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Abstract Li4Ti5O12−xClx (0≤x≤0.3) compounds were
synthesized successfully via high temperature solid-
state reaction. X-ray diffraction and scanning electron
microscopy were used to characterize their structure and
morphology. Cyclic voltammetry, electrochemical impedance
spectroscopy, and charge/discharge cycling performance tests
were used to characterize their electrochemical properties. The
results showed that the Li4Ti5O12−xClx (0≤x≤0.3) compounds
were well-crystallized pure spinel phase and that the grain
sizes of the samples were about 3–8 μm. The Li4Ti5O11.8Cl0.2
sample presented the best discharge capacity among all the
samples and showed better reversibility and higher cyclic

stability compared with pristine Li4Ti5O12. When the dis-
charge rate was 0.5 C, the Li4Ti5O11.8Cl0.2 sample presented
the superior discharge capacity of 148.7 mAh g−1, while that
of the pristine Li4Ti5O12 was 129.8 mAh g−1; when the
discharge rate was 2 C, the Li4Ti5O11.8Cl0.2 sample presented
the discharge capacity of 120.7 mAh g−1, while that of the
pristine Li4Ti5O12 was only 89.8 mAh g−1.

Keywords Li4Ti5O12-xClx . Anode materials . Solid-state
reaction . Lithium-ion batteries

Introduction

Spinel Li4Ti5O12 [1] is a promising anode material for
lithium-ion batteries. The excellent cycling performance
and long life of spinel Li4Ti5O12 make it a good candidate
as an anode electrode, especially for larger scale applica-
tions. Its potential is ascribed to its unique characteristics,
such as good structural stability with almost negligible
volume change in the charge/discharge process, so it is
regarded as a “zero strain” insertion material [2], which
may enable Li4Ti5O12 electrode to have excellent Li

+ insertion
and extraction reversibility. Moreover, it offers a discharge
platform around 1.55 V versus Li+/Li, above the reduction
potential of most organic electrolytes. Consequently,
passive films with high resistances from the reduction
of electrolytes at the solid electrolyte interphase can be
avoided on the Li4Ti5O12 surface [3]. This voltage is
also sufficiently high for avoiding the formation of
metallic lithium. However, Li4Ti5O12 exhibits poor elec-
tronic and lithium-ionic conductivities [4, 5], thereby
limiting its rate capability. Intensive research has partic-
ularly focused on improving the rate capacity and has
suggested numerous solutions.
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Among these projects, the doping strategy [6–8] is
considered to be an effective path to improve the electrochem-
ical performance of spinel Li4Ti5O12. Following this trend,
there are a large number of reports on doping various metal
cations (V5+, Mn4+, Fe3+, etc.) into Li or Ti sites [9–12].
However, very few studies have been focused on improving
the anode electrode rate capacity at high current density
through doping non-metal anions into O sites until now. In
2009, Qi et al. [13] reported that the introduction of Br into the
spinel structure could improve the rate capacity of Li4Ti5O12.
The interesting results derived from the anion doping stimu-
lated our research interest in investigating the effects of other
types of anion doping. To the best of our knowledge, up to
now, no Cl-doped anode materials (Li4Ti5O12−xClx) have been
reported. In this study, cubic spinel structure Li4Ti5O12−xClx
(0≤x≤0.3) compounds with excellent characteristics were
synthesized successfully for the first time by means of con-
ventional solid-state reaction. The structures, morphologies,
and electrochemical properties of these materials were also
investigated.

Experimental

Li4Ti5O12−xClx (x00, 0.1, 0.2, and 0.3) compounds were
prepared by conventional high temperature solid-state
reaction using LiOH·H2O (A.R., Tianjinshixin, China),
LiCl·H2O (A.R., Xi’anhuaxue, China), and anatase-type
TiO2 (A.R., Tianjinfuchen, China) in a Li/Ti molar ratio
of 4.35:5. Excess Li was provided to compensate for its
loss during the high temperature synthesis [4]. The
reagents were mixed by the dry method in an agate
mortar and ground with a pestle for 1 h to prepare the
four precursor powders of Li4Ti5O12−xClx (x00, 0.1, 0.2,
and 0.3). The mixed reactant mixtures were heated in a muffle
furnace at 800 °C for 12 h in air, followed by natural cooling
to room temperature. The synthesized samples were reground
before powder characterization and electrode preparation.
The stoichiometry of Li and Ti in the as-prepared samples
was confirmed by the inductively coupled plasma technique.
The results showed that the true molar ratio of Li to Ti was
4.17:5 in the samples.

