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Hollow and hierarchical Na2Li2Ti6O14 microspheres
with high electrochemical performance as anode
material for lithium-ion battery
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ABSTRACT  Relying on a solvent thermal method, spherical
Na2Li2Ti6O14 was synthesized. All samples prepared by this
method are hollow and hierarchical structures with the size
of about 2–3    μm, which are assembled by many primary
nanoparticles (~300    nm). Particle morphology analysis
shows that with the increase of temperature, the porosity
increases and the hollow structure becomes more obvious.
Na2Li2Ti6O14 obtained at 800°C exhibits the best electro-
chemical performance among all samples. Charge-discharge
results show that Na2Li2Ti6O14 prepared at 800°C can delivers
a reversible capacity of 220.1, 181.7, 161.6, 144.2, 118.1 and
97.2 mA h g−1 at 50, 140, 280, 560, 1400, 2800 mA g−1. How-
ever, Na2Li2Ti6O14-bulk only delivers a reversible capacity of
187, 125.3, 108.3, 88.7, 69.2 and 54.8 mA h g−1 at the same
current densities. The high electrochemical performances of
the as-prepared materials can be attributed to the distinctive
hollow and hierarchical spheres, which could effectively
reduce the diffusion distance of Li ions, increase the con-
tact area between electrodes and electrolyte, and buffer the
volume changes during Li ion intercalation/deintercalation
processes.

Keywords:  Na2Li2Ti6O14, hollow structure, anode material, elec-
trochemical performance, lithium ion battery

INTRODUCTION
In the past two decades, lithium ion batteries (LIBs) have
beenwidely used as an important power source for portable
electronic products, electric vehicles, and large-scale grid
energy storage because of their high energy density, long
cycle life, and environmental benignity [1–4]. Although
carbon-based anodes were successfully applied in the first

generation LIBs in the very beginning, they have been re-
placed by other anode materials nowadays owning to their
limited capacity and efficiency, short cycling life, and safety
hazard [5]. A promising alternative is the Ti-based anode
materials. Spinel lithium titanium oxide (Li4Ti5O12) with a
flat plateau at about 1.55 V (vs. Li/Li+) is one of the most
popular anode materials for Li-ion batteries [6], and it can
be discharged down to 0 V (vs. Li/Li+) without causing any
structural degradations (zero-strain insertionmaterial) [7].
Similarly, mixed alkali titanium oxides, MxLi2Ti6O14 (M =
Ba, Sr, Na2), were also proposed recently [8–10]. By in-
troducing alkali derivatives into titanium dioxides, the po-
tential of the anode materials can be lowered [11]. It was
reported that the potential of SrLi2Ti6O14 with respect to
lithiummetal electrode is 1.35 V [12] , whereas the value for
Na2Li2Ti6O14 (NLTO) is about 1.28 V [13]. For a full-bat-
tery, the lower potential of an anode means a larger open
cell voltage (OCV) and is thus helpful for the increase of
mass energy density and volume energy density. The ex-
cellent thermodynamic stabilities of titanates also lead to
a good reversibility and cycling stability for the materials,
which is crucial for LIB applications.

However, the oxidation state of titanium (Ti4+) in TiO2

and Li4Ti5O12 will cause the separation of the valence and
conduction bands, giving rise to large band gaps [14–17]. It
was also reported that MxLi2Ti6O14anode materials do have
poor electronic conductivities and low lithium-ion diffu-
sion coefficients. This intrinsic flaw in titanates will result
in poor rate capability. To solve this problem, strategies
including carbon coating [18], metal ions doping [19–21],
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and conducting layer coating [22,23] were applied. Al-
ternatively, the structural changes and the morphology of
the electrode materials can also significantly affect their
electrochemical properties [24,25]. It was demonstrated
that the void space in hollow micro-particles can provide
additional sites for lithium storage and is beneficial for the
improvement of the reversible capacity [26]. The surface
area of the hollow micro-particles is usually much larger
than that of solid materials, leading to a much better con-
tact and infiltration between the electrode and electrolyte
[27]. Therefore, lithium diffusion between the electrode
and electrolyte would be much easier, and the interfacial
impedance and rate capability are thus expected to be
improved [28,29]. Furthermore, thanks to the hollow
structures, the electrode materials are more tolerant to
the stresses and strains induced by repeated insertion
and extraction of lithium. The tolerance of the volume is
of great importance for the improvement of the cycling
performance [30].

