
Na2+xTi6O13 as Potential Negative Electrode Material for Na-Ion
Batteries
Kun Shen and Marnix Wagemaker*

Faculty of Applied Sciences, Delft University of Technology, Mekelweg 15, 2629JB, Delft, The Netherlands

*S Supporting Information

ABSTRACT: Na-ion batteries provide one of the most promising alternatives
for Li-ion batteries due to the high abundance and low cost of Na. The strongly
electropositive character of Na enables almost comparable cell potentials. Here
we show that by lowering the cutoff voltage from 0.3 to 0 V vs Na/Na+ the
capacity of the Na2Ti6O13 negative electrode material can be enhanced from 49.5
mAh/g (Na2+1Ti6O13) to a promising 196 mAh/g (Na2+4Ti6O13) for at least 10
cycles, after which it gradually reduces. To understand the structural changes in
situ X-ray diffraction is performed and compared with density functional theory
calculations. A consistent picture of the evolution in lattice parameters and Na-
ion positions is presented. The results show that Na-ion intercalation in the
Na2+xTi6O13 host structure is limited to Na2+2Ti6O13 and proceeds through a solid
solution reaction. Only small changes in lattice parameters promote that the
insertion reaction is highly reversible. Further increasing the Na composition
below 0.3 V appears to lead to loss in crystallinity, which in combination with solid electrolyte interface formation is suggested to
be the origin of the gradually reducing reversible capacity.

■ INTRODUCTION

The demand for renewable energy resources has initiated the
search for high performance and cost-effective battery systems.
Li-ion batteries have the highest energy densities, making them
in particular suitable for mobile devices. However, considering
applications where energy density is less important, for instance
in static storage devices, the high cost of Li-ion batteries is an
important concern. This has resulted in a growing interest in
other battery systems such as Na-ion batteries. The Na-ion
battery is one of the most promising alternatives due to its high
abundance, low cost, and high cell potential. In the past
decades, research on Na-ion batteries has been initiated in
parallel with Li-ion battery research,1−6 however the success of
the latter has largely diverted attention away from Na-ion
batteries. Renewed interest in Na-ion batteries is motivated by
the virtually unlimited Na resources and low costs.7,8 In general,
the operating voltage of Na-ion batteries is about 0.4 V lower
compared to Li-ion batteries, resulting in a somewhat lower but
still large energy and power density.9 Compared with Li ions
(0.76 Å), the larger ionic radius of Na ions (1.02 Å) often leads
to larger structural distortions and barriers for diffusion in host
structures.9 This is most likely the reason why only a few
insertion electrode materials are reported displaying reversible
Na-ion uptake, negative electrode materials being in particular
scarce. Sodium metal as a negative electrode introduces
complications such as dendrite formation, low melting point,
and interface aging.8 Graphite and hard carbons, extensively
investigated as negative electrodes, have much lower specific
capacities and result in larger capacity fading compared to
application in Li-ion batteries.10−12 In addition, the capacitive

storage of Na-ions at the graphite surface has the disadvantage
of a linear drop in the battery voltage lowering the energy
density.13 Due to the competition between inversion and
conversion reactions, only the 3d metal (Ti,V) oxides appear
promising for low voltage Na-ion insertion.14 NaxVO2 was
found to react reversibly around 1.5 V.15,16 At the same
potential, amorphous TiO2 nanotubes and nanocrystalline TiO2
anatase demonstrated a specific capacity of ∼150 mAh/g.17−20

A reversible storage capacity of 200 mAh/g was achieved in
Na2Ti3O7 applying a cutoff voltage of 0 V vs Na/Na+.21

Recently, Rudola et al. explored Na-ion storage in the
structurally similar Na2Ti6O13 compound, demonstrating a
reversible uptake of 1 Na ion per formula unit (49.5 mAh/g) by
a solid solution mechanism at an average potential of 0.8 V
when Na2Ti6O13 vs Na/Na

+ is cycled between 2.5 and 0.5 V.22

Motivated by the higher storage capacities of the similar
Na2Ti3O7 material, the present study explores Na-ion storage in
Na2Ti6O13 at low voltages. In situ and ex situ X-ray diffraction
in combination with density functional theory (DFT)
calculations reveal the intercalation mechanism, giving a
consistent picture of the structural changes and electrochemical
performance of this promising Na-ion negative electrode.

