > 0.76 in Na,TiO,. Upon further
sodium deintercalation at the 0.94 V voltage plateau, the
(003)pex diffraction peak broadens together with the appearance
of a new adjacent peak at lower angle, and the split of (01-4)pex
diffraction peak into two peaks, suggesting a two-phase
domain, which is observed to be reversible in the discharge
process.

The diffraction peaks of the new phase can be indexed by the
O'3-type layered structure with monoclinic space group

—_—
28]

(b)
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C2/m.*?° Rather than the 108° § angle in the O3 phase (con-
verted to the monoclinic definition as illustrated in Fig. 2(a)),
the 8 angle of the O3 phase is approximately 106°, displaying a
monoclinic distortion, which features the splitting of the
(01-4)pex reflection into (111)men and (20-2)men reflections as
shown in Fig. 4. When charged close to 1.54 V or Na, 5TiO,, the
distance between the (111)y,0n, and (20-2)mon peaks decreases
and they tend to merge, indicating a transform back toward the
hexagonal structure.'** Cyclic voltammetry results at various
sweep rates and the first differential capacity curve (dQ/dV)
further confirm a typical intercalation reaction mechanism, as
shown in Fig. S4.1

The corresponding evolution of lattice parameters during
sodium deintercalation is illustrated in Fig. 5. In the O3 phase
region, the shift of the (003) diffraction peak to lower 26 angles
demonstrates that the interslab distance dyo3, which is 1/3 of
the cpex parameter, increases due to the loss of cohesiveness
when sodium ions are extracted from the interslab space,* as
illustrated in Fig. 5(a). In addition, due to the oxidation of
titanium, the ayex parameter, which measures the average Ti-Ti
ion distances decreases.
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Fig. 4 Structural evolution during electrochemical desodiation of O3-NaTiO,. (a) and (b) In situ X-ray diffraction patterns recorded during the
PITT experiments centered around the (003),ex, (001) mon reflections and (01-4)pex, (111)mon + (20-2)mon reflections, respectively. Note that X-ray
source is Mo with Keyy and Ka,. The green dash lines illustrate the evolution of Ka; reflections in O'3 phase region. The red XRD spectra are further
explained in Fig. 6. (c) In situ XRD patterns during the first galvanostatic charge at a current rate of C/20 in the voltage range between 0.5V and
1.6 V. The regions corresponding to (a) and (b) are marked by the dashed boxes. Note that in the entire 26 range, preferred orientation for (00!)
reflections exists because the electrode films were prepared using a dry method that involved multiple pressing and rolling processes.
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Fig. 5 (a) Interslab and intraslab distances in the Na,TiO, phases.
The interplanar distances are calculated using the following equations:
dg(e)f = Chex/sr d;:le;‘rl = Ahexs dron%ln = Crmon sin Bmon,

. 1 T .
A on110) =5V (@mon? + Bmon?),  Omonioto] = bmon (b) Correlation

between the evolution of lattice parameters of the O'3 phase and
differential capacity curve in the voltage range of 0.95V-1.57 V. The amon.
Drnon: Cmon @aNd Bmon Cell parameters were determined from in situ X-ray
diffraction patterns collected during PITT charge with a 4 h scan per
spectrum and a 0.03 V voltage step. The cell parameters were calculated
using a conventional monoclinic unit cell with C2/m symmetry. Regions |,
II, and Ill are divided by the three inflection points on the 1st differential
curve of capacity over voltage. dsp; represents the interplanar distance of
the strongest superstructure peak labeled in Fig. 6.