Although previous investigations have suggested that the
hollow structures are rather helpful for improving the elec-
trochemical properties of the electrode materials, to the
best of our knowledge, the synthesis of Na2Li2Ti6O14 in the
literatures is still mainly based on the solid states reactions
at present [31,32] and the impact of the morphology on
the electrochemical performance of Na2Li2Ti6O14 is still un-
clear. And it is also known that commercial Li4Ti5O12 is
usually discharged to 1.0 V, and high safety can be achieved
at a cost of someperformance redundancy. However, to im-
prove simultaneously the electrochemical performance and
safety of the anode materials, especially at extremely low
potential condition, the questions and answers concerning
on whether the structural integrity of the NLTO materials
can be maintained, and whether they can exhibit satisfac-
tory electrochemical performance or not become scientifi-
cally important and deserve our further considerations.

With thesemotivations in mind, in this work, we demon-
strated that hollow and hierarchical Na2Li2Ti6O14 with
high electrochemical performances can be prepared, and
the electrochemical performance discharged to 0.0 V was
also evaluated. The same strategy can also be applied to
synthesize relevant doping materials, which opens a way
for the optimization of this anode material in the future.

EXPERIMENTAL SECTION

Preparation of the samples
Traditional solid-state synthesis method is difficult to
control the structures and morphologies of the electrode

material [20,31], which will lead to unsatisfactory electro-
chemical performance. To improve the electrochemical
properties, a solvothermal synthesis method was thus
introduced in the present investigation. First, 16 mmol
lithium acetate and 16 mmol sodium acetate were dis-
solved in 30 mL ethanol at room temperature under
vigorous stirring, and then equivalent molar tetrabutyl
titanate was added to the solution dropwise. After stirring
for 30 min, the homogenized solution was transferred
to a 100-mL Teflon-lined stainless steel autoclave, and
0.72 g NH4HCO3 was also added into the reactor, which
was then sealed and heated in an electric oven at 180°C
for 12 h. After being cooled down, the white product was
collected by centrifugation and washed with ethanol for
several times, followed by a drying procedure in an oven
at 70°C for 6 h. Because calcination temperature may have
an effect on the structure and morphology, heating was
performed at a range of 500–900°C for 10 h in air.

To identify the effect ofmorphology on the electrochemi-
cal properties, bulk Na2Li2Ti6O14 sample (NLTO-bulk) was
synthesized from a classic solid-state reaction as reported
in literature [31]. The annealing process was kept at 800°C
for 10 h in air. For convenience, hollow hierarchical micro-
spheres at different temperatures and bulk materials were
labeled as NLTO-500, NLTO-600, NLTO-700, NLTO-800,
NLTO-900 and NLTO-bulk, respectively.

Characterizations and performance tests
X-ray diffraction (XRD) patterns were obtained by using
Bruker D8. Scanning electron microscopy (SEM) micro-
graphswere taken by using aHitachi S-4800 instrument op-
erating at 15 kV. Transmission electron microscopy (TEM)
and high-resolution TEM (HRTEM) images of the samples
were recorded by a JEOL 2100 microscope with an acceler-
ating voltage of 200 kV.