■ EXPERIMENTAL SECTION
Materials Synthesis. Na2Ti6O13 was prepared by ball milling

Na2CO3 (Aldrich) and TiO2 anatase (Aldrich) in a mass ratio of 0.22:1
in a silicon carbide crucible applying a 250 rpm rate for 120 min.
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Subsequently, this precursor mixture was heated at 800 °C in open air
for 12 h, applying a heating and cooling ramp rate of 5 °C/min. X-ray
diffraction analysis confirmed the crystalline Na2Ti6O13 phase indexed
with the monoclinic C2/m space group and a crystallite size of
approximately 80 nm. Additionally a small amount of approximately
5% of unreacted TiO2 anatase and trace amounts (less than 1%) of
Na2Ti3O7 and Na2CO3 were identified, the latter explaining the
presence of unreacted TiO2.
Electrode Preparation. For the electrochemical tests and ex situ

X-ray diffraction measurements electrodes were prepared by mixing
the active Na2Ti6O13 material with the polyvinylidene fluoride (PVDF)
binder (Aldrich) and carbon black (ENSAQO) in the weight ratio
8:1:1 using N-methyl-2-pyrrolidone (NMP) (Aldrich) as solvent. The
well-mixed slurry was coated on carbon coated aluminum foil by
doctor blading followed by 100 °C overnight drying.
For the in situ X-ray diffraction measurements self-supporting

electrode films were prepared. PVDF (0.42g) and DBP (dibutyl
phthalate) (0.34 g) were dissolved in acetone. The active material
Na2Ti6O13 (0.7 g) and conductive additive carbon black (ENSAQO)
(0.28 g) were well mixed and added in the PVDF and DBP solution.
The slurry was cast on glass by doctor blading. After drying the
electrode film was washed with diethyl ether in order to dissolve DBP.
Finally the coatings were dried at 100 °C overnight.
Electrochemistry. Electrochemical tests were carried out in

Swagelok type electrochemical cells. The Na2Ti6O13 electrodes were
(dis)charged versus sodium metal with 1 M NaClO4 in propylene
carbonate serving as electrolyte and a cotton microfiber separator
(Whatman). The cells were assembled in a glovebox under argon
atmosphere (O2 < 0.1 ppm and H2O < 0.1 ppm). The (dis)charge
cycling tests were performed at C/10 rate (4 mA/g) at room
temperature with a MACCOR S4000 cycler.
X-ray Diffraction. In situ and ex situ X-ray diffraction was

performed using a Panalytical X’pert Pro X-ray diffractometer
employing Cu Kα radiation in the range 10−130° and 10−100°,
respectively. For the ex situ X-ray diffraction characterization, the
Na2Ti6O13 vs Na/Na+ cell was discharged to 0 V and the positive
electrode was removed from the cell and assembled in a Kapton
covered airtight X-ray diffraction sample holder. All these operations
were performed in a glovebox under argon atmosphere (O2 < 0.1 ppm
and H2O < 0.1 ppm).
In situ X-ray diffraction was performed in a home designed airtight

electrochemical cell with a beryllium window acting as current
collector largely transparent for X-rays. The airtight electrochemical
cell was assembled in a glovebox under argon atmosphere (O2 < 0.1
ppm and H2O < 0.1 ppm) with sodium metal as negative electrode,
cotton microfiber as separator (Whatman), and 1 M NaClO4 in
propylene carbonate serving as electrolyte. A thin aluminum foil (2
μm) was used to restrict X-ray absorption losses and to separate the
Na2Ti6O13 electrode from the beryllium foil window to avoid potential
corrosion of the beryllium. In situ XRD data was restricted to a cutoff
voltage of 0.3 V because cycling to ∼0 V in the in situ cell leads, even
of the presence of the 2 μm Al foil, to corrosion of the Be and
potential leaking of the cell. For this reason ex situ XRD experiments
were performed below 0.3 V. Compared to conventional electrodes,
this special in situ configuration leads to no significant changes in the
voltage and capacity at the low currents applied, indicating that the
diffraction data collected from this in situ cell represents the
electrochemistry of the conventional electrodes. For in situ measure-
ment diffraction patterns were collected during the galvanostatic
(dis)charge using a MACCOR S4000 cycler. For the C/10 (dis)charge
rate a collection time of 1 h was used to obtain reasonable time
resolution following the structural evolution at the C/10 rate in
combination with patterns having enough statistics to be refined. The
consequence is that each pattern represents an average of the
structural evolution during 1 h. The X-ray diffraction patterns were
refined using the Rietveld refinement method as implemented in
GSAS.23

