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In this work, Na2Ti3O7 is fabricated as lithium storagematerial via one-step solid state reaction.Worked as anode
material, Na2Ti3O7 delivers a stable electrochemical performancewith good lithium storage capability. Structural
analyses show that Na2Ti3O7 anode experiences slight volume change during electrochemical lithiation/
delithiation process. Moreover, the reversibility of structural evolution is further demonstrated by in-situ X-ray
diffraction technique. All these evidences prove the cycling stability of Na2Ti3O7 as lithium storage material. Be-
sides, the kinetic properties of the Li+ ion storage in Na2Ti3O7 are systematically investigated. The observed re-
sults reveal that Na2Ti3O7 delivers the lithium ions diffusion coefficient in the range of 10−14–10−12 cm2 s−1

during the discharge process and 10−15–10−12 cm2 s−1 during the recharge process. It suggests that Na2Ti3O7

has good lithiation/delithiation kinetics in rechargeable batteries.
© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

Energy is not only themost important basis of the progress of human
society, but also one of the basic driving forces of economic develop-
ment. However, the short of fossil energy arouses serious energy crisis
all over the world, which drives the material scientists to develop new
energy sources. As a novel energy storage and conversion system, re-
chargeable lithium-ion batteries have been widely used in electronic
equipments in the past twenty years. It becomes the main power of
the portable electronic devices due to its considerable energy density,
long cycle calendar life and low self-discharge [1–9]. Graphite is a tradi-
tional anode material for commercial lithium-ion batteries. However, it
suffers from safety issues due to low operating potential (0.1 V vs. Li+/
Li). Thus, alternative anode materials are developed to replace graphite.
Recent years, titanium-based oxides have been put forward to be the
distinguished substitutions because of their high working potential
and stability electrochemical property [10–12].

Among titanium-based oxides, Na2Ti3O7 has been used as a possible
anode material for rechargeable batteries since its ability to store sodi-
um was first found in 2011 [13]. Since the discovery of its electrochem-
ical activity in 2011, Na2Ti3O7 has attracted much attention because of
the great potential as anode material [14–16]. It is found that Na2Ti3O7

can store two moles of sodium ions per formula to form Na4Ti3O7 in
sodium-ion batteries [17]. However, Na2Ti3O7 suffers from poor electro-
chemical activity. Hence, various methods have been used to improve
its sodium storage ability. Recently, carbon-encapsulated Na2Ti3O7 par-
ticles have been testified successfully in increasing the electrochemical
property of the anode material [18]. Employing the spray-drying meth-
od, Li et al. prepared micro-spherical Na2Ti3O7 which has high sodium
storage capacity and stable cycle performance [19,20]. As well-known,
the alkali titanium, having the general formula of A2TinO2n + 1 (A= al-
kali metals; 2 ≤ n ≤ 9), can also show high Li+ ion conductivity and stor-
age capability. Preliminary investigation reveals that Na2Ti3O7 anode
material has high and flat working platform (about 1.6 V) in lithium-
ion batteries [21]. However, detailed electrochemical research and lith-
ium storage behaviors have not been reported.

In this article, well-crystallized Na2Ti3O7 is synthesized by a solid-
state method and its Li storage performance is evaluated. It is found
that Na2Ti3O7 has good structural stability as anode material for lithi-
um-ion batteries. No obvious structural changes can be observed from
the in-situ XRD observation. In addition, the lithium ions diffusion coef-
ficient in Na2Ti3O7 is also studied by cyclic voltammetry (CV) and elec-
trochemical impedance spectroscopy (EIS) methods. The observed data
show that Na2Ti3O7 has good electrochemical kinetics in lithium-ion
batteries.

2. Experimental

2.1. Synthesis of Na2Ti3O7

Na2Ti3O7 was synthesized by a traditional solid-state reactionmeth-
od. All the chemical reagents were analytical grade in the experiment.
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Fig. 1. XRD pattern of Na2Ti3O7 powder.
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TiO2 (Aladdin Chemical, 99.8%) and anhydrous Na2CO3 (Aladdin Chem-
ical, 99.0%)were used as startingmaterials. Then the precursor powders
were mixedwith ethanol and ground in the planetary ball mill for 12 h.
Fig. 2. (a, b) SEM and (c, d) TEM
The resultant specimen was transferred into a muffle furnace and heat-
treated at 800 °C for 10 h in air atmosphere. After cooling down to room
temperature naturally, the final product was formed.
images of Na2Ti3O7 powder.



Fig. 3. (a) The first three charge-discharge curves (100 mA g−1), (b) cyclic performance and Coulombic efficiency, (c) the initial three CVs, and (d) the rate performance for Na2Ti3O7.