The electrochemical performance of Na2Li2Ti6O14 was
tested in a half-cell, in which metal lithium was adopted
as a counter electrode. The working electrode materials
were composed of 80 wt.% Na2Li2Ti6O14 (160 mg), 10
wt.% carbon black (20 mg), and 10 wt.% polyinylidene
fluorides (PVDF) (20 mg). These materials were uniformly
mixed in N-methyl-2-pyrrolidinone (NMP), and then the
formed homogeneous slurry was applied to a copper-foil
current collector. The electrode was dried at 110°C in
a vacuum oven for 12 h to remove excess solvent, and
then pressed at 3 MPa. The mass loadings for NTLO-700,
NTLO-800 and NTLO-bulk electrodes were 0.93, 0.86
and 0.80 mg, respectively. Celgard 2400 films were used
as separators, and the electrolyte was a 1 mol L−1 LiPF6
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solution dissolved in a 1:1:1 (v/v/v) mixture of ethylene
carbonate (EC), diethyl carbonate (DEC), and dimethyl
carbonate (DMC). Battery assembly was carried out in a
recirculating Ar glove-box, where the moisture and oxygen
contents were below 1 ppm. Charge-discharge cycles of
the half-cells were evaluated between 0 and 3 V (vs. Li+/Li)
at room temperature by using a LAND CT2001A system
under different rates. Electrochemical impedance spec-
troscopy (EIS) was conducted by using a Princeton P4000
electrochemical workstation over a frequency range from
0.01 Hz to 100 kHz at a potentiostatic signal amplitude of
5 mV. Cyclic voltammetry (CV) test was carried out on
a CHI 1000C electrochemical workstation with a voltage
between 0 and 3 V at a scanning rate of 0.1 mV s−1.

RESULTS AND DISCUSSION
The XRD patterns of Na2Li2Ti6O14 obtained from 500 to
900°C are shown in Fig. 1. It can be clearly observed
that well-crystalline Na2Li2Ti6O14 is rather difficult to be
detected below 500°C. However, it was confirmed that the
main diffraction peaks of other samples calcined from
600 to 800°C were well matched with the standard powder
diffraction file (JCPDS card No. 52-0690) and the results
of previous reports [31,32].

Furthermore, no impurity such as TiO2 and Li4Ti5O12 can
be observed in the figure. It should be noticed that in com-
parison to the low temperature sample (600°C), the diffrac-
tion peaks of Na2Li2Ti6O14 obtained at 700 and 800°C (Fig.
1e, f) are much stronger and sharper, indicating significant
improvement of  the crystalline  degree.  With  continuous

Figure 1   XRD patterns of Na2Li2Ti6O14 power prepared at different tem-
peratures. (a) Standard PDF#52-0690, (b) NLTO-bulk, NLTO obtained at
(c) 500°C, (d) 600°C, (e) 700°C, (f) 800°C and (g) 900°C.

increase of temperature, an impure phase corresponding
to a C2/m symmetry (JCPDS card No. 53-0387) appears at
900°C. It can be further identified that this impure phase is
Na0.69Li0.4Ti3.73O8 (Na0.78Li1.20O2 deficiency). In comparison
to the samples obtained at the same temperature by a solid
state reaction [31], the size of our sample is much smaller,
making them more easily to be affected by the temperature.
As a result, the evaporation of Na2O and Li2O in NLTO-900
samples should be more severe, leading to the appearance
of impurities. The results show that higher calcination tem-
perature is not always beneficial to the structural integrity
of the samples.

To reveal the structural details, XRD Rietveld refinement
of the Na2Li2Ti6O14 samples obtained at different synthetic
conditions was performed and the results were shown in
Table 1 and Fig. 2. It was confirmed that Na and Li are
located at 8h and 8a sites, while Ti occupies 8f and 16m
sites (Fig. 2). Moreover, the refinement data indicate that
the lattice parameters of a, b and c for all samples are almost
identical. For example, the lattice parameters of NLTO-800
are a = 16.4906, b = 5.7434, and c = 11.2258 Å, in good
agreement with previous reports [20,21,31]. Because of the
nearly identical lattice constants, the effect of structural and
morphology changes on the electrochemical performance
can be identified.