DFT Calculations. The Na2+xTi6O13 structures were geometrically
optimized by applying the gradient-corrected exchange correlation
functional (GGA) to density functional theory calculations as

implemented in the plane wave code VASP.24−26 Spin-polarization
was not considered. All structures were fully relaxed to the ground
state. A cutoff energy of 400 eV and appropriate k-point grid was
chosen to ensure that total energies converged within 10−4 eV per
formula unit. DFT molecular dynamics simulations were performed on
Na2+4Ti6O13 unit cell for 3 ps with time step of 2 fs at two
temperatures (300 and 400 K).

■ RESULTS AND DISCUSSION
Electrochemistry. Figures 1a and 1b illustrate the impact of

the cutoff voltage on the voltage-capacity profile of Na2Ti6O13

versus sodium metal at C/10 rate (1C is defined as the current
required to fully discharge/charge the Na2Ti6O13 electrode in 1
h assuming the maximum composition is Na3Ti6O13). Upon
reducing the cutoff voltage from 0.3 to 0 V, three distinct
changes are observed: (i) When a cutoff voltage of 0.3 V is
applied, a reversible voltage plateau-like feature appears around
0.8 V. This is replaced by a more gradual voltage decrease when
the cutoff voltage is set to 0 V. (ii) Both the first discharge
capacity and the initial reversible capacity at a cutoff voltage of
0 V are four times larger compared to that at 0.3 V cutoff
voltage. To rule out the contribution of carbon black and

Figure 1. Electrochemical characterization of Na2Ti6O13 vs Na/Na
+.

(a) First three cycles and the 30th cycle of the galvanostatic
(dis)charging of Na2Ti6O13 at C/10 rate (0.005 A/g) down to 0.3 V
vs Na/Na+. (b) First three cycles and the 30th cycle of the
galvanostatic (dis)charging of Na2Ti6O13 at C/10 rate (0.005 A/g)
down to 0.0 V vs Na/Na+. (c) Specific capacity as a function of the
number of cycles at C/10 rate.
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PVDF additive to the capacity, blank cells containing only
carbon black and PVDF were prepared. Comparison with the
galvanostatic tests of the blank cells demonstrates that, for the
first discharge, carbon and PVDF contribute in total 75% to the
capacity for both cutoff voltages, which is mainly irreversible as
it contributes less than 10% to the reversible capacity for the
subsequent cycles (see the Supporting Information). Therefore,
based on the electrochemical measurements, we conclude that
galvanostatic cycling between 2.5 and 0.3 V leads to the
reversible intercalation of one additional sodium ion in the
structure (Na3Ti6O13), while galvanostatic cycling between 2.5
and 0 V leads to the reversible reaction of four additional
sodium ions in the structure (Na6Ti6O13). (iii) Figure 1c shows
that cycling between 2.5 and 0.3 V leads to excellent capacity
retention after 30 cycles amounting to more than 95% of the
initial charge capacity (disregarding the first cycle). By lowering
the cutoff voltage to 0 V the capacity is larger but the reversible
capacity retention drops to approximately 75% over 30 cycles.
To reveal the origin of the larger capacity and poor capacity
retention when the material is cycled down to 0 V cutoff
voltage, in situ, ex situ diffraction and DFT calculations were
performed.
X-ray Diffraction. In situ X-ray diffraction measurements

have been performed to investigate the structural changes of
the Na2Ti6O13 electrode material upon cycling between 2.5 and
0.3 V. In addition ex situ XRD patterns were collected at 2.5,
0.3, and 0 V to reveal the structural changes in the low potential
region (0 V cutoff). Excellent reversibility of the structural
changes above 0.3 V is confirmed by the reversible evolution of
the Bragg peaks recorded during the charge, shown in Figure 2.

