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Abstract Li4Ti5O12/Cu2O composite was prepared by ball
milling Li4Ti5O12 and Cu2O with further heat treatment.
The structure and electrochemical performance of the
composite were investigated via X-ray diffraction, scan-
ning electron microscopy, energy-dispersive spectroscopy,
cyclic voltammetry, electrochemical impedance spec-
troscopy, and galvanostatic charge–discharge tests.
Li4Ti5O12/Cu2O composite exhibited much better rate capa-
bility and capacity performance than pristine Li4Ti5O12.
The discharge capacity of the composite at 2 C rate reached
up to 122.4 mAh g−1 after 300 cycles with capacity retention
of 91.3 %, which was significantly higher than that of the
pristine Li4Ti5O12 (89.6 mAh g−1). The improvement can be
ascribed to the Cu2O modification. In addition, Cu2O modifi-
cation plays an important role in reducing the total
resistance of the cell, which has been demonstrated by the
electrochemical impedance spectroscopy analysis.
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Introduction

Recently, Li-ion batteries (LIBs) have drawn significant atten-
tions as the dominating candidates for electric vehicles (EVs)
and hybrid electric vehicles (HEVs) with the potential to save

oil and to decrease exhaust emissions [1, 2]. Currently, gra-
phitic carbon is commonly used as anode materials in com-
mercial LIBs. However, it suffers from a rather high irrevers-
ible capacity during the initial cycles and serious safety prob-
lems during repeated charge–discharge cycling [3, 4]. Spinel
Li4Ti5O12 (LTO) has been considered as an alternative anode
material for LIBs because it can entirely eliminate potential
safety issues due to its high and flat Li insertion voltage at∼
1.55 V versus Li/Li+, which prevents the growth of lithium
dendrites and the decomposition of electrolyte as well as pro-
viding long cycle life and high reversibility [5, 6]. However,
stable titanium oxides, including LTO, exhibit an inherently
insulating property resulting from the presence of sole Ti4+,
which has a d0 electronic configuration, seriously hindering its
high rate performance [7]. Fortunately, satisfactory electro-
chemical performance of these materials can be achieved by
either preparing nanosized LTO materials to reduce the phys-
ical diffusion length of electrons and Li ions [8–11] or surface
modification and ion doping to enhance the Li-ion diffusion
and electronic conductivity [12–16].

Carbon-free coatings, classified from surface modification,
which enables superior rate performance, high tap density, and
surface stability, has been recognized as one of the most ef-
fective techniques. It has been reported that the initial dis-
charge capacity and cycling stability of Li4Ti5O12 were im-
proved by TiO2 modification, suggesting that the existence of
TiO2 could improve the rate capability of Li4Ti5O12 [17, 18].
The Li4Ti5O12 electrodes with ZrO2 coating exhibited
higher specific capacity, better cycling performance, and
rate capability than the pristine Li4Ti5O12 [19]. However,
to the best of our knowledge, there have been few reports
on the performance improvement of the Li4Ti5O12 by
Cu2O modification.

In this paper, using a facile solid-state method, a spinel
Li4Ti5O12/Cu2O composite was prepared and the effects of
Cu2O modification on the structure, morphology, and
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electrochemical performance of the Li4Ti5O12 anode were in-
tensively investigated.

Experimental

Preparation of pristine LTO and Li4Ti5O12/Cu2O composites

All of the reactants were analytical grade without further pu-
rification. Pristine LTO was prepared by solid-state reaction.
TiO2 anatase and LiOH·H2O (nLi/nTi=4.1:5 by mole) were
first mixed using a planetary high-energy ball milling machine
(QM-2SP2 (2 L); Zhengxian, China) for 2 h at the speed of
450 rpm in ethanol. The mass ratio of the ball and initial
material was 5:1, and the volume of ethanol was two times
of initial materials. The obtained binary precursor slurry was
dried at 110 °C. Then, the dried powder was calcinated at
800 °C with the heating rate of 3 °C min−1 and kept for 12 h
under air atmosphere.

To synthesize the Li4Ti5O12/Cu2O composite, Cu2O (AR)
and the prepared LTO powder were used as the raw materials.
Cu2O and LTOwere mixed in ethanol for 2 h by planetary ball
milling machine (QM-2SP2 (2 L)) to obtain a homogenously
dispersed suspension and then air-dried at 110 °C. After that,
the obtained mixture was calcinated in N2 atmosphere at
400 °C for 3 h and slowly cooled down. Besides, the pristine
LTO was also ball milled for comparison.

