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A B S T R A C T

As a promising anode material, PbLi2Ti6O14 has attracted the attention of many researchers. In this work, a series
of PbLi2Ti6O14 are prepared by solid state method at five different calcination temperatures and used as anode
materials in lithium ion batteries. Through a series of tests, the results show that the phase purity, morphology
and electrochemical performance of PbLi2Ti6O14 can be seriously influenced by calcination temperature. When
the calcination temperature is 900 °C, the phase-pure PbLi2Ti6O14 can be obtained with relatively small particle
size, excellent cycle performance and outstanding lithium ion diffusion behavior. It provides an initial charge
capacity of 151.3mA h g−1 at 100mA g−1. After 100 cycles, it shows a reversible capacity of 142.0mA h g−1

with superior capacity retention of 93.85%. In contrast, PbLi2Ti6O14 formed at 800 °C displays an unsatisfactory
performance due to the presence of impurity, even though it has the smallest particle size and the largest lithium
ion diffusion coefficient among the five samples. The reversible capacity is only 82.6 mA h g−1 after 100 cycles
with capacity retention of 53.9%. In order to further study the lithium ion diffusion behavior of PbLi2Ti6O14, the
in-situ X-ray diffraction technique is also implemented. It is found that during the lithiation/delithiation process,
the stable framework can effectively inhibit the volume change and ensures the excellent electrochemical per-
formance of PbLi2Ti6O14.

1. Introduction

Excessive use of fossil fuels has accelerated the depletion of the
earth energy. As an energy storage and conversion devices, recharge-
able lithium ion batteries (LIBs) play a significant role in solving the
existing problems of energy depletion and environmental pollution.
Now, LIBs have been widely used in people's production and life [1,2].
The demand for outstanding LIBs in various portable electronic devices
continues to grow. However, most of the current LIBs use graphite, soft
carbon, hard carbon and other single intercalated lithium carbon ma-
terials as anode materials. These carbonaceous materials exhibit high
capacities but with poor rate performance. During the past few years,
numerous efforts have been made to develop new anode materials with
high capacity and super cycle stability to replace carbonaceous mate-
rials.

Recently, titanates occupy an important position among multi-
tudinous explored materials [3]. As a well-known anode material,
Li4Ti5O12 has obtained comprehensive attention due to its stable
structure and exceptional electrochemical performance [4,5]. Since a

new phase composed of Sr, Li and Ti was discovered from the SrO-TiO2-
LiBO2 system by Koseva in 1991 [6]. Various types of titanate materials
have been noted as the high voltage anode materials. The single crystal
of SrLi2Ti6O14 has been grown by the flux method and its structure was
determined in 2002 [7]. A novel family of isostructural titanates
MLi2Ti6O14 (M=Ba, Sr, Pb) was reported by Koseva, which can be one
of promising materials to replace graphitic anodes in LIBs [8]. Ac-
cording to the previous literature reported by Dambournet, the elec-
trochemical performance of SrLi2Ti6O14 is superior to those of Ba-
Li2Ti6O14 and Na2Li2Ti6O14 under the same conditions [9].

As a member of titanates family, PbLi2Ti6O14 also exhibits excellent
electrochemical performance. Li ever reported the electrochemical
performance of PbLi2Ti6O14 obtained from solid state preparation. It
suggests that PbLi2Ti6O14 can express remarkable cyclability and rate
performance. After 1000 cycles, PbLi2Ti6O14 only shows 12.5% capa-
city fading of the first cycle at 1000mA g−1 [10]. However, they did
not detail the impact of calcination temperature on the morphology and
electrochemical properties of PbLi2Ti6O14. Therefore, further in-
vestigation on the influence of calcination temperature for PbLi2Ti6O14
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still needs to be carried out. In this work, PbLi2Ti6O14 is synthesized by
the solid state methods at the various calcination temperatures ranged
from 800 to 1000 °C. In order to elucidate the morphology, electro-
chemical performance and lithium storage behavior, a series of mea-
surements are performed thoroughly. The optimum calcination tem-
perature of PbLi2Ti6O14 is finally determined.