The surfacemorphologies of Na2Li2Ti6O14 calcined at dif-
ferent temperatures are shown in Fig. 3. As can be seen
from the images, all samples prepared by the solvent ther-
mal method are spherical structures with a size of about
2–3 μm, which are assembled by many primary nanopar-
ticles (~300 nm). It can be clearly seen from Fig. 3a, b
that the sample calcined at 600°C is poorly crystalline, and
the contact among the nanoparticles is more compact. As
the temperature increases, the porosity increases and the
hollow structure becomes obvious. At 700 and 800°C, the
obtained samples possess uniform hollow structures. Fur-
thermore, our experiments also confirmed that the mate-
rials were unable to form any special morphology without
adding NH4HCO3 during the synthesis process, as shown
in Fig. S2 of the Supplementary information. Therefore,
the origin of the hollow structures can be attributed to the

Table 1 Lattice constants calculated from XRD Rietveld refinement for
different samples

NLTO-bulk NLTO-600 NLTO-700 NLTO-800

a (Å) 16.5024 16.4896 16.4736 16.4906

b (Å) 5.7516 5.7431 5.7383 5.7434

c (Å) 11.2309 11.2268 11.2172 11.2258

 May 2017 | Vol.60 No.5 429 
© Science China Press and Springer-Verlag Berlin Heidelberg 2017

SCIENCE CHINA Materials ARTICLES



Figure 2   Crystal structure of Na2Li2Ti6O14 compounds.

decomposition of ammonium bicarbonate during the syn-
thesis process, in which the generation of gases may act as a
soft template to induce the growth of the materials to form
specific morphologies. While the subsequence calcinations
at different temperature will affect the pore size and assem-
ble state of the nanoparticles, leading to different structures
and morphologies. It can be expected that the changes of
the morphologies will result in different electrochemical
performances.

TEM images for NLTO-800 sample are shown in Fig.
4. As can be seen from the figure, all the microspheres
are hollow structures with a diameter of about 2 μm. The
wall thickness of the microspheres assembled by a series of
nanoparticles is around 400 nm. This observation is con-
sistent with the SEM results. Because of the hollow struc-
tures and the primary nanoparticles, the diffusion kinetics
of lithium insertion/extraction of the as-prepared samples
should be significantly improved, leading to lower polariza-
tions and overpotentials. Furthermore, the HRTEM also
clearly shows that the lattice fringe distances of the sam-
ple (3.30 Å) corresponds to the fingerprint of {402} planes,
which is coincident with the XRD results and previous re-
ports [33].

Elemental distribution of the electrode materials is im-
portant and usually related to their electrochemical prop-
erties [34]. To visualize the distributions of Na, Ti and O el-
ements, energy-dispersive X-ray spectroscopy (EDS) map-
ping for NLTO-800 sample was performed. Fig. 5 shows
that Na, Ti and O elements are distributed evenly at the
whole region, and the atomic ratio of Na and Ti is cal-
culated to be 0.43, which is close to the stoichiometry of
Na2Li2Ti6O14.

Figure 3   SEM images of Na2Li2Ti6O14 powder prepared at different tem-
peratures. (a, b) 600°C, (c, d) 700°C, (e, f) 800°C, (g, h) 900°C and (i, j)
NLTO-bulk.

The CV curves of different samples obtained at a scan
rate of 0.1 mV s−1 between 0.0 and 3.0 V are shown in
Fig. 6. It was demonstrated that only one pair of re-
dox peaks corresponding to the extraction/insertion of
lithium from/into the lattice for each cycle appears. The
cathodic/anodic peaks are located at about 1.20/1.37,
1.17/1.39 and 1.18/1.35 V for NLTO-700, NLTO-800
and NLTO-bulk, respectively, which can be attributed
to the oxidation/reduction of Ti3+/Ti4+ couple [31,35] in
Na2Li2Ti6O14.   In  addition,   there  is   a  broad  peak  with
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Figure 4   HRTEM images of NLTO-800 sample.

Figure 5    (a, b) EDS images and mapping for (c) Na, (d) Ti, and (e) O elements in NLTO-800 sample.
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Figure 6   CVs for (a) NLTO-700, (b) NLTO-800 and (c) NLTO-bulk samples.

envelope feature at lower potentials after the second cy-
cles, revealing the formation of amorphous phasewhen dis-
charging down to 0.1 V. Similar electrochemical behavior
can be found in other Ti-based anodes, such as Li4Ti5O12

and Li5Cr7Ti6O25 [36,37]. Furthermore, a cross point be-
tween the cathodic and anodic scan was found for the first
cycle. The origin for this abnormality may be very com-
plex. Besides the formation of amorphous phase, the inad-
equate infiltration between the electrolyte and the electrode
or the activation of the electrodes may also reduce the cur-
rent densities of the cathodic scan at low potential, leading
to the observed crossover behavior.