Material characterization

The crystal structure was characterized by X-ray diffraction
(XRD) measurement (Rigaku D/Max-RB using Cu Kα radia-
tion) at a scan rate of 4° min−1 with 2θ ranging from 10° to 80°
at room temperature. Scanning electronmicroscope (SEM, SU-
70; Japan) equipped with an energy-dispersive spectroscope
(EDS) was used to observe the morphology of the composite
and to analyze the composition and element distribution of
anode materials. The microstructures were investigated using
transmission electron microscopy (TEM) and high-resolution
TEM (HRTEM) on a JEOL 2100 F instrument.

Electrochemical test

Electrochemical performances were performed using CR2016
coin-type half-cell assembled in an argon-filled glove box
using a lithium metal as counter electrodes. The composite
electrodes were prepared by mixing the active materials, acet-
ylene black, and polyvinylidene fluoride (PVDF) binder in N-
methyl-2-pyrrolidine (NMP) solvent at a weight ratio of
80:10:10. The slurry was evenly spread onto copper foil and
dried at 100 °C in vacuum. Disks of 1.54 cm2 were punched
out of the foil, and the loading samples on each disk were kept
at a similar level, which was about 5.0 mg. The electrolyte

solution 1.0 M LiPF6 was mixed with ethylene carbonate
(EC), ethyl methyl carbonate (EMC), and dimethyl carbonate
(DMC) at a volume ratio of 1:1:1. The charge–discharge char-
acteristics of the cells were tested in the potential range of 1.0–
2.5 Von a CT2001A cell test instrument (Land Electronic Co.)
at room temperature. A CHI660C electrochemical worksta-
tion was used to measure the cyclic voltammetry (CV) curves
and electrochemical impedance spectroscopy (EIS). The CV
measurement was operated at 0.1 mV s−1 between 1.0 and
2.5 V, and the EIS analysis was performed at the amplitude
of 5 mVand at the frequency from 100 kHz to 0.1 Hz.

Results and discussion

The XRD patterns of the pristine and Cu2O-modified LTO
powders are presented in Fig. 1. All the diffraction peaks of
the LTO powders can be indexed as spinel lithium titanate

(cubic phase, space group Fd3m) in accordance with spinel
Li4Ti5O12 (JCPDS card no. 49-0207). Compared with LTO,
their location and relative intensities appear to be unchanged
after the Cu2O modification, indicating that the crystal struc-
ture of the LTO powders is retained after Cu2O modification.
No peaks related to Cu2O are obviously observed in the XRD
patterns of modified LTO with 1, 2, and 3 wt% of Cu2O,
largely attributed to their low modification amounts. On the
contrary, when the content of Cu2O increased to 6 wt%, the
Cu2O diffraction peaks were detected, suggesting that Cu2O
was located on the surface of LTO rather than doped in the
lattice of LTO. This is understandable since the Cu atoms are
not expected to enter the lattice of LTO when the synthesis
temperature is as low as 400 °C in our procedure.

Figure 2 presented the SEM images of the LTO powders
before and after Cu2O modification with varied amounts. It is
clearly observed from Fig. 2a that the surface of the pristine
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LTO particles is smooth and clean. In stark contrast, there are
many small particles located on the periphery of LTO after
being modified by Cu2O with varied content (Fig. 2b, c, e, f)

and the peak corresponding to Cu was detected through the
EDS spectrum (Fig. 2d), verifying that the small particles are
Cu2O. As shown in Fig. 3, the dot elemental mappings

Fig. 2 SEM images of the a
pristine; b 1 wt%, c 2 wt%, e
3 wt%, and f 6 wt% Cu2O-
modified Li4Ti5O12 powders; and
d EDS spectrum of 2 wt% Cu2O-
modified Li4Ti5O12 powders

Fig. 3 The dot mapping of Cu,
O, and Ti for LTO modified with
2 wt% Cu2O
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indicate the presence of Cu, Ti, and O elements in LTO mod-
ified with a 2 wt% Cu2O sample. Obviously, Cu is dispersed
uniformly in the sample as illuminated in Fig. 3b.