The thermal decomposition behavior of the mixed pre-
cursors was examined by thermogravimetric analysis (TGA)
and differential thermal analysis (DTA) (TGA-DTA,
STA449C, NETZSCH, Germany) at a heating rate of
10 °Cmin−1. Powder X-ray diffraction (XRD, MXP18AHF,
MAC, Japan) using CuKα radiation (λ01.54056 Å) was used
to identify the phase composition and crystal lattice parame-
ters of the synthesized powders. The surface morphology of
the samples was observed using a scanning electron micros-
copy (SEM JEOL, JSM-6460A, Japan). Li4Ti5O12−xClx pow-
ders were thoroughly mixed with 5% polyvinylidene fluoride

and 10% acetylene black in N-methylpyrrolidone. The
obtained slurries were then brushed onto a copper foil sub-
strate and dried in a vacuum oven at 120 °C for 8 h, respec-
tively. Lithium foil was used as the counter electrode, and
Celgard 2400 microporous polyethylene membrane as the
separator. The electrolyte was a mixture of 1 M LiPF6 in
ethylene carbonate/diethyl carbonate (1:1 by volume). The
cells were assembled in an argon-filled glove box and were
left to age for at least 12 h before charge and discharge testing
at different current densities. The charge/discharge cycling
was performed on a battery test instrument (CT2001A,
LAND Battery Program-control Test System, China) over a
voltage range of 1.0–3.0 V at room temperature. Cyclic vol-
tammetry (CV) was carried out on a CHI600B electrochem-
ical workstation (CHI, 600B, CHENHUA, China) in the
potential range of 1.0–3.0 V at a scan rate of 0.1 mV s−1.
Electrochemical impedance spectroscopy (EIS) measure-
ments were performed using an impedance system (IM6ex,
Zahner Elektrik, Germany). The spectra were potentiostati-
cally measured by applying an ac voltage of 5 mV over the
frequency range from 0.01 Hz to 100 kHz.

Results and discussion

The TGA and DTA results of the mixed precursors of
Li4Ti5O12−xClx are similar, so the TGA and DTA results of
the mixed precursors of Li4Ti5O11.8Cl0.2 are shown as an
example in Fig. 1. The loss of weight in the temperature
range between 130 and 200 °C is due to the loss of crystal
water in the mixed precursors, which corresponds to an
endothermic peak on the DTA curve at 135 °C. The loss
of weight in the temperature range between 200 and 780 °C
is associated with the decomposition and combustion of the
constituents in the mixed precursors and also due to the
transformation of lithium titanium oxide, which corresponds
to an exothermic peak on the DTA curve at about 460 °C.
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Fig. 1 TGA-DTA curves of the precursor for Li4Ti5O11.8Cl0.2
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After 780 °C, virtually no loss of weight is found.
Li4Ti5O11.8Cl0.2 could be obtained by annealing at temper-
atures higher than 780 °C, so the annealing temperature was
chosen to be 800 °C.

