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Abstract Spinel Li4Ti5−xZrxO12/C (x=0, 0.05) were pre-
pared by a solution method. The structure and morphology
of the as-prepared samples were characterized by X-ray
diffraction, scanning electron microscopy, and transmis-
sion electron microscopy. The electrochemical perform-
ances including charge–discharge (0–2.5 V and
1–2.5 V), cyclic voltammetry, and ac impedance were
also investigated. The results revealed that the
Li4Ti4.95Zr0.05O12/C had a relatively smaller particle size
and more regular morphology than that of Li4Ti5O12/C.
Zr4+ doping enhanced the ability of lithium-ion diffusion
in the electrode. It delivered a discharge capacity
289.03 mAh g−1 after 50 cycles for the Zr4+-doped
Li4Ti5O12/C while it decreased to 264.03 mAh g−1 for
the Li4Ti5O12/C at the 0.2C discharge to 0 V. Zr4+ doping
did not change the electrochemical process, instead
enhanced the electronic conductivity and ionic conduc-
tivity. The reversible capacity and cycling performance
were effectively improved especially when it was
discharged to 0 V.
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Introduction

Recently, spinel lithium titanate has been regarded as a
very promising anode material for lithium secondary
batteries [1, 2]. The cycle performance of traditional
anode material, graphite, was generally poor and cost was
high, so it could not face the demand for the development
of hybrid vehicles. Compared with the currently used
graphite, Li4Ti5O12 had many advantages such as low
cost, zero-strain structural change in the charge–discharge
process [3, 4], and a stable operating voltage at approx-
imately 1.55 V vs. lithium.

However, low electronic and lithium ionic conductivity
were the main obstacles preventing Li4Ti5O12 to be put into
commercial use. Low conductivity would have effect on the
electrochemical properties. To improve the conductivity,
several effective ways have been proposed, including
synthesis of nanostructured Li4Ti5O12 [5–7]; substitution
of a small quality of Li+ or Ti4+ by supervalent metal ions
(K+ [8], Mg2+ [9], Zn2+ [10], Ni3+ [11], Al3+ [12], Cr3+

[13], Co3+ [14], Fe3+ [15], Mn3+ [16], Ga3+ [17], Zr4+ [18],
Mo4+ [19], V5+ [20], Ta5+ [21], F− [22], and Br− [23]);
synthesis of electronic conductor composites such as Cu
[24], Ag [25], and carbon [26–28], etc. Generally,
Li4Ti5O12 was synthesized by solid-state reaction [20],
sol–gel synthesis [29], hydrothermal synthesis [30], and so
on. But solid-state reaction methods not only needed high
temperature but also took a long time. Sol–gel synthesis
and hydrothermal synthesis were complex. So, these
methods were unsuitable for practical application. To
overcome these drawbacks, solution method has been
investigated to prepare Li4Ti5O12 in this work.

Li et al. [18] have prepared spinel Li4Ti5−xZrxO12 (x=
0, 0.05, 0.1, 0.2) by solid-state reaction; their charge–
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discharge of the cells were recorded in a potential range
between 1.0 and 3.0 V. As far as we know, no research
has been attempted to investigate the electrochemical
properties of Li4Ti5−xZrxO12/C (x=0, 0.05) discharged to
0 V. It was important to study the electrochemical
behaviors of anode materials at low voltage because
capacity of the anode materials at lower voltage can offer
a higher cell voltage and reversible capacity for lithium-
ion batteries.

In the present work, anode materials Li4Ti5−xZrxO12/C
(x=0, 0.05) were synthesized with an easy solution
method. In addition, low-cost LiOH·H2O was selected as
lithium source instead of expensive CH3COOLi or LiNO3,
and sucrose was adopted as carbon source. The electro-
chemical properties of the synthesized composite powders
were discussed in this work, and the emphasis of the
current investigation was to study the effect of Zr4+

substitution on the performance of high rate and cycle
stability.

Experimental

Material preparation

Li4Ti5−xZrxO12/C (x=0, 0.05) composites were prepared by
a solution method. LiOH·H2O, Zr(SO4)2·4H2O, Ti
(OC4H9)4, and sucrose were used as reactants. Stoichio-
metric amounts of LiOH·H2O and Zr(SO4)2·4H2O were
dissolved in distilled water to obtain solution A. Ti
(OC4H9)4 was dissolved in ethanol to obtain solution B.
After the solution A and the solution B were mixed,
adequate amount of sucrose was added into the solution.
The solution was heated and maintained at 80 °C under
vigorous stirring until the solvent evaporated. The product
was dried at 80 °C for 12 h and yielded white precursors.
The white precursors was calcined at 750 °C for 8 h in an
argon atmosphere and then cooled in the furnace to room
temperature.