The irreversible capacity observed during the in situ diffraction
measurement in Figure 2 is due to the first cycle irreversible
capacity loss of the carbon and PVDF present in the electrodes
discussed above.
X-ray diffraction of the prepared Na2Ti6O13 material

confirms the monoclinic C2/m space group having a 3D
tunnel structure in which the initially present Na ions reside, as
shown in Figure 3. The lattice parameters of the structure are a
= 15.10 Å, b = 3.75 Å, c = 9.16 Å, and β = 99.15° consistent
with previous studies.27−29 In situ X-ray diffraction patterns
collected at various sodium compositions between x = 0 and x

= 1 in Na2+xTi6O13 are shown in Figure 4a. The continuous
shift of the original Na2Ti6O13 {60−1} and {40−4} reflections

indicates a gradual change in lattice parameters, which is
consistent with the structural study on sodium intercalation
into Na2Ti6O13.

22 The {020} reflection splits into two
reflections indexed as {020} and {801 ̅} where the {020}
reflection intensity weakens. The same phenomenon is
observed for the {402} reflection at lower angle. Remaining

Figure 2. Evolution of in situ X-ray diffraction patterns as a function of
Na composition. The yellow line represents the voltage profile down
to 0.3 V, as a function of intercalated Na composition. The sodium
composition x in Na2+xTi6O13 is estimated by the capacity measured
by the galvanostatic electrochemistry.

Figure 3. Monoclinic crystal structure of Na2Ti6O13 displaying the
tunnels in which the Na ions reside. Purple spheres represent sodium
ions, red spheres represent oxygen, and cyan polyhedrons represent
the Ti−O octahedra.

Figure 4. (a) Evolution of in situ X-ray diffraction patterns of the
Na2+xTi6O13 (x indicating the additional Na composition) electrode
during the second discharge between 2.5 and 0.3 V. (b) Ex situ X-ray
diffraction patterns at 2.5, 0.3, and 0 V for the Na2+xTi6O13 cycling
between 2.5 and 0 V.
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in the same space group, this is the consequence of the
significant increase of the c lattice parameter and β.
Electrochemical discharging from 0.3 to 0 V indicates that

three additional sodium ions may be intercalated per unit
formula reaching the Na6Ti6O13 composition. Comparing the
ex situ XRD results at 0.3 and 0 V reveals that the main Bragg
reflections {310}, {402}, {601 ̅}, {404̅} of Na2Ti6O13 continue
shifting (see Figure 4b) demonstrating that also in the low
potential region (0.3−0 V) a solid solution reaction leads to
gradual unit cell expansion. Even at 0 V the structure can still be
indexed with the same monoclinic space group as the pristine
Na2Ti6O13 phase. In addition, it is observed that the reflections
decrease in intensity and increase in width. This may indicate
that the crystallinity and/or crystallite size of Na2Ti6O13
reduces significantly upon Na-ion addition below 0.3 V.

■ DFT
X-ray diffraction reveals a solid solution reaction, however, not
the Na-ion positions and occupancy in the Na2+xTi6O13
structure. Density functional theory calculations were used to
predict the structure and average voltage of reduced phases at
various compositions.
By evaluating the ground state energy of all possible sodium

configurations in the Na2+xTi6O13 unit cell at every composition
(x = 0, 1, 2, 3, and 4), insight can be gained in the structural
evolution. Potential Na-ion sites were identified using DFT
molecular dynamics simulations and Fourier density difference
maps from the diffraction. Using DFT all potential positions
were relaxed to the ground state and subsequently the total
energies were calculated. The configuration with the lowest
energy at each concentration is expected to occur upon actual
Na intercalation, thereby only considering the configurational
degree of freedom associated with Na-vacancy configurations in
a single unit cell and neglecting the entropy contribution from
lattice vibrations and electronic excitations. The DFT
determined structures are shown in Figure 5, the structural
details of which are listed in Table S.I.1 in the Supporting
Information.
Compared to Na2Ti6O13, the lowest energy configuration of