Fig. 4. In-situ XRD patterns of Na2Ti3O7 electrode during the initial charge-discharge
process between 1.0 and 3.0 V. (a) The whole range, (b) range from 24 to 31°, (c) range
from 31 to 40°.
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2.2. Materials characterization

The phase purity and crystal structure of the obtained powderswere
characterized by powder X-ray diffraction using a BrukerD8 diffractom-
eter (Cu-Kα radiation, λ=1.5406 Å). The particle morphology was ob-
served by Hitachi SU70 scanning electron microscopy (SEM). Crystal
symmetry was in addition studied bymeans of JEOL JEM-2010 high res-
olution transmission electron microscope (HRTEM) and selected area
electron diffraction (SAED).

2.3. Electrochemical tests

For the electrochemical study, the working electrode was prepared
by pasting a homogeneous slurry containing 70 wt% Na2Ti3O7 active
material, 20wt% carbon black conductive additive, and 10wt% polyvinyl
fluoride binder dispersed in N-methyl-2-pyrrolidone (Mclean) on a Cu
foil and subsequently dried in vacuum oven at 80 °C for 12 h. Then,
the as-prepared film was cut into disks with a diameter of 15 mm. The
CR2032 typed coin cells were assembled in an argon-filled glove box
with the as-prepared film as the working electrode, Li metal foil as the
counter electrode, glass fiber as the separator and 1 mol L−1 LiPF6 dis-
solved in a mixture of ethylene carbonate and dimethyl carbonate
(1:1 in volume) as the electrolyte.

The charge-discharge properties of sample cells were measured at a
current density of 100 mA g−1 between 1.0 and 3.0 V by multichannel
LANHE battery test system at room temperature (25 °C). Cyclic volt-
ammetry (CV) was carried out between 1.0 and 3.0 V with a scan rate
of 0.1 mV s−1 by CHI 1000B electrochemical workstation at room tem-
perature. Electrochemical impedance spectroscopy (EIS) analysis was
carried out by CHI 660D electrochemical workstation with the frequen-
cy range of 10−2–105 Hz.

3. Results and discussion

Fig. 1 shows the refinement XRD pattern of the Na2Ti3O7 sample. It
can be found that the observed reflections arewell consistentwith stan-
dard Bragg positions of Na2Ti3O7 (JCPDS card No. 31-1329).



206 H. Zhu et al. / Journal of Electroanalytical Chemistry 788 (2017) 203–209
Furthermore, the refined cell parameters (a = 8.5634(3) Å, b =
3.7997(1) Å, c = 9.1260(3) Å, α = 90.000(0)° and β = 101.593(2)°)
are also obtained from XRD Rietveld refinement, suggesting the suc-
cessful formation of high purity Na2Ti3O7 via solid state reaction. In ad-
dition, Fig. 1 also displays the crystal structure of Na2Ti3O7, in which
each TiO6 octahedron exhibits a shared-vertex with other two edge-
shared octahedra in a crystallographic shear structure. This structural
characteristic belongs to a typical Wadsley-Roth class. Among TiO6

sheets, Na atoms distribute in two different crystallographic coordina-
tions. In the three-dimensional tunnels built from TiO6 octahedra,
there are lots of empty octahedral and tetrahedral sites available for
lithium ions insertion.

To explore the morphology of the prepared sample, SEM and TEM
analyses are carried out. Fig. 2a shows the surface morphology of the
Na2Ti3O7 powder, which consists of irregular particles with the average
size of 0.4–1.5 μm. With a close observation (Fig. 2b), it is known that
the surface of particles is decorated with small primary nanoparticles
in the size of 20–40 nm. Fig. 2c and d present the TEM and SEM images
of the as-prepared Na2Ti3O7 powder. Irregular particles with size of
300 nm in width and 1.0 μm in length are observed. Fig. 2d clearly
shows that the powder material has a lattice fringe of 3.475 Å, which
corresponds to the featured (011) reflection of Na2Ti3O7.