The XRD patterns of the synthesized lithium titanate
oxide samples with and without Cl doping are shown in
Fig. 2. The diffraction peaks of Li4Ti5O12−xClx (x00, 0.1,
0.2, and 0.3) can be indexed as cubic spinel Li4Ti5O12. The
pure spinel Li4Ti5O12 samples were also synthesized suc-
cessfully by means of solid-state reaction, and there are no
other impurity peaks. Doping with Cl does not change the
structure of cubic spinel Li4Ti5O12, indicating that the syn-
thesized samples are in accordance with the spinel
Li4Ti5O12 standard in the Joint Committee on Powder
Diffraction Standards database (JCPDS no. 49-0207), so
that the dopant Cl has clearly entered the lattice structure
of Li4Ti5O12 without causing any changes in its structural
characteristics [13]. The XRD fitting results, which are
shown in Table 1, indicate that the cubic lattice parameter
increases with increasing Cl doping (from 0 to 0.3). The
lattice parameter linearly increases from 8.3973 Å for the
undoped Li4Ti5O12 to 8.4203 Å for Li4Ti5O11.9Cl0.1,
8.4441 Å for Li4Ti5O11.8Cl0.2, and 8.4632 Å for
Li4Ti5O11.7Cl0.3. The products doped with Cl ion have larg-
er lattice parameter, which is ascribed to the Cl ion substi-
tution for O ion. The ionic radius of the Cl ion (1.7 Å) is
larger than that of the O ion (1.4 Å), and Cl ion substitution
will lead to the reduction of part of the Ti4+ ion to larger Ti3+

ion as charge compensation, which results in the increase in
the samples' lattice parameter. The trend in the morphology
variation for different Li4Ti5O12−xClx compounds is similar,
so SEM images of Li4Ti5O12 and Li4Ti5O11.8Cl0.2 are pre-
sented as examples in Fig. 3. SEM observations of the
investigated samples indicated that Cl-doping did not
obviously change the particle size of pure Li4Ti5O12,

but agglomeration between particles was observed to a
certain extent in the undoped sample. All the samples
are in particle form, and the particle size is 3–8 μm.

Figure 4 displays discharge capacity versus cycle number
curves for Li4Ti5O12−xClx (x00, 0.1, 0.2, and 0.3) between
1.0 and 3.0 V at 0.5 C at room temperature. From Fig. 4, we
can see that the capacity of Li4Ti5O12−xClx (x00, 0.1, 0.2)
increases with increasing Cl doping. The Li4Ti5O11.9Cl0.1
and Li4Ti5O11.8Cl0.2 samples have larger discharge capacity
than the pure Li4Ti5O12 spinel. At the low discharge rate of
0.5 C, the Li4Ti5O11.8Cl0.2 sample presents the best dis-
charge capacity of 148.7 mAh g−1 (at the second cycle)
among all the samples, while the discharge capacity of the
pure Li4Ti5O12 is much lower (129.8 mAh g−1 at the third
cycle). The initial capacities of the samples are relatively
low because the electrode materials are not completely
invoked during the initial charge/discharge process. The
improvement in capacity for the doped samples could be
attributed to the Cl ion doped into the lattice of Li4Ti5O12.
The mode of action may be that the paths for insertion and
extraction of Li+ become broader as the lattice parameter
increases, as shown in Table 1, and insertion and extraction
of Li+ become easier compared with the pristine Li4Ti5O12

[14]. In the Li4Ti5O12 structure, 75% of Li+ are located at
tetrahedral 8 a sites, while 25% of the Li+ and the Ti4+ are
randomly distributed at octahedral 16d sites, while O2−

occupy the 32 e sites, and the 8 b, 48 f, and 16 c sites are
empty. During the lithiation process, 3 Li+ can be accom-
modated by one Li4Ti5O12 formula unit, which will make
spinel Li4Ti5O12 transform to rock-salt Li7Ti5O12. Li7Ti5O12

is a good electronic conductor because the average oxida-
tion state of Ti is +3.4 in this lithiated phase, meaning that
there is coexistence of Ti3+ (60%) and Ti4+ (40%) ions in the
lattice [15]. Cl− partially substitute for O2−, which will
increase the quantities of Ti3+ needed to compensate for
the deficit of negative charges caused by Cl-doping into
Li7Ti5O12, which will improve the ionic conductivity of
Li7Ti5O12. In addition, we can see clearly from Fig. 4 that
the discharge capacity of the Li4Ti5O11.7Cl0.3 sample is
obviously decreased compared with the Li4Ti5O11.8Cl0.2
sample, even lower than that of the pure Li4Ti5O12. The
results indicate that the Cl-doping in Li4Ti5O12 has an optimal
value. In this work, the optimum amount of Cl-dopingFig. 2 XRD patterns of Li4Ti5O12−xClx (x00, 0.1, 0.2, and 0.3)