Na2+1Ti6O13, shown in Figure 5b, has very small changes in the

Ti−O structure. The inserting Na ions are located on the 2d
sites in the middle of the tunnel next to the already present Na
ions occupying the 4i sites. This position leads to a smaller
nearest Na−Na distance (decreasing from 3.745 to 2.878 Å).
This sodium insertion of the tunnels also shortens the nearest
Na−O distance from 2.632 to 2.469 Å. Increasing the
composition from Na2+1Ti6O13 to Na2+2Ti6O13 is realized by
migration of the Na ions from the 2d sites to adjacent 4i sites in
the same plane as the already occupied 4i positions, further
decreasing the nearest Na−Na distance to 2.482 Å and nearest
Na−O distances to 2.241 Å. Upon further sodium intercalation,
exceeding Na2+2Ti6O13, the original intercalated sodium ions
migrate from close to the center of the tunnels toward the edge
of the Ti−O tunnel, forming half “Na−O octahedral” units, and
the new Na ions insert into 2c sites located in the center of the
tunnel as shown in Figures 5d and 5e. The nearest Na−O
distance continuously decreases as the Na composition
increases, from 2.149 to 2.130 Å, and as a consequence, the
original nearest Na−Na distance is increased 2.607 Å in
Na2+3Ti6O13 to 2.649 Å in Na2+4Ti6O13, indicating that the Na−
Na distance is becoming too small leading to increasing
repulsive Coulomb forces. The evolution of the lattice
parameters suggests a variation of the shape of the 3D Ti−O
tunnel upon Na insertion, resulting from the competition
between the attractive Coulomb force (between the Na ions
and oxygen forming the tunnels) and the repulsive Coulomb
force (between the inserted Na ions).
A bond valence sum (BVS) analysis30 was performed to

evaluate the structural stability of the predicted Na inserted
structures. The BVS value is estimated by V = ∑Vi, and the
individual bond valences vi are calculated from the observed
bond lengths Ri by vi = exp[(R0 − Ri)/b] where R0 = 1.803 and
b = 0.37 were used for the Na−O bond,30 the results of which
are added to Table S.I.1 in the Supporting Information. If the
BVS value of the insertion site is significantly larger than the
formal valence of the Na ion, this indicates that the Na ion is
too large to fit the interstitial site. For the reported Na2Ti6O13
structure22 the BVS value of the established Na position results
in 0.37, relatively small compared to the expected value of 1.
This may indicate that realistic Na-ion positions may result in

Figure 5. DFT predicted monoclinic crystal structures of Na2+xTi6O13. (a) Na2Ti6O13, (b) Na2+1Ti6O13, (c) Na2+2Ti6O13, (d) Na2+3Ti6O13, (e)
Na2+4Ti6O13. Yellow spheres represent sodium ion 4i sites, red spheres represent sodium 2d sites, dark blue spheres represent sodium 2c sites, and
cyan polyhedrons represent the Ti−O octahedra.
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relatively low BVS values in these compounds. For
compositions x = 1 and x = 2 similar BVS values are found
for the Na-ion positions (see the Supporting Information). For
compositions x = 3 and x = 4 BVS values closer to 1 are
obtained for the Na-ion positions and only one Na ion, the 2c
site in x = 3, results in a significantly larger BVS value (+1.52)
compared to the formal valence (+1) of the Na ion. This
indicates that the x = 3 structure is unlikely to be formed,
consistent with the conclusion below based on the DFT
predicted voltages.
For comparison with the experimental electrochemical

results, the intercalation voltages at different Na compositions
are estimated based on the ground state energy of the most
stable configurations according to

= −
− −

+V x
E E xE

xe
( )

Na Ti O Na Ti O Nax2 6 13 2 6 13

(1)