Furthermore, the oxidation peak currents of the second
CVs are 0.112, 0.137 and 0.095 mA g−1 for NLTO-700,
NLTO-800 and NLTO-bulk, while the reduction peak
currents are 0.083, 0.107 and 0.079 mA g−1, respectively. It
was reported that increasing calcination temperature from
800 to 900°C would lead to a much lower peak current due
to the aggregation of the Na2Li2Ti6O14 particles [31]. How-
ever, our results show that the materials calcined at 700
and 900°C are neither well-crystalline nor a pure phase,
which in turn results in a relative poor electrochemical
performance. In comparison to the NLTO-bulk sample,
the peak current of NLTO-800 sample is nearly 1.5 times

as much as that of the NLTO-bulk one. As a result, the
obtained well-crystalline and hollow hierarchical structure
does exhibit a much improved electrochemical perfor-
mance and a much higher energy density. Furthermore,
because the CV curves of the subsequent two cycles are
very similar, lithium insertion/extraction to/from the
NLTO-800 sample is thus highly reversible.

Fig. 7 shows the charge/discharge profiles, cyclic perfor-
mances, andCoulombic efficiencies forNLTO-700, NLTO-
800 and NLTO-bulk samples at a constant current den-
sity of 50 mA g−1 between 0.0 and 3.0 V. The charge-dis-
charge potential profiles at 1st, 10th, 30th and 50th cycles for
NLTO-700, NLTO-800 and NLTO-bulk samples are pre-
sented and compared. The first charge-discharge specific
capacities are 171.9/324.9, 203.5/413.8 and 140/260.1 mA
h g−1 for NLTO-700, NLTO-800 and NLTO-bulk, respec-
tively. It shows that Na2Li2Ti6O14 calcined at 800°C has the
highest initial charge-discharge capacities. In addition, all
anodes show a high irreversible capacity loss, and this phe-
nomenon may be attributed mainly to the side reactions,
such as the formation of solid electrolyte interface (SEI),
lithium adsorption in the conductive additive carbon black,
and irreversible electrochemical decomposition of the elec-
trolyte  [38,39].  After 10 cycles,  the reversible charge cap-
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Figure 7   Charge-discharge curves at the 1st, 10th, 30th and 50th cycles for (a) NLTO-700, (b) NLTO-800, and (c) NLTO-bulk samples. (d) Cyclic perfor-
mance and Coulombic efficiency (at 50 mA g−1) for different samples.

acities are 154, 184.7 and 126.1 mA h g−1 for NLTO-700,
NLTO-800 and NLTO-bulk, respectively. Owing to
the highly reversible lithiation/delithiation behavior in
Na2Li2Ti6O14 structure, the capacity retention of these three
samples is higher than 90%. After 50 cycles, NLTO-800
sample still retains a very high reversible charge capacity
(172.3 mA h g−1). In contrast, only 150.6 and 111.4 mA
h g−1 can be delivered by NLTO-700 and NLTO-bulk, re-
spectively. Besides the specific capacity, NLTO-800 sample
also displays the highest Coulombic efficiency. According
to the XRD Rietveld refinement, Na2Li2Ti6O14 calcined at
800°C shows a larger lattice constant than those calcined
at 600 and 700°C. The expanded channels will facilitate
the diffusion of lithium ions within the materials, leading
to the improved electrochemical performance. The poor
cycling stability of NLTO-700 and NLTO-bulk with respect
to NLTO-800 is either related to the poor crystalline degree
or the absence of well-controlled morphology. It can be
concluded that the Na2Li2Ti6O14obtained at 800°C exhibits
the highest reversible capacity and a much slower capacity
fade, which is very crucial for the materials acting as anode
for lithium-ion battery applications.