2. Experimental

The schematic illustration of the formation of PbLi2Ti6O14 via solid
state reaction is illustrated in Fig. 1. The raw materials were Li2CO3

(Aladdin, 99.5%) (PbCO3)2·Pb(OH) (Aladdin, 99.5%) and TiO2

(Aladdin, 99.5%). They were mixed by ball milling in anhydrous
ethanol for 12 h and the molar ratio of Li/Pb/Ti was 2.02:1:6. After
that, the precursor was obtained. The precursor was dried in an oven at
80 °C and then calcined in a muffle furnace. The calcination was divided
into two steps. In the first step, the precursor was pre-calcined at 600 °C
for 4 h. In the second step, the powder obtained in the first step was
subsequently calcined at 800, 850, 900, 950 and 1000 °C for 15 h, re-
spectively. Finally, the target compounds were obtained. In the process
of calcination, an excess of 2% Li salt was added in order to compensate
for the loss of Li source under high temperature conditions. The
structures of five samples were identified on a Bruker D8 Focus X-ray
diffraction (XRD) instrument with Cu Kα radiation from 10° to 50° in a
sweep speed of 0.02° s−1. The surface morphologies of samples were
measured on a Hitachi S4800 scanning electron microscopy (SEM).

The electrochemical performances of the samples are evaluated in
Swagelok-type cells with lithium disk as the counter electrode and
Whatman glass fiber as separator. The working electrode was prepared
by mixing the active material, acetylene black as conductive agent, and
polyvinylidene fluoride as adhesive at a ratio of 8:1:1. Then, the
homogenous slurry was cast onto copper foil and subsequently dried in
a vacuum oven at 120 °C for 24 h. All the cells were assembled in a
glovebox filled with argon. The electrolyte was a mixture which was
obtained by 1M LiPF6 dissolved in EC-DMC (1:1, v/v, EC was ethylene

carbonate and DMC was methyl carbonate).
The charge/discharge cycles were tested on the Wuhan Land battery

test system with operating voltage range of 0.5–2.0 V. Cyclic voltam-
metry (CV) test was measured by CHI1000B electrochemical work-
station from 0.5 to 2.0 V at a scan rate of 0.1mV s−1. The electro-
chemical impedance spectroscopy experiment was carried out by
CHI660D electrochemical workstation. The working frequency range
was 10−2

–105 Hz.

3. Results and discussion

Fig. 2 demonstrates XRD patterns of samples which were

Fig. 1. Schematic illustration of the formation for PbLi2Ti6O14.

Fig. 2. XRD patterns of PbLi2Ti6O14 at different temperature. (a1) 800 °C, (a2) 850 °C, (a3)
900 °C, (a4) 950 °C, (a5) 1000 °C.
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synthesized at five different calcination temperatures. When calcination
temperatures are 800 and 850 °C, a trace amount of TiO2 can be ob-
served, suggesting that the solid-phase reaction does not go to

completion [11]. With the temperature increasing, impurity phases
such as TiO2 or Pb-containing compounds cannot find in the XRD
patterns of PbLi2Ti6O14. It suggests that PbLi2Ti6O14 can be formed
when the calcination temperature reaches 900 °C or above.

From the crystal structure of PbLi2Ti6O14 in Fig. 3, it is easy to
observe that the Ti-O octahedron is a skeleton structure of PbLi2Ti6O14

and supports the entire crystal [12]. The environment around Ti atom is
extremely complex. It occupies four different lattice locations. Li atom
is in the gap of the Ti-O octahedron, and the Li-O tetrahedron is formed
by the Li atom and the surrounding O atoms [13]. The Pb atom locates
between two consecutive Ti-O octahedrons and forms Pb-O 11-co-
ordinated polyhedron with the surrounding eleven O atoms. These
structures make PbLi2Ti6O14 have excellent lithium storage behavior.

Fig. 4 shows the SEM images of PbLi2Ti6O14 at different calcination
temperatures. The size of the particle becomes larger as the tempera-
ture increases. Fig. 4a-b displays the SEM images of PbLi2Ti6O14 which
is synthesized at 800 °C. The morphology of PbLi2Ti6O14 particles pre-
sents a size distribution ranged from 200 to 500 nm, which is the
smallest among these five samples. Similar phenomenon has found in
the previous literature [14]. When the calcination temperature goes up
to 850 °C as shown in Fig. 4c-d, the particle size of the sample is larger
than PbLi2Ti6O14 obtained at 800 °C. It is about 200–600 nm in size.
With a further increase of calcining temperature to 900 °C, the resulting

Fig. 3. Crystal structure of PbLi2Ti6O14.

Fig. 4. SEM of PbLi2Ti6O14 synthesized at different temperature. (a, b) 800 °C, (c, d) 850 °C, (e, f) 900 °C, (g) 950 °C, (h) 1000 °C.
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PbLi2Ti6O14 particles show smooth surfaces with uniform sizes of
400–600 nm (Fig. 4e-f). As the temperatures rise up to 950 and 1000 °C,
serious agglomeration can be observed in Fig. 4g-h. Meanwhile, the
particle size is larger than PbLi2Ti6O14 obtained at 900 °C. The results
obtained from SEM show that the particle size of PbLi2Ti6O14 can be
influenced by calcination temperature. This result will affect the elec-
trochemical properties of PbLi2Ti6O14.