The calculated average voltages in Figure 6 show that, as
expected, increasing the Na composition lowers the voltage (in

this case referenced to Na metal Na/Na+) which is correlated
to the evolution of the Na−O distance. The calculated average
intercalation voltage of 0.728 V between x = 0 and x = 1 in
Na2+xTi6O13 is in good agreement with the experimentally
observed reversible voltage of approximately 0.8 V for these
compositions, see Figure 1a. The underestimation of the
potential by GGA is typical for transition metal oxides and the
result of the self-interaction in the d-orbitals.32 The predicted
average voltage between the x = 1 and x = 2 compositions is
approximately 0.15 V, indicating that these compositions are
not formed above 0.3 V, consistent with the observations in
Figure 1a. The DFT results in Figure 6 predict that the
maximum composition that can be achieved at 0 V vs Na/Na+

is Na2+2Ti6O13. Increasing the composition from x = 3 to 4
results in negative voltages, implying that these compositions
will not be formed in practice and that Na2+2Ti6O13 is the upper
limit for sodium insertion in bulk Na2+xTi6O13. However,
electrochemical cycling down to 0 V after the first cycle, shown
in Figure 1b, suggests a reversible composition up to x = 4
(∼200 mAh/g), albeit degrading over several cycles, see Figure
1c. This capacity is not due to carbon and PVDF because this
does contribute significantly to the total capacity after the first
cycle (see Figure S.I.1 in the Supporting Information). The x =
4 composition is in contradiction with the DFT calculations
that predict the maximum composition (leading to positive
voltages vs Na/Na+) of x = 2. Apparently, at these low voltages
a different storage mechanism sets in as discussed below.

Using the most stable Na2+1Ti6O13 configuration from DFT
as input for the Rietveld refinement of the XRD pattern results
in a good fit, shown in Figure 7, implying minimal changes in

the atomic positions and lattice parameters indicating that DFT
predicts the structure accurately. The unit cell dimensions of
Na2+1Ti6O13 determined from the Rietveld refinement are
shown in Table 1, and the atomic positions are given in Table

S.I.1 in the Supporting Information. The small volume
expansion (1%) between the original Na2Ti6O13 and the
Na2+1Ti6O13 compositions suggests that mechanical failure of
the material will not play a significant role, which is consistent
with the excellent cycling stability observed above 0.3 V in
Figure 1.
Due to the severe broadening of the diffraction reflections in

the low potential region, it is difficult to obtain a satisfying fit of
the XRD patterns below 0.3 V. Nevertheless, the lattice
parameters can be accurately determined by the positions of
diffraction peaks. The results indicate that the unit cell
expansion continues in the low potential region between 0.3
and 0 V (see Table 1). Assuming Vegard’s law, the intercalated
sodium composition is calculated for the material cycled to 0 V.
The resulting sodium composition at 0 V is Na2+2.11Ti6O13,
consistent with the upper limit determined by DFT
(Na2+2Ti6O13). The comparison between the observed XRD
pattern at 0 V and the simulated diffraction patterns using the
DFT structures at x = 2, 3, 4 in Na2+xTi6O13, presented in

Figure 6. Calculated insertion voltage profile based on the DFT
ground state energies as a function of the sodium composition.

Figure 7. Rietveld refinement of the in situ X-ray diffraction pattern of
Na2+1Ti6O13 after the second discharge. Black symbols represent the
experimental data, the solid line represents the Rietveld refinement,
and at the bottom the difference between observed and calculated
intensities is shown. The refined parameters include lattice parameters,
atomic positions, a broadening parameter, and the temperature factor.
The peaks from aluminum and beryllium have been excluded. The
average agreement index parameters are Rp = 4.0% and Rwp = 5.3%.