Furthermore, it should be noted that the voltage plateau
of NLTO-800 will gradually disappear during cycling. Such
an electrochemical behavior can also be found in other

Ti-based anodes, and the study on Li4Ti5O12 at low voltage
range also confirms the gradual loss of the 1.5 V plateau
[40]. According to the CV curves, it can be identified
that for NLTO-800, there is a bigger and broader peak
with envelope feature at low potentials than NLTO-bulk
and NLTO-700. This indicates that NLTO-800 is more
inclined to generate amorphous phase when discharging
down to 0.0 V than NLTO-bulk and NLTO-700, which is
responsible for the gradual loss of the 1.3 V plateau for
NLTO-800.

The rate performances of the samples and the corre-
sponding charge-discharge curves are depicted in Fig.
8. The rate capabilities were recorded at different rates
ranging from 50 to 2800 mA g−1 for every 10 cycles. For a
large discharging rate, the charging rate is set to be 50 mA
g−1. It can be seen that only one voltage platform around
1.25 V is found in Fig. 8a–c, which is in accordance with
the feature redox peaks of the CV curves (Fig. 6). Even if
it was discharged down to the 0 V, all Na2Li2Ti6O14 samples
still maintain their high structural integrity and cyclic
reversibility. It can be found that NLTO-bulk can deliver a
reversible capacity of 187 (50 mA g−1), 125.3 (140 mA g−1),
108.3 (280 mA g−1), 88.7 (560 mA g−1), 69.2 (1400 mA g−1),
54.8 mA h g−1 (2800 mA g−1) at different rates. When the
structure and morphology are changed,  the reversible cap-
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Figure 8   Charge-discharge curves for (a) NLTO-700, (b) NLTO-800 and (c) NLTO-bulk samples and (d) rate capabilities for NLTO-700, NLTO-800
and NLTO-bulk.

acity will be affected as well. For NLTO-700, the reversible
capacity was enhanced at any charge-discharge rates and
the values are 217.1 (50 mA g−1), 159.1 (140 mA g−1), 140.1
(280 mA g−1), 119.4 (560 mA g−1), 92.2 (1400 mA g−1) and
67.4 mA h g−1 (2800 mA g−1). Such an enhancement of the
electrochemical performance is related to the hollow and
hierarchicalmorphology, which is very helpful for reducing
the charge transfer resistance and for significantly increas-
ing ionic and electronic conductivity. For the material cal-
cined at 800°C, its reversible capacity and rate capability are
even much better because of the well-crystallization. After
a series of repeated cycles under different rates, when the
condition was reset to 50 mA g−1, the discharge capacities
of the NLTO-700, NLTO-800 and NLTO-bulk cathodes are
recovered to 175.3, 188.7 and 136.5 mA h g−1. The capac-
ity retention rates of the three samples are 80.7%, 85.7% and
72.9% of initial values, respectively. Although the discharge
capacities of all the three samples decrease with increasing
rates due to the polarization, it is no doubt that the rate ca-
pability of NLTO-800 is indeed much better than that of
NLTO-700 and NLTO-bulk.

To quantitatively determine the diffusion dynamics, the
EIS measurement was performed. The EIS patterns for
NLTO-700, NLTO-800 and NLTO-bulk samples are shown
in Fig. 9. The spectra contains a depressed semicircle in
the high frequency region, which is related to the charge
transfer resistance (Rct) for lithium ions reacting at the elec-
trolyte and electrode interface, and a straight line in the
low frequency region, which is correlated to the chemical
diffusion of lithium ions. Our numerical data suggest that
the charge transfer resistance for NLTO-800 is much lower
than those for NLTO-700 and NLTO-bulk. Small charge
transfer resistance is beneficial for the reversible extraction
and insertion of lithium ion during charge and discharge
processes, leading to a good cycling performance. Our re-
sults confirm that NLTO-800 has the highest electrochem-
ical performance during cycling.