Material characterization

The crystal structures of Li4Ti5−xZrxO12/C (x=0, 0.05) were
characterized by X-ray diffraction (XRD, Rigaku D/MAX-
RC) with Cu Kα radiation (λ=1.5405Å, 45.0 kV,
50.0 mA). Elemental compositions of these samples
(Ti, Zr) were determined by inductively coupled plasma
optical emission spectroscopy (ICP-OES) (Perkin-Elmer
optima 5300 DV). The content of carbon was determined
through instrument (Elementar Analysensysteme GmbH).
The morphology of particle was observed using a field
emission scanning electron microscope (Quanta 200F,
FEI) and a field emission transmission electron micro-

scope (Tecnai G2F30). The particle size distribution was
identified by laser particle size analyzer (OMEC LS900).
The electrochemical characterizations were measured by
charging and discharging over a voltage range of 0–2.5 V
at different rates. The C rate was calculated from the
weight and theoretical capacity of Li4Ti5O12. Cyclic
voltammetry measurements were performed using a
CHI604C electrochemical working station at a scanning
rate of 0.1 mV s−1. Ac impedance measurement was
carried out using a 5.0-mV ac voltage signal in the
100 KHz to 10 mHz frequency range in automatic sweep
mode from high to low frequency.

Preparation of lithium-ion batteries

The working electrodes were prepared by spreading the
anode slurry (80 wt.% of the active material, 10 wt.%
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Fig. 1 XRD patterns of a Li4Ti5O12/C and b Li4Ti4.95Zr0.05O12/C
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Fig. 2 Enlarged XRD patterns of (111) peaks of Li4Ti5O12/C and
Li4Ti4.95Zr0.05O12/C samples
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of polyvinylidene fluoride in N-methyl pyrrolidone, and
10 wt.% of carbon black) onto an copper foil followed by
drying in vacuum at 120 °C for 12 h. A typical electrode
disk contained 2.0–2.3 mg active material. The cells
(CR2025) were assembled in an argon-filled glove box
using lithium metal foil as the counter electrode. The
electrolyte was 1.0 mol dm−3 LiPF6 in a mixture of
ethylene carbonate and dimethyl carbonate (1:1, v/v).

Results and discussion

Crystalline structure analysis

From the ICP-OES results, the ratio of Zr to Ti of
Li4Ti4.95Zr0.05O12/C was 0.048:4.92. The XRD patterns of
the prepared products Li4Ti5O12/C and Li4Ti4.95Zr0.05O12/C
were shown in Fig. 1. All the diffraction peaks that could
be indexed as spinel structure (cubic phase, space group
Fd3m) were in accordance with JCPDS card no. 26-1198
without any impurity, indicating that the two kinds of
materials exhibited pure phase of Li4Ti5O12 with a spinel
structure. The sharp peaks in the patterns showed good
crystallinity of both electrode materials. The lattice param-

eters were calculated through the least square program
method from the diffraction data of Li4Ti5O12/C and
Li4Ti4.95Zr0.05O12/C and were found to be 8.3572 Å and
8.3588 Å, respectively. The increase of the unit cell volume
was because the ionic size of Zr4+ (0.080 nm) was bigger
than that of Ti4+ (0.068 nm) [28].

Close inspection on the XRD patterns revealed that the
peaks underwent a slight shift toward lower degrees with
the doping of Zr4+. For a clear observation, the peak
position variation of (111) plane was magnified and shown
in Fig. 2. It suggested that the zirconium ions were
successively substituted for titanium(16d) in the
Li4Ti5O12/C matrix structure. But no diffraction response
of the carbon in XRD patterns was observed due to
amorphous form and its low content. The result obtained
from the elementary determinator indicated that the amount
of carbon in the Li4Ti5O12/C and Li4Ti4.95Zr0.05O12/C
samples was about 2.4% and 2.3%, respectively.