To improve the precision of the calculated lattice parameters
and observe clearly the superstructure evolution in the O'3
region, X-ray spectra were collected while the in situ battery was

This journal is © The Royal Society of Chemistry 2015
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held potentiostatically at each voltage step between 0.97 V and
1.57 V,with a 0.03 V step size. In the O3 single-phase region, the
(001)mon and (002),0n peaks remain in the same 26 position
(Fig. 4(a)), corresponding to a constant interslab distance upon
deintercalation shown in Fig. 5(a). In addition to the
phenomena of constant slab distance, the in plane Ti-Ti ion
distance continuously modulates upon desodiation within a
narrow range of 0.02 A in the O'3 phase, as also illustrated in
Fig. 5(a). In Fig. 5(b), the variations of lattice parameters of the
0’3 phase at different PITT voltages were compared with the 1st
derivative of the galvanostatic charge capacity over voltage,
which reveals three inflection points at 1.19V, 1.38 Vand 1.54 V
dividing the O’3 phase into three regions. The 2nd derivative of
the capacity over voltage is discontinuous at these three voltage
points, indicating 2nd order phase transitions.*® Compared
with the typical trend of lattice parameter evolution observed in
the O3 single phase region, it is quite unusual that in the 0’3
phase region, the inter- and intra-slab distances vary in such a
narrow range upon Na de-intercalation, which may indicate the
existence of some unusual Na orderings.

Superstructure evolution with varying sodium content is in
fact observed using in situ XRD as shown in Fig. 6, which reveals
the presence of additional weak Bragg peaks that are charac-
teristic of superstructures in the 12°-14° and 17°-18° 26 range.
The strongest superstructure peak appears at approximately
13.5° (SP1) and remains at the same angle in region I until the
battery is charged up to the inflection point at 1.19 V (corre-
sponding to ~Na,,;TiO,). Beyond the inflection point, this
peak starts to shift to lower 26 angles during the desodiation
process in region II. A similar behavior is simultaneously
observed for the superstructure peaks at approximately 17.9°
(SP2). These superstructure peaks undergo a very significant
shift, their rate of change in diffraction angle being an order of
magnitude larger than the major Akl peak shift of the O’3 phase,
as shown for SP1 in region II of Fig. 5(b) and 6. When the in situ
cell is charged beyond the second inflection point on the voltage
curve (corresponding to ~1.38 V or Na, 4 55TiO,) into region III,
the intensities of the superstructure peaks observed in the
previous two regions gradually weaken. After the in situ cell is
charged up to the third inflection point on the voltage curve
(corresponding to 1.54 V or Na_, 5TiO,), all the superstructure
peaks observed in regions I and II disappear from the in situ
XRD spectra.

Discussion

In contrast to a previous report we find a reversible capacity of
152mAh g’1 for O3 NaTiO, which corresponds to the exchange
of =0.5 Na in the voltage window 0.6-1.6 V. The increase in
capacity from a previous report” is due to the widened low
voltage window that is likely achieved by minimizing the water
concentration in the recent electrolyte.

The rate capability of NaTiO, is remarkably high, consid-
ering the micro-sized particles. This observation led us to re-
investigate the previously reported diffusion barrier for Na in
NaTiO,. As Fig. 7 demonstrates, our DFT calculations find a Na
migration barrier less than 224 meV in both O3 and O’3 phases,

Energy Environ. Sci,, 2015, 8, 195-202 | 199
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the Methods.

which is remarkably low, but consistent with the excellent rate
capability observed experimentally. The calculated diffusion
barrier of 750 meV reported earlier** may not have considered
the di-vacancy diffusion mechanism which is known to be the
operating mechanism for Na and Li migration in all O3
compounds.®***” The rate capability of NaTiO, is better than
some other O3-type layered materials, such as NaMnO,,
NaCoO, and NaNiO,, which all have stepwise voltage
profiles.”** It has been speculated that the two-phase boundary
movement at these voltage plateaus slows down the Na inser-
tion kinetics.”® Our in situ XRD results of NaTiO, in Fig. 4
indicate that most regions are single phase, yielding a smooth
voltage profile, while the two-phase reaction is limited to a short
0.94 V plateau, at which the O3 phase transforms into the O’'3
phase through a monoclinic distortion.

The phenomenon of constant interslab distance in the O3
single-phase region upon deintercalation is very unusual. Nor-
mally, the interslab distance changes continuously in the
single-phase domain of layered compounds, but remains
constant in the biphasic domain,***>?*¢3 similar to the cpex
parameter variation of the O3 Na,TiO, phase discussed above.