Table 1 Variation in crystal lattice parameter for Li4Ti5O12−xClx (x00,
0.1, 0.2, and 0.3)

Sample Lattice parameter (Å) Errors (Å)

Li4Ti5O12 8.3973 0.0027

Li4Ti5O11.9Cl0.1 8.4203 0.0035

Li4Ti5O11.8Cl0.2 8.4441 0.0048

Li4Ti5O11.7Cl0.3 8.4632 0.0028
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is x00.2. Therefore, Li4Ti5O11.8Cl0.2 exhibits a relatively
high specific capacity and excellent cycling stability.

To compare the differences in the electrochemical prop-
erties between the Li4Ti5O12 and Li4Ti5O11.8Cl0.2 samples,
EIS of the two samples was conducted before cycling.
Figure 5 shows the electrochemical impedance spectra of
Li4Ti5O12 and Li4Ti5O11.8Cl0.2. The plots are similar to each
other in shape, with a semicircle appearing in the high
frequency domain and a straight line in the low frequency
region. The depressed semicircle in the moderate frequency
region is attributed to the charge transfer process [16, 17]. By
comparing the results, it can be seen that the semicircle for the
Li4Ti5O11.8Cl0.2 sample is smaller than that of the Li4Ti5O12

sample. The charge transfer resistance of the Li4Ti5O11.8Cl0.2
electrode is around 50 Ω cm−2, while that of Li4Ti5O12 elec-
trode is above 140 Ω cm−2. This indicates that the
Li4Ti5O11.8Cl0.2 sample has decreased charge transfer resis-
tance, which is not unexpected, as Cl− substitution for O2− in
Li4Ti5O12 will cause the generation of mixing valence of Ti3+/
Ti4+ as charge compensation, thereby enhance the electronic

conductivity of Li4Ti5O12 [4], which is in good agreement
with the electrochemical results of Fig. 4.

Cyclic voltammograms (CV curves) of the Li4Ti5O12 and
Li4Ti5O11.8Cl0.2 samples are shown in Fig. 6. The curves of
the two samples are almost the same, and they show one
cathodic peak located at 1.50 V, corresponding to the volt-
age plateau of the first discharge process [16]. This repre-
sents the process of Li+ insertion into spinel Li4Ti5O12. They
also show an anodic peak at 1.68 V (vs. Li), which corre-
sponds to the voltage plateau of the first charge process,
representing the Li+ extraction from the spinel Li4Ti5O12.
This is a typical behavior for a two-phase reaction during
Li+ extraction and insertion process [18]. It is obvious that
the pair of reversible redox peaks of the Li4Ti5O11.8Cl0.2
sample are enlarged and sharpened compared with those of
the pure Li4Ti5O12. This indicates that the dopant Cl does
not change the electrochemical reaction process of
Li4Ti5O12 in this voltage range but boosts the charge/dis-
charge specific capacity of Li4Ti5O12, which is consistent
with the discharge curves of Fig. 4.
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Fig. 4 Discharge capacity vs. cycle number curves of Li4Ti5O12−xClx
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Fig. 5 Electrochemical impedance spectra of Li4Ti5O12 and
Li4Ti5O11.8Cl0.2