Microstructure of the powders

Figure 3 showed the scanning electron microscopy (SEM)
images of Li4Ti5O12/C and Li4Ti4.95Zr0.05O12/C. Figure 3a
revealed that the particle of Li4Ti5O12/C was nonuniform
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and partly formed slightly agglomerate particle. However,
Fig. 3b showed that Li4Ti4.95Zr0.05O12/C had a uniform,
nearly ball structural morphology with narrow size distri-
bution. The small and uniform particle was good for contact
between active materials and electrolyte; it was conducive
to diffusion and transmission of lithium ions in the
electrode. The particle size distribution of the undoped
Li4Ti5O12/C and Li4Ti4.95Zr0.05O12/C powers was depicted
in Fig. 4. As shown in this figure, the average particle size
of the Li4Ti5O12/C and Li4Ti4.95Zr0.05O12/C powers was
0.98 and 0.67 μm, respectively. The result was in good
agreement with the result of the SEM of the samples. It was
evident that the Zr doping significantly decreased the
particle size and degree of agglomeration of the product.
In order to check carbon adhesion on the surface of
Li4Ti5O12/Li4Ti4.95Zr0.05O12 or dispersed in the powders,
transmission electron microscopy (TEM) images were
taken and were shown in Fig. 5. There were uniform
carbon layers coating on the surface of Li4Ti5O12/
Li4Ti4.95Zr0.05O12 particles.

Electrochemical performance

To investigate the effect of dopant Zr on the electro-
chemical performance of the materials, Li4Ti5O12/C and

Li4Ti4.95Zr0.05O12/C were prepared anode materials of
coin-type cells and the charge–discharge tests were
studied. The charge–discharge curves were shown in
Fig. 6, and the cycling performance was plotted in
Fig. 7.

The rate of charge–discharge is 0.2C, and the potential
range was from 0 to 2.5 Vand 1 to 2.5 V vs. Li. It was evident
that Li4Ti4.95Zr0.05O12/C had a higher capacity than
Li4Ti5O12/C at different discharge potential range. The
capacity reached 373.44 mAh g−1 for the Li4Ti4.95Zr0.05O12/
C discharge to 0 V, exceeding their theoretical capacities of
293 mAh g−1 [31].

These may be contributed from the intercalation and de-
intercalation of lithium-ion in this low voltage range and
the side reactions such as solid electrolyte interface layer
formation on the surface of lithium titanate particles [19].
From the shape of the charge and discharge profiles, both
the pure and substituted Li4Ti5O12/C electrodes exhibited a
plateau, respectively. The average charge voltage was
around 1.57 V, while the discharge plateau was around
1.54 V. There was about 30 mV variance between the
charge and discharge plateau, which was different from the
observation of Ohuzuku [3] et al. It was probably caused by
the different synthesis processes or different polarization of
materials. In addition, Li4Ti4.95Zr0.05O12/C had a better
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cycling performance than that of Li4Ti5O12/C, which was
related of the Zr4+ doping. It might be concluded that Zr4+

ions could enter the Li4Ti5O12/C host structure which
restrained undesirable particle growth and agglomerations.
Although discharged to 0 V, the stability of materials was
not affected. It might be attributable to the Zr4+ ions; these
Zr4+ ions entering into the Li4Ti5O12/C host structure
stabilized the spinel structure by reducing the change of
the structural framework during cycling. The electronic
conductivity of the doped Li4Ti5O12/C was improved by
observing the preferable discharge capacity and cycling
performance. It has been reported that the electronic
conductivity of Li4Ti5O12/C can be increased when Zr ions
were successively substituted in the Li4Ti5O12/C host
structure [18]. The conductivities of Li4Ti5O12/C and
Li4Ti4.95Zr0.05O12/C powders were measured with the
four-electrode method. The conductivity of Li4Ti5O12/C
can reach 5.4×10−6 S cm−1, and Li4Ti4.95Zr0.05O12/C
showed the higher electronic conductivity, reaching to
2.9×10−5 S cm−1.All the results indicated that Zr4+

substitution has significantly improved the reversible
capacity and cycling performance of the Li4Ti5O12/C
material.