200 | Energy Environ. Sci., 2015, 8, 195-202

Furthermore, this phenomenon can not be explained by the
commensurate Na orderings or superstructures that are often
observed,**” as for a given commensurate superstructure the
positions of superstructure peaks can not shift beyond the level
of the lattice parameter variation. The large shift of super-
structure peaks as shown in Fig. 5(b) and 6 is therefore likely to
come from the change in modulation period of the ordering
itself, as is sometimes observed in metallic alloys.*® The fact that
the peak shift in XRD is continuous points towards rather
uncommon incommensurate Na orderings, as has been
observed in a few other layered oxides.*®** If the modulation
includes a composition component, the variation of modula-
tion wavelength may be able to accommodate the complete Na
composition range of the 0’3 phase, without any significant
change in slab spacing.

The correlation between the electrochemical voltage profile
and the evolution of the ordering superstructure shown in Fig. 6
suggests that the O3 region actually corresponds to three
domains with different superstructure modulations. Domain I,
the inception stage of the single O’3 phase, may correspond to
the formation of Na,;;TiO, ordering. In domain II, the signifi-
cant shift of the superstructure peaks may indicate an unusual
incommensurate superstructure,*®*! which shares an ordering
pattern similar to Na,;3TiO, but with increasing modulation
length and decreasing Na content down to Na, 55TiO,. Domain
III might be a “biphasic domain” of two competing phases of
the incommensurate Na,;;TiO,-like ordering with decreasing
Na content from 0.58 further down to 0.5 and the possible
formation of a solid solution phase. At 50% desodiation level,
the superstructure phase likely transforms back into a solid
solution phase. Moreover, no voltage plateau or step was
observed around Na, sTiO,, giving no evidence for the existence
of a typical Na, s5TMO, ordering.* Therefore, the constant 1st
derivative of the capacity over voltage in region III of Fig. 5(b)
may suggest the competition between the superstructure phase
observed by our in situ XRD and a solid solution phase upon Na
de-intercalation, consistent with the observed transition from
the monoclinic phase back to the rhombohedral phase.

This journal is © The Royal Society of Chemistry 2015
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It is worth noting that the actual percentage of lattice
parameter variations in the layered O3 or P2 compounds is
usually twice larger than the calculated volume expansion rate,
with the shrinkage in the ab plane compensated in part by
expansion in the c¢ direction, corresponding to an obvious
elongation of the crystal.”® The special modulation of super-
structures in the O'3 phase region of Na,TiO,, however, is
coupled to the extremely small variation of the lattice parame-
ters, as observed in Fig. 5, corresponding to a negligible volume
expansion of approximately 0.4% (Fig. S5T). The excellent
cyclability of NaTiO, might partially originate from its peculiar
structural evolution. Similar large shifts of superstructure peaks
coupled to very small lattice parameter variations in the single-
phase domains were observed in certain composition ranges of
Na,VO0,,*® which we believe may also be caused by an incom-
mensurate superstructure evolution. Thus, the phenomenon is
not limited to the Ti based system. Designing layered
compounds that can show incommensurate superstructure or
its competition with a solid solution phase in a large Na
composition range might be a challenging but promising
direction for both cathode and anode applications with
improved structural stability upon Na intercalation.

Conclusion

In summary, O3-NaTiO, was synthesized and tested electro-
chemically as an anode material for sodium-ion batteries.
Approximately 0.5 Na can be reversibly intercalated in NaTiO,,
corresponding to a reversible capacity of 152 mA h g~*. To
achieve high capacity and the best cyclability, the optimal
voltage window for galvanostatic cycling is 0.6-1.6 V. In addi-
tion, the sodium insertion/extraction mechanism was investi-
gated using in situ X-ray diffraction. A reversible O3 to O’3 phase
transition was observed. Special Na vacancy orderings were
observed to be coupled with the unusual lattice parameter
variation, which yields a constant interslab distance and slightly
changing in-plane Ti-Ti distance in the 0’3 phase. With its high
capacity and excellent cyclability, NaTiO,, which consists only
of earth-abundant elements, is a promising intercalation anode
material for sodium-ion batteries.