Fig. 3 SEM images of the
Li4Ti5O12 and Li4Ti5O11.8Cl0.2
samples: a Li4Ti5O12; b
Li4Ti5O11.8Cl0.2
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Discharge tests at different current densities illustrate
more interesting results. Figure 7 shows the cycling per-
formances of Li4Ti5O12 and Li4Ti5O11.8Cl0.2 electrodes as a
function of cycle number at different current densities (1 and
2 C), respectively. As can be observed in Fig. 7, the initial
capacities of the two samples, whether at 1 or 2 C, are
relatively low because the electrode materials are not com-
pletely invoked during the initial charge/discharge process.
After the initial capacity, the Li4Ti5O11.8Cl0.2 sample shows
higher discharge capacity and better capacity retention with
further cycling than the Li4Ti5O12 sample. With increasing
current density, the samples still maintain excellent cycling
performance. However, the discharge capacity is slightly
higher at 1 C than at 2 C for both Li4Ti5O11.8Cl0.2 and
Li4Ti5O12. For the Li4Ti5O11.8Cl0.2 sample, the highest dis-
charge capacities are 133.3 and 120.3 mAh g−1, and the
discharge capacities are 122.5 and 102.2 mAh g−1 after 50

cycles at 1 and 2 C, respectively. For the Li4Ti5O12 sample,
the highest discharge capacities are 110.9 and 87.3 mAh g−1,
and the discharge capacities are 108.2 and 76.5 mAh g−1 after
50 cycles at 1 and 2 C, respectively. These results obtained
from Fig. 7 make it clear that doping with Cl can improve the
capacity and cyclic reversibility of Li4Ti5O12.

Although the electrochemical properties of Li4Ti5O11.8Cl0.2
are better than those of Li4Ti5O12, the capacity was not high
for any of these Li4Ti5O12−xClx (0≤x≤0.3) materials, which
may be ascribed to the following factors: Firstly, the ratio of Li
to Ti in thematerials is 4.17:5, not 4:5. During the intercalation
of Li+ into the Li4Ti5O12 structure, Li

+ begin to occupy 16 c
sites. Then, Li+ in the tetrahedral 8 a sites also migrate to 16 c
sites. Eventually, all 16 c sites are occupied by Li+.
Accordingly, the overall insertion capacity of Li4Ti5O12 is
limited by the number of free octahedral sites that can accom-
modate Li+. When the spinel host structure is in accordance
with [Li]8a[Li1/3Ti5/3]16d[O4]32e, it can accommodate maxi-
mum Li+ content without significant change in the lattice
constant. Consequently, this material shows good capacity. If
there are excessive Li+ in the raw material, a small amount of
Li+ may be intercalated into the spinel Li4Ti5O12 lattice during
the heat treatment, thus reducing the amount of intercalated
Li+ in the subsequent electrochemical reaction. This may
somewhat decrease the capacity of the Li4Ti5O12 material
[18]. Secondly, in the high temperature solid-state reaction,
the morphology of Li4Ti5O12 is very difficult to control, so the
morphology of Li4Ti5O12 is anomalous, and the particle size is
bigger than that obtained by liquid methods. It is very difficult
for the electrolyte to penetrate the lithium titanate oxide elec-
trode, thus affecting the electrochemical properties of the
Li4Ti5O12. Thirdly, the dry method using a mortar and pestle
was selected to mix the precursors, which could not confer
complete mixing of the Li- and Ti-precursors.

Conclusions

Cubic spinel Li4Ti5O12−xClx (0≤x≤0.3) samples were syn-
thesized successfully by conventional high-temperature
solid-state reaction. Cl-doping increases the specific capacity
significantly. The substitution of Cl− into O2− sites can
increase the amount of Ti3+/Ti4+ mixing as charge com-
pensation and thus not only decreases the charge trans-
fer resistance of Li4Ti5O12−xClx (0≤x≤0.3), but also
improves the lithium-ion diffusion. Both aspects have
a strong impact on the electrochemical properties of
Li4Ti5O12 electrode. However, there is an optimum
amount of Cl-doping. From the overall performance
point of view, the Li4Ti5O11.8Cl0.2 sample shows the
best discharge capacity under these experimental condi-
tions. The as-prepared Li4Ti5O11.8Cl0.2 product exhibits
capacity as high as 148.7 mAh g−1 at 0.5 C and
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maintains around 133.8 mAh g−1 after 50 cycles, which
makes Li4Ti5O11.8Cl0.2 a promising anode material for
lithium-ion batteries.
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