Figure 8 showed the cyclic stability and high rate
discharge ability of the samples Li4Ti5−xZrxO12/C (x=0,
0.05) at 0.2C, 0.5C, 1C, 2 c, and 5C discharged to 0 V.
The charge–discharge processes of the cell were taken for
ten cycles at 0.2C, 0.5C, 1C, 2C, and 5C respectively. The
discharge capacity of Li4Ti4.95Zr0.05O12/C was higher and
the cyclic performance was better than those of Li4Ti5O12/C.
The discharge capacity of 284.67 mAh g−1 was obtained
after tenth cycle at 0.2C, and the value was reduced to
263.20, 243.20, 229.36, and 212.61 mAh g−1 at the rate of
0.5C, 1C, 2C, and 5C, respectively. The cycleability of the
Li4Ti4.95Zr0.05O12/C at 5C rate was shown in Fig. 9. Even
after 200 cycles, the capacity retention was about
91.10% at the high rate of 5C. These phenomena
indicated that Zr doping enhanced its rate capacity and
cycle stability. It attributed to Zr doping sample having

smaller particle size and less particle agglomeration than
undoped Li4Ti5O12/C. The results showed that Ti ions
were successively substituted by Zr ion in the Li4Ti5O12/C
host structure. Smaller particle size and less particle
agglomeration could reduce the distance of lithium-ion
diffusion and augment the contact surface of electrode/
electrolyte, which improved the electronic conductivity of
the electrodes and lowered the electrode polarization at
high rate, resulting in good cycle stability and high rate
performance.

To better understand the electrochemical behaviors of
Li4Ti5−xZrxO12/C (x=0, 0.05), cyclic voltammetry was
tested, as given in Fig. 10. The voltage was scanned from
0 to 3 V and then back to 0 V at the rate of 0.1 mV s−1. The
figure clearly exhibited that two samples had similar two
pairs of redox peaks. It implied that Zr4+ doping did not
change the electrochemical reaction process of Li4Ti5O12/C
in the voltage range of 0–3 V. But their intensities of the
redox peaks were different. The intensities of the redox
peaks for Li4Ti4.95Zr0.05O12/C were much higher than that
of Li4Ti5O12/C, indicating the higher electrochemical
reactivity of Zr4+-substitution electrodes. Furthermore,
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the peak profiles of Li4Ti4.95Zr0.05O12/C were more
symmetric and sharp. Li4Ti4.95Zr0.05O12/C exhibited an
anodic peak at 1.696 V and a corresponding cathodic
response at 1.491 V, whereas that of Li4Ti5O12/C is
1.703 V and 1.423 V, respectively. The potential intervals
of Li4Ti4.95Zr0.05O12/C and Li4Ti5O12/C are 0.205 and
0.280 V reversibility. As for cyclic voltammetry, the
potential interval between anodic peak and cathodic peak
was an important parameter to value the electrochemical
reaction reversibility [32]. The sharp and symmetrical
peaks appeared at around 1.45 and 1.70 V could be
attributed to the redox of Ti4+/Ti3+. The reduction and
oxidation peaks below 0.6 V could be proposed to another
change of Ti4+ to Ti3+, which suggested a multi-step
restore of Ti4+ during the discharge potential down to 0 V
[9]. In addition, values of the CV peaks were listed in

Table 1. The potential differences between anodic and
cathodic peaks for Li4Ti5O12/C and Li4Ti4.95Zr0.05O12/C
were 280 and 205 mV, respectively, suggesting the lower
electrode polarization and higher lithium-ion diffusivity in
solid-state body of sample Li4Ti4.95Zr0.05O12/C. These
phenomena further confirmed that the doping of Zr4+ was
beneficial to the reversible intercalation and de-
intercalation of lithium ion in this synthesized anode
material.

In order to further research the resistance and the
electrochemical reaction properties of electrodes, we
applied the ac impedance technique to monitor changes
in electrolyte/LTO interface resistance at 0.2C rate upon
cycling. The open-circuit voltages were about 3.0 V
when the cells were in the initial state. Figure 11
showed the electrochemical impedance spectra of
Li4Ti5O12/C/Li and Zr4+-doped Li4Ti5O12/C/Li cells. The
impedance spectra of the cells showed a depressed semicircle
in the high middle frequency region and an oblique straight
line in the low frequency region. The high middle frequency
region of the semicircle represented the ohmic resistance of
the cell, and the semicircle in the high middle frequency
region was normally related to the complex reaction process
over the electrolyte/anode, which might also include the
particle contact resistance, charge-transfer resistance, and
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Table 1 Values of the CV peaks for Li4Ti5O12/C and Li4Ti4.95Zr0.05O12/C
samples

Samples 8pa (V) 8pc (V) Δ8p (mV)

Li4Ti5O12/C 1.703 1.423 280

Li4Ti4.95Zr0.05O12/C 1.696 1.491 205
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corresponding capacitances. The low frequency region of the
straight line was corresponding to the diffusion of the lithium
ions into the bulk of the anode material of the so-called
Warburg diffusion [33, 34].