The charge-discharge curves and corresponding cycling property of
Na2Ti3O7 are shown in Fig. 3a–b. Here, Na2Ti3O7 presents the initial
three charge-discharge curves collected at a current density of
100 mA g−1 between 1.0 and 3.0 V (Fig. 3a). It can be clearly observed
that Na2Ti3O7 shows one pair of charge/discharge plateaus at 1.75/
1.50 V and one lithiation slope between 1.0 and 1.5 V.With a careful ob-
servation in Fig. 3b, it is known that Na2Ti3O7 delivers the initial charge-
Fig. 5. (a, b) TEM, (c) SAED and (d) HRTEM im
discharge capacities of 42.5/107.0 mAh g−1 with its first Columbic effi-
ciency of 41.9%. After 50 cycles, it can retain a charge capacity retention
of 68% owing to the reversible lithiation-delithiation behaviors in the
Na2Ti3O7 host structure. Fig. 3c presents the CVs of Na2Ti3O7 in the po-
tential range of 1.0–3.0 V. During the first scan, a sharp reduction peak
can be observed at 1.52 V, with a corresponding oxidation peak locating
at 1.79 V. Upon subsequent scans, the reduction peak shifts to higher
operating potentials. For comparison, almost no change can be detected
for the oxidation peak. It indicates that the redox polarization gradually
decreases with repeated cycles, which is beneficial to achieve good cal-
endar life. Fig. 3d shows the rate performance of Na2Ti3O7 sample re-
corded at different current densities. It delivers the average charge-
discharge capacities of 31.5/33.9, 26.2/27.5, and 21.7/23.0 mAh g−1 at
the current densities of 200, 300 and 400 mA g−1, respectively. It sug-
gests that lithium ions can transfer rapidly in the structure of Na2Ti3O7.

In order to study the structural evolution of Na2Ti3O7 material, in-
situ XRD measurements are taken in the potential range of 1.0–3.0 V
as displayed in Fig. 4. For the first XRD pattern, five featured peaks cen-
tered at 25.73°, 32.04°, 34.17°, 35.52° and 38.64° are the same as the fea-
tured planes of Na2Ti3O7 (JCPDS card No. 31-1329). With the gradual
insertion of lithium ions in the structure, the featured peak at 25.73°
shifts towards to lower angles. It is clear that this featured peak of
Na2Ti3O7 moves to 25.59° after a discharge process to 1.0 V. At the
same time, other featured peaks still maintain their Bragg positions dur-
ing lithiation process. Upon a recharge process to 3.0 V, all the reflec-
tions can return to the pristine positions. The transformation of
featured peaks in the initial cycle can also be demonstrated by the pat-
terns of relative intensity versus 2θ as shown in Fig. S1 (Supplementary
materials). All these phenomena suggest that Na2Ti3O7 sample has high
ages of Na2Ti3O7 after discharging to 0.0 V.
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structural stability and electrochemical reversibility during lithiation-
delithiation process.

The TEM, HRTEM and SAED images of Na2Ti3O7 electrode after a dis-
charge process to 0.0 V are shown in Fig. 5. In Fig. 5a and b, the particle
size of as-prepared Na2Ti3O7 is about 400–600 nm in width and 800–
1200 nm in length, surrounding with carbon black conductive additive
(about 30 nm). It can be found that the structure of Na2Ti3O7 particles
keep stably after a full lithiation process to 0.0 V. As shown in Fig. 5c,
the fringe spacing is 5.598Å for lithiatedNa2Ti3O7 in SAED image, corre-
sponding to the (101) featured reflection. Meanwhile, the d-spacing of
the (011) plane increases from 3.475 to 3.610 Å after full lithiation in
HRTEM images as displayed in Fig. 5d. It means that the insertion of
Li+ ions leads to a slight expansion of the lattice volume, which is in
consistent with the structural evolution of lithiated Li4Ti5O12 [22,23].
After a recharge process to 3.0 V, Na2Ti3O7 particles still maintain the
host structure as shown in Fig. 6a and b. At the same time, the fringe
spacings can be measured to be 5.524 and 3.501 Å in the SAED and
HRTEM images (Fig. 6c and d) after a recharge process to 3.0 V, respec-
tively. It shows that the d-spacings of the (101) and (011) planes almost
shrink to the pristine values after full delithiation. The results of these
structural transformations prove the high structural stability and elec-
trochemical reversibility of Na2Ti3O7 as lithium storage anode material.

To study the electrochemical kinetics of Na2Ti3O7 during lithiation/
delithiation process, Fig. 7a shows the cyclic voltammograms recorded
at the scan rates of 0.1, 0.2, 0.5 and 1.0 mV s−1 between 1.0 and 3.0 V.
It clearly shows a pair of separated redox peaks (1.56/1.81 V) at a scan
rate of 0.1 mV s−1. As the scan rate increases, the oxidation peak shifts
to higher potentials, while the reduction peak shifts to lower potentials.
At the same time, the redox peak current gradually increases. The rela-
tionship between peak current and the square root of scan rate is
displayed in Fig. 7b, which reveals a standard linear behavior for
Fig. 6. (a, b) TEM, (c) SAED and (d) HRTEM images
lithiation/delithiation process. It tells that lithium ions diffuse in the
Na2Ti3O7 electrodewith a linear semi-infinite behavior. Thus, its lithium
ions diffusion coefficient can be received by the following equation [24,
25]:

ip ¼ 2:69� 105
� �

n3=2AD1=2
Liþ

CLiþν
1=2 ð1Þ

Here, ip is thepeak current, n is the charge-transfer number for redox
reaction, A is the contact area of the electrode, CLi+ is the concentration
of lithium ions in the electrode, and ν is the scan rate (V s−1). As a result,
Na2Ti3O7 electrode presents the chemical diffusion coefficient of
1.278 × 10−12 cm2 s−1 at the discharge process and
1.095 × 10−12 cm2 s−1 at the recharge process, which is similar with
the values of Li4Ti5O12 [21].