Fig. 5 shows CV curves for PbLi2Ti6O14 yielded at various tem-
peratures over a voltage range from 0.5 to 2 V. In order to make the
experiment as accurate as possible, we ensure that the weight of the
active substance on each working electrode is the same before per-
forming the CV test [15,16]. No significant difference is found in the
five CV diagrams except the current of peaks. The redox peaks appear at
1.51/1.43, 1.45/1.39 and 1.33/1.23 V, corresponding to voltage plat-
forms of charge/discharge curves. From the first cycle of scan curve, a
strong reduction peak is found at 0.79 V due to the decomposition of
electrolyte. In Fig. 5a-b, a slight redox couple appears at 1.60/1.54 V,
which is found to be due to the redox reaction of residual TiO2 in the
sample. However, this redox couple does not appear in Fig. 5c-e, in-
dicating that there are no other phases formed in these samples [17].
This is consistent with the result obtained from XRD.

Fig. 6a-c depicts the 1st, 50th and 100th charge/discharge profiles
of the samples synthesized at various temperatures cycled at
100mA g−1. Upon the initial cycle, three obvious voltage platforms can
be found, matching well with the result obtained from CV curves. Si-
multaneously, the decomposition of electrolyte is also shown in the
initial charge/discharge profiles. In Fig. 6a-c, an additional charge
platform appears at 1.54 V in both of the charge/discharge profiles for
PbLi2Ti6O14 obtained at 800 and 850 °C. It proves the existence of TiO2

[18]. In addition, the capacities of PbLi2Ti6O14 obtained from 800° to
1000°C are 153.3, 147.1, 151.3, 152.9 and 146.7 mA h g−1, respec-
tively, during the first cycle. After 50 cycles, the reversible capacities
are 99.5, 135.5, 144.5, 129.8 and 123.3 mA h g−1, respectively. It can
be found that the sample obtained at 900 °C delivers the highest re-
versible capacity. After 100 cycles, the reversible capacities are 82.6,
130.0, 142.0, 121.8 and 86.6 mA h g−1, respectively. The capacity of
PbLi2Ti6O14 obtained at 900 °C is still the highest one with capacity
retention of 93.85%. The corresponding cyclic performances are shown
in Fig. 6d. It is found that the high calcination temperature, especially
for 1000 °C, results in the agglomeration of the PbLi2Ti6O14 particles to
form large particles, which affects the diffusion of lithium ions in the
lattice of PbLi2Ti6O14 and eventually have a bad effect on electro-
chemical properties [19–21]. All the results show that the best calci-
nation temperature for the preparation of PbLi2Ti6O14 is 900 °C. Fig. 6e
shows the rate performance of PbLi2Ti6O14 at current densities of
100–500mA g−1 for different calcination temperatures. The overall
trend is consistent with the result in Fig. 6d. It is worth mentioning that
the sample calcined at 900 °C also has the best rate performance among
five samples.

Fig. 7a-d shows the results obtained from the EIS measurement. All
the impedance curves are made by the flattened semicircle in the high
frequency region and the slash in the low frequency region. As shown in
Fig. 7a, The size of the semicircle represents the charge transfer re-
sistance of LIBs at the interface of the electrolyte and the active material
[22,23]. The slash represents a semi-infinite Warburg impedance pro-
cess. The equivalent circuit diagram in Fig. 7b can intuitively reflect the
internal impedance of the battery. Rs, Rct, CPE and W denote solution
resistance, charge transfer resistance, interface contact capacitance and

Fig. 5. Cyclic voltammograms of PbLi2Ti6O14 synthesized at different temperature. (a) 800 °C, (b) 850 °C, (c) 900 °C, (d) 950 °C, (e) 1000 °C.
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Warburg diffusion impedance, respectively. According to the fitting
results, the solution resistances of the five samples are 2.12, 2.25, 2.35,
3.02 and 3.32Ω, and the charge transfer resistances are 11.29, 16.8,
18.58, 20.50 and 24.48Ω, respectively. These results indicate that
PbLi2Ti6O14 calcined at 800 °C has the smallest resistance. This is at-
tributed to the fact that the diffusion of lithium ion in the spherical
particle is proportional to the particle size of the particle. The result
also shows that the smaller particle of PbLi2Ti6O14 has smaller internal
resistance and higher lithium ion diffusion coefficient [24]. In addition,
the lithium ion diffusion coefficient can be calculated by the following
equation:

=D
R T

A n F C σ2

2 2

2 4 4 2 2 (1)

In the above equation, σ, R, T, A, n, F and C are the Warburg factors,
the gas constant, the absolute temperature, the electrode surface area,
the number of electrons transferred in the half reaction, the Faraday
constant and the lithium ion molar concentration, respectively [25].
The relationship between Z′ and the Warburg parameter σ can be ex-
pressed as follows:

′ = + + −Z R R σωe ct
1/2 (2)

The relationship between Z′ and ω
−.5 is shown in Fig. 7c. The

Fig. 6. The (a) 1st, (b) 50th and (c) 100th charge/discharge curves. (d) Corresponding cycling performance of PbLi2Ti6O14 obtained at different temperature at a rate of 100mA h g−1. (e)
Rate performance at different current densities.
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calculated diffusion coefficients of lithium ions for the samples yielded
at 800, 850, 900, 950 and 1000 °C are 100.53×10–14, 60.78× 10–14,
16.76× 10–14, 5.25×10–14 and 5.04×10–14 cm2 s−1, respectively, as
shown in Fig. 7d. The PbLi2Ti6O14 obtained at 800 °C has the largest
lithium-ion diffusion coefficient due to its smallest particle size. At the
same times, the sample calcined at 900 °C has higher lithium ion dif-
fusion coefficient than the other two samples obtained at 950 and
1000 °C.

Base on the above analysis, it can be observed that calcination
temperature can affect the particle size, surface morphology, purity of
PbLi2Ti6O14 and thus affects the electrochemical performance. In ad-
dition, when the calcination temperature is 900 °C, PbLi2Ti6O14 shows
the best electrochemical performance among all the samples. Hence,
900 °C can be the most suitable calcination temperature for
PbLi2Ti6O14. Further study of the lithium ion insertion/extraction be-
haviors in PbLi2Ti6O14 is shown in Fig. 8. All the diffraction peaks
displaying the periodical changes during cycling illustrates that
PbLi2Ti6O14 has superior stability and excellent electrochemical rever-
sibility (Fig. 8a) [25]. Based on refined data, it is known that
PbLi2Ti6O14 experiences a maximum change of unit volume from
2138.6 to 2167.6 Å3 during the whole insertion/extraction process.
Fig. 8b-g elaborates the selected in-situ XRD patterns and intensity
evolutions of PbLi2Ti6O14. With a close observation, it is clear that the
diffraction peaks (220 and 312) at 19.3° and 23.6° reduce slowly with
the discharge process and the Bragg positions of these two peaks are
moving [10]. During the charge process, the relative intensities and the
Bragg position of these two peaks are back to the original state. Besides,
the peak (221) at 20.6° completely disappears during the discharge
process, while reappears at charge process. The intensity evolutions of

these diffraction peaks are also exhibited in Figs. 8c and 8f. The dif-
fraction peaks (132, 331 and 004) at 29.1°, 30.0° and 31.0° also ex-
perience a process from debility to enhancement during charge/dis-
charge process. The diffraction position of the peak (512) at 31.9° shifts
towards low angle during the discharge process and returns to its ori-
ginal position during the charge process. The diffraction peaks (204 and
240) at 33.0 and 34.0° merge into a new diffraction peak during the
discharge process. This peak appears at 32.9° at the end of discharge
and then divides into two original peaks during the charge process. All
these above results illustrate that PbLi2Ti6O14 has excellent structural
stability and reversibility.

4. Conclusions

To summarize, PbLi2Ti6O14 has been successfully synthesized by a
traditional high temperature solid state method at five different calci-
nation temperatures. Through a series of electrochemical tests and
physical characterizations, it has been confirmed that the calcination
temperature has great influence on the purity, morphology and elec-
trochemical performance of PbLi2Ti6O14. Meanwhile, the results in-
dicate that PbLi2Ti6O14 obtained at 900 °C expresses the best electro-
chemical properties among the five samples. It provides an initial
charge capacity of 151.3 mA h g−1 at 100mA g−1. And it shows a re-
versible capacity of 142.0 mA h g−1 after 100 cycles with superior ca-
pacity retention of 93.85%. In-situ XRD patterns indicate PbLi2Ti6O14

has excellent structural stability.

Fig. 7. (a) EIS curves of PbLi2Ti6O14 obtained at different temperature. (b) The fitted equivalent circuit. (c) The relationship between Z′ and ω
−0.5 in low frequency region. (d) Lithium

diffusion coefficient of PbLi2Ti6O14 obtained at different calcining temperature.
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