To study the change in the ac impedance spectra of
Li4Ti5O12/C/Li and Zr4+-doped Li4Ti5O12/C/Li cells, we
employed equivalent circuits to analyze the impedance
spectra data, which were depicted in Fig. 11. In this fitted
equivalent circuit, Rs was the ohmic resistance of
electrolyte and electrode; Rct was the charge-transfer
resistance at the active material interface. Rf was the
polarization resistance related with surface charge/dis-
charge process and contacting resistance between anode
particles. Cdl was the constant phase-angle element,
attributed to double layer capacitance. Cf indicated the
surface capacitance. Zw represented the Warburg imped-
ance reflecting the solid-state diffusion of Li ions into the
bulk of the anode material. The plot of the real axis Zre vs.
the reciprocal square root of the lower angular frequencies
w−0.5 was illustrated in Fig. 12. From Fig. 12, we could
obtain the value of Warburg impedance coefficient (σw).
According to the following equations [35, 36]:

Zre ¼ Rs þ Rct þ sww
�0:5

D ¼ R2T 2

2A2n4F4C2s2

Where A is the area of the electrode surface, n the number
of electron transfer, and C the molar concentration of Li+

(moles per cubic centimeter), the lithium ion diffusion
coefficient D could be obtained. The parameters of the
equivalent circuit were shown in Table 2. From this table, it
was obvious that Rct was smaller for the Li4Ti4.95Zr0.05O12/
C than that for Li4Ti5O12/C electrode, which indicated that
Zr4+ substitution could enable the charge-transfer much
easier at the electrode/electrolyte interface and therefore
decrease the overall battery internal resistance. This should
be ascribed to the fact that the Zr-doped Li4Ti5O12/C
sample had smaller particle size and less particle agglom-
erations than the Li4Ti5O12/C sample without Zr doping. At
the same time, the value of Li chemical diffusion
coefficient inside Li4Ti4.95Zr0.05O12/C electrode was bigger
than inside Li4Ti5O12/C electrode. It suggested that Zr ions
had significant effect on the Li+ transportation inside the
electrode. So, the Zr4+-doped Li4Ti5O12/C had a higher
capacity and better cycling stability at different voltage
ranges.

Conclusions

Carbon-coated Li4Ti4.95Zr0.05O12 and Li4Ti5O12 were
successfully prepared by solution method. Both samples
had good crystallinity and high phase purity. Zr4+ doping
and carbon coating did not affect the spinel structure, and
the doped sample had a smaller particle size and more
regular morphological structure than those of Li4Ti5O12/C.
The electrochemical reaction process had not been changed by
Zr doping. The electrochemical performance of
Li4Ti4.95Zr0.05O12/C was evidently improved. The discharge
capacity reached 289.03 mAh g−1 after 50 cycles for the Zr4+-
doped Li4Ti5O12/C while it decreased to 264.03 mAh g−1 for
the Li4Ti5O12/C at the 0.2C discharge to 0 V, and the
discharge capacities were 212.6 and 97.07 mAh g−1 with C
rates of 5C, respectively. The capacity retention was about
91.10% at the high rate of 5C. It was clear that Zr4+-doping
sample enhanced the capacity retention and cycle stability
especially at high charge–discharge rates, meanwhile the
electrode of Li4Ti4.95Zr0.05O12/C had lower polarization and
higher lithium-ion diffusivity. The Zr4+ doping improved
surface reaction kinetics. It was beneficial to the reversible
intercalation and de-intercalation of Ti4+ by Zr4+ substitution.
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Sample Rs (Ω) Rf (Ω) Rct (Ω) σw(Ω cm2/s0.5) D(cm2/s)

Li4Ti5O12/C 7.26 49.68 71.94 60.02 3.97×10−12

Li4Ti4.95Zr0.05O12/C 4.75 28.79 58.29 23.98 2.49×10−11

Table 2 The impedance param-
eters of the Li4Ti5−xZrxO12/C (x=
0, 0.05) electrodes
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