Furthermore, relying on Fig. 9, the diffusion coefficient
of lithium ions (DLi) can also be calculated. The equation
for calculating DLi can be expressed as [41,42],

Z R R ,re ct s

1
2= + + (1)
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Figure 9    (a) Nyquist plot and (b) Zre as a function of ω−0.5 at low-frequency region for NLTO-700, NLTO-800 and NLTO-bulk samples.

D R T
A n F C

2 ,Li

2 2

2 4 4
Li
2 2= (2)

where R, T, A, n, F, CLi are the gas constant, the absolute
temperature, the surface area of the positive-electrode, the
number of electrons transferred in the half-reaction for the
redox couple, the Faraday constant, and the concentration
of lithium ion in solid, respectively, while σ denotes as the
Warburg factor. As reported, the relationship between the
real part of impedance (Zre) and σw is governed by Equation
(1) [43]. Zre as a function of the reciprocal root square of the
lower angular frequencies (ω−0.5) is displayed in Fig. 9b, and
the calculated data are summarized in Table 2.

It is clear that the NLTO-800 sample possesses the high
lithium ion diffusion coefficient (5.33×10−16 cm2 s−1), while
NLTO-700 and NLTO-bulk samples reveal a low lithium
ion diffusion coefficient (5.51×10−17 and 4.75×10−17 cm2 s−1).
The results again confirm thatNLTO-800 does have a better
diffusion kinetic with respect to other samples.

CONCLUSION
Hollow spherical Na2Li2Ti6O14 was successfully synthe-
sized by a solvent thermal process. The micro spherical
Na2Li2Ti6O14 samples have a much better electrochemical
performance than that of bulk one due to the favorable
hollow and hierarchal spheres composed of a series of
nanoparticles. Especially, Na2Li2Ti6O14 formed at 800°C
shows a lower charge-transfer resistance, a higher redox
activity, and a larger lithium ion diffusion coefficient than
the sample prepared at 700°C and the bulk one, which
results in the best electrochemical performance among
all samples. Na2Li2Ti6O14 formed at 800°C can deliver a
reversible capacity of 181.7 mA h g−1 at 140 mA g−1 and
97.2 mA h g−1 at 2800 mA g−1.  In  contrast,  the  reversible

Table 2 EIS for different Na2Li2Ti6O14 samples

Samples NLTO-700 NLTO-800 NLTO-bulk

σ (Ω s−0.5) 1,177.62 378.51 896.52

DLi (cm2 s−1) 5.51×10−17 5.33×10−16 3.21×10−17

capacity for Na2Li2Ti6O14 obtained at 700°C is only 159.1
mA h g−1 at 140 mA g−1 and 67.4 mA h g−1 at 2800 mA g−1.
These results indicate that the suitable preparation temper-
ature of Na2Li2Ti6O14 is 800°C by the solvent thermal reac-
tion route. The material is expected to be a promising an-
ode material for lithium ion batteries due to its good rate
performance and lower cost.
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具有中空分级结构的Na2Li2Ti6O14微球作为高性能锂离子电池负极材料
范姗姗1, 仲华1, 于海涛1, 娄明1, 谢颖1*, 朱彦荣2*

摘要   本文采用溶剂热法合成了球形Na2Li2Ti6O14材料. 所有溶剂热法制备得到的材料均具有中空的分级结构, 并且均由粒径约为300 nm
的初级粒子通过组装形成,微球的直径大约为2−3 μm. 粒子的形貌分析表明,随着合成温度的增加,孔隙率逐渐增加且中空结构更加明显.
在所有材料中, 800°C合成的Na2Li2Ti6O14具有最好的电化学性能. 充放电测试表明,在电流密度为50、140、280、560、1400、2800 mA g−1

时, 800°C合成的Na2Li2Ti6O14样品的可逆容量分别为220.1、181.7、161.6、144.2、118.1、97.2 mA h g−1. 但是在相同电流密度条件下,块状的
Na2Li2Ti6O14的可逆容量分别为187、125.3、108.3、88.7、69.2、54.8 mA h g−1. 中空分级结构微球可以有效地减小锂离子的扩散距离、增加
电极与电解液的接触面积、以及缓冲锂离子嵌脱过程中的体积变化,从而使其具有较高的电化学性能.
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