Table 1. Lattice Parameters of Na2+xTi6O13 Collected at
Various Sodium Compositionsa

a b c β cell vol
x in

Na2+xTi6O13

original 15.11 3.746 9.175 99.037 512.74 0
sample A
at x = 1

14.88 3.757 9.415 100.587 517.35 1

sample B
at 0 V

15.00 3.778 9.364 100.056 522.51 2.11

aThe composition for sample A is estimated by the capacity resulting
from the electrochemistry in Figure 1, and the composition of sample
B is estimated assuming Vegard’s law between x = 0 and x = 1.
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Figure S.I.2 in the Supporting Information, indicates best
agreement with the x = 2 DFT predicted structure. This is
consistent with the bulk composition x = 2.11 derived from the
lattice parameters using Vegard’s law, indicating that at 0 V vs
Na/Na+ the bulk composition is close to x = 2.
Comparing the Na2+1Ti6O13 and Na2+2Ti6O13 structures in

Figures 5b and 5c, Na addition leads to migration of the 2d site
toward the adjacent 4i site resulting in minor lattice changes
(0.98%), also in good agreement with the XRD results in Table
1 (0.99%).
Upon further sodium insertion (exceeding Na2+2Ti6O13) the

BVS value (see Table S.I.1 in the Supporting Information)
increases significantly from Na2+2Ti6O13 to Na2+3Ti6O13,
implying a lack of space in the 3D tunnel structure for the
inserted Na ions making these structures unlikely to form in
reality, consistent with DFT that predicts a negative voltage vs
Na/Na+. When the cell is charged to ∼0 V, the diffraction peaks
irreversibly decrease in intensity and increase in width. This
may be a sign of effective loss in particle size and/or
crystallinity, potentially responsible for the poor reversibility
at low voltages. This may indicate that part of the total capacity
at 0 V is due to a reaction of Na at the surface of Na2Ti6O13.
For instance higher Na insertion compositions at the surface
may lead to strain or structural disorder, factors that both lead
to diffraction line broadening. In addition, the poor reversibility
could be the result of side reactions. Several comprehensive
studies on structural evolution and electrochemical behavior of
Na-inserted hard carbon cycled to 0 V demonstrate the
formation of the solid electrode/electrolyte interface (SEI) on
the surface of the electrode.13,33 The continuous growing SEI
on the surface of hard carbon, caused by the continuous
decomposition of the NaClO4-PC electrolyte upon cycling, is
suggested to be the main reason for the capacity fading in
carbonaceous materials with NaClO4-PC after 30 cycles.34

Although the study of SEI formed on transition metal oxide
materials is absent to date, we anticipate that electrolyte
reduction and decomposition may also take place at the
Na2Ti6O13 surface. Further efforts should be directed toward
optimizing the electrolyte as was recently achieved for Na
insertion in anatase using NaPF6 in EC:PC.34

Also in the similar Na2Ti3O7 structure reported recently21

two-thirds of the Ti4+ states are converted to the Ti3+ states in
the same voltage window (from 2.5 to 0 V) resulting in a
similar reversible capacity (∼200 mAh/g). In addition, the
cycling stability of Na2Ti3O7 is excellent when the cutoff voltage
is increased from 0.01 to 0.1 V.35 However, as the sodium 2e
sites in Na2Ti3O7 have already been fully occupied in the
pristine Na2Ti3O7 structure, more structural rearrangements are
required to accommodate additional sodium in Na2Ti3O7
compared to Na2Ti6O13. Most likely this is the reason why,
upon sodium intercalation in Na2Ti3O7, new reflections appear
at the expense of the original main reflections, indicating a
phase transition, while in Na2Ti6O13 a solid solution
mechanism is observed.

■ CONCLUSIONS
In conclusion, by lowering the cutoff voltage Na2Ti6O13 to 0 V
a promising reversible capacity of nearly 200 mAh/g is found
accompanied by minor structural changes following a
predominantly solid solution mechanism. This makes
Na2Ti6O13 a promising negative electrode material for Na-ion
batteries as compared to other titanium oxide materials such as
TiO2 anatase19,20,22,32,36 and Na4Ti5O12.

37 However, the

challenge is to extend the reversible capacity over more cycles
which may be achieved by electrolytes resulting in a more stable
SEI. DFT predicts that the voltage region around 0.8 V vs Na/
Na+ corresponds to the intercalation of the sodium ions at the
2d sites in the tunnel and that only two sodium ions are able to
intercalate in the structure of Na2Ti6O13 above 0 V vs Na/Na+.
Further Na addition is suggested to react at the surface of
Na2Ti6O13 and to be potentially responsible for the observed
loss in crystallinity and/or decrease in particle size.
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