As well-known, EIS is another effective technique to investigate the
chemical diffusion coefficient in the solid. Fig. 7c and d show the EIS
curves collected during lithiation/delithiation process, which are com-
posed of a depressed semicircle in the high frequency region and an in-
clined line in the low frequency region. The semicircle in the high
frequency region represents the charge-transfer process, while the
oblique line in the low frequency region reflects the lithium ions diffu-
sion process in the structure of Na2Ti3O7. A corresponding equivalent
circuit in Fig. 7c is used to simulate the diffusion kinetics process of lith-
ium ion in Na2Ti3O7. Here, the lithium ions diffusion coefficient (DLi) of
Na2Ti3O7 could be roughly calculated according to the following equa-
tion [26–29]:

DLi ¼
R2T2

2A2n4 F4C2σ2
ð2Þ
of Na2Ti3O7 electrode after recharging to 3.0 V.



Fig. 7. (a, b) Cyclic voltammetry curves of the Na2Ti3O7 electrode at different scan rates of 0.1, 0.2, 0.5 and 1.0 mV s−1 between 1.0 and 3.0 V; (c, d) the Nyquist plots at different lithiated/
delithiated states (C: cathodic process, A: anodic process) for the Na2Ti3O7 electrode; (e, f) the plots of the real part of impedance (Z′) for discharge and charge process as a function of the
inverse square root of angular frequency (ω−0.5) at different lithiated/delithiated states in the Warburg region.
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where themeaning of R is the gas constant (8.314 J mol−1 K−1), T is the
absolute temperature (298 K), A is the surface area of the electrode
(1.77 cm2), n is the number of electrons transferred in the half-reaction
for the redox couple, F is the Faraday constant (96,500 Cmol−1), C is the
molar concentration of Li+, and σ is theWarburg factor, which has rela-
tionship with Z′ based on the following equation [26–29]:

Z0 ¼ Re þ Rct þ σω−1=2 ð3Þ

where Re is the resistance of electrolyte, Rct is the charge transfer resis-
tance and ω is the angular frequency. σ is obtained from the slope of Z′
vs. ω−1/2 plot as shown in Fig. 7e and f. According to the calculated re-
sults presented in Tables 1 and 2, it is obvious that Na2Ti3O7 delivers
the lithium ions diffusion coefficient in the range of 10−14–
10−13 cm2 s−1 during the discharge process and shows the value in
Table 1
The σ values and corresponding lithium diffusion coefficients at different lithiated states
during discharge process.

Lithiated state C1 C2 C3 C4 C5 C6 C7 C8

σ/Ω s−0.5 30.010 40.104 51.852 59.146 64.223 70.426 78.250 93.530
DLi × 10−14 cm2 s−1 65.97 36.94 22.10 16.98 14.40 11.98 9.702 6.791
the range of 10−15–10−13 cm2 s−1 during the recharge process. These
calculated data are close to the DLi values from CVs. It suggests that
Na2Ti3O7 has good electrochemical kinetics in lithium-ion batteries.

4. Conclusions

In summary, Na2Ti3O7 is prepared by a traditional solid state reac-
tion. Used as anodematerial, Na2Ti3O7 shows an initial discharge capac-
ity of 107.0mAhg−1, suggesting the possibility as lithiumhostmaterial.
After repeated cycles, Na2Ti3O7 can maintain good capacity retention,
suggesting its high structural stability. Furthermore, TEM, HRTEM and
SAED images also demonstrate its stable host structure with slight ex-
pansion/shrinkage of lattice volume during discharge/charge process.
Besides, in-situ XRD investigation reveals that Na2Ti3O7 has high elec-
trochemical and structural reversibility during lithiation/delithiation
Table 2
The σ values and corresponding lithium diffusion coefficients at different delithiated state
during charge process.

Delithiated state A1 A2 A3 A4 A5

σ/Ω s−0.5 75.582 74.055 146.769 499.444 360.813
DLi × 10−15 cm2 s−1 104.0 108.3 27.58 2.382 4.563
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process. It concludes that Na2Ti3O7 is structurally stable as electrode
material for rechargeable lithium-ion batteries.
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