Methods

Solid-state synthesis of NaTiO,

03-type NaTiO, was synthesized via a solid-state reaction. TiO,
anatase (Sigma Aldrich, 99.99%) and freshly cut Na (Sigma
Aldrich, 99.95%) with 10% excess were placed in a Swagelok
stainless steel tube, which was sealed in an argon-filled glove
box. The tube was then fired at 920 °C for 12 hours in a flow of
argon gas. After cooling, the tube was opened in the glove box to
prevent exposure to air and moisture.

Material characterization

The X-ray diffraction (XRD) patterns were collected on a Rigaku
RU300 rotating anode diffractometer equipped with Cu Koy
radiation in the 26 range of 10°-85°. All the samples were sealed
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with Kapton film to avoid air exposure. Rietveld refinement and
profile matching of the powder diffraction data of the as-
prepared NaTiO, were performed using PANalytical X'Pert High
Score Plus. The morphology of the as-prepared NaTiO, was
examined using a Zeiss Merlin scanning electron microscope.

Electrochemical tests

The active material of NaTiO,, the conductive agent carbon
black (Timcal, Super P) and polyethylenetetrafluoride (PTFE)
binder were manually mixed in a glove box with a weight ratio of
80 : 15 : 5 and then rolled into a thin film. The electrolyte was
prepared by dissolving anhydrous NaPF, (98%, Sigma Aldrich)
into ethylene carbonate:diethylcarbonate (EC:DEC) solution
(anhydrous Sigma Aldrich, 1:1 in volume ratio). The as-
prepared electrolyte exhibited a water level of approximately 5
ppm and was further dehydrated using 20 wt% molecular sieves
with continuous rotation for two days. A Na metal film was used
as the counter electrode. Swagelok cells were assembled in an
argon-filled glove box with the oxygen and moisture levels being
less than 0.1 ppm. The cells were tested on a Maccor 2200 or
Arbin BT2000 operating at room temperature. The loading
density of the active material was maintained at approximately

3 mgcem >,

In situ X-ray diffraction

In situ X-ray diffraction experiments during electrochemical
testing of the batteries were performed on a Bruker D8 Advance
Da Vinci Mo-source diffractometer scanned between 6.5°-30.5°
20 range. An in situ battery was designed with a Be window for
X-ray penetration. The battery was configured with a NaTiO,
electrode as the working electrode, sodium as the counter
electrode, 1 M NaPF4/EC:DEC as the electrolyte and glass fiber
as the separator. The charge/discharge of the in situ battery was
performed on a Solartron electrochemical potensiostat in the
voltage range of 0.5-1.6 V at a current rate of C/20, or during
potentiostatic intermittent titration technique (PITT) charge
with a step size of 30 mV and step duration of 4 or 10 hours.

DFT simulation

First principles calculations were performed in Generalized
Gradient Approximations (GGA) to Density Functional Theory
(DFT) using Vienna ab initio simulation package (VASP). Na
diffusion barriers were calculated using the Nudged Elastic
Band (NEB) method with the di-vacancy diffusion mechanism
implemented in a 3 x 3 x 2 supercell corresponding to the
composition of Nag,TiO,. Na diffusion barriers in NaggTiO,
were investigated with four different lattice parameters. Firstly,
the lattice parameters of fully sodiated phase O3 Na;TiO, were
fully relaxed by DFT and then fixed for NEB calculations. Three
other lattice parameters are obtained by magnifying DFT
relaxed O3 Na;TiO, lattice parameters proportional to the
experimental ratios (obtained from in situ XRD) between O3
Na;TiO,, O3 Na, 5TiO,, O'3 Nay 56TiO, and 0’3 Nay ¢sTiO,.
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