The detailed crystallographic structure of the samples was
further analyzed by TEM and HRTEM. It is clear that the
small particles are distributed around the bulks in Fig. 4a.
The HRTEM images of the small particles are shown in
Fig. 4b. Interlayer spacing of 0.21 nm was obtained, in good

agreement with the lattice spacing of the (1 0 0) planes of
Cu2O. In addition, the d111 spacing of 0.48 nm is well matched
with bulk spinel Li4Ti5O12.

The cycling behavior and first charge–discharge curves
of the samples between 1.0 and 2.5 V were displayed in
Fig. 5a, b, respectively. It was apparent that the capacity
performance and cycling stability of Cu2O-modified LTO
exceeded those of the pristine LTO. After 300 cycles, the

Fig. 4 TEM andHRTEM images
of the 2 wt% Cu2O–LTO material
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Fig. 5 aCycle performance of the pristine Li4Ti5O12 and Cu2O-modified
Li4Ti5O12 electrodes at 2 C rate (the first 3 cycles were at 0.5 C rate, the
4th to 6th cycles were at 1 C rate). b The first charge–discharge profiles of
the pristine Li4Ti5O12 and Cu2O-modified Li4Ti5O12 electrodes at 2 C

rate. c The first charge–discharge profiles of the pristine Li4Ti5O12 and
2 wt% Cu2O-modified Li4Ti5O12 electrodes at 1 C rate (the inset shows
the magnified region). d Comparison of the rate capabilities of Li4Ti5O12

and 2 wt% Cu2O-modified Li4Ti5O12 electrode
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capacity of the pristine LTO is only 89.6 mAh g−1, while the
capacity of LTO modified with 1, 2, 3, and 6 wt% Cu2O
were 116.5, 112.0, 122.4, and 104.7 mAh g−1, respectively.
The LTO modified with 2 wt% Cu2O showed the best per-
formance, which held 122.4 mAh g−1 after 300 cycles with
capacity retention of 91.3 %. The high specific capacity is
largely due to the contribution from Cu2O in the composite
which is considered as an anode material with high capacity
[20]. The excellent stability of the composite material could
be attributed to its enhanced electrical conductivity, which
would be proven later by the EIS results.

The first charge–discharge profiles of the pristine LTO and
2 wt% Cu2O-modified LTO at 1 C rate were shown in Fig. 5c.
Both electrodes present voltage plateau around 1.55 V, which
were the result of a two-phase reaction based on the redox
couple of Ti3+/Ti4+ during lithium-ion extraction and insertion
process [21, 22]. It has been found that the polarization between
the charge and discharge plateau was reduced from 90 mV for
the sample of the pristine LTO to 73 mV for the sample of
Li4Ti5O12/Cu2O, indicating that the kinetics of the pristine
LTO were indeed improved after modification with 2 wt%
Cu2O. For the pristine LTO, the slow electrode reaction resulted
in remarkable electrochemical polarization.

In addition, the rate capabilities of the pristine LTO and
2 wt% Cu2O-modified LTO were also tested at different rates
(Fig. 5d). As shown in Fig. 5d, the LTO/Cu2O electrode deliv-
ered a capacity of 169.4, 150.9, 141.9, 132.9, and 113.7 mAh
g−1 at 0.2, 0.5, 1, 2, and 5 C, respectively, while that of the LTO
electrode was of 164.3, 139.9, 119.3, 98.7, and 59.5 mAh g−1

at the same rate. LTO/Cu2O exhibited obviously improved
capacity especially at a high rate. For LTO/Cu2O, at the rate
of 5 C, 67.1 % (113.7 mAh g−1) of the discharge capacity at
0.2 C was reserved, while it was only 36.2 % (59.5 mAh g−1)
for pristine LTO. The significant improvement in the rate per-
formance of LTO/Cu2O arises from the Cu2O modification
that enhances the electrochemical activity of the composite.

To investigate the reason for the variation in their rate ca-
pabilities and capacity performances, the CVs for the pristine
and 2 wt% Cu2O-modified LTO sample were displayed in
Fig. 6a. The peaks in Fig. 6a were derived from the structure
transition from spinel to rock salt phase in the two samples. In
other words, Cu2O modification did not eliminate the phase
transition. The potential difference between cathodic and an-
odic peak for 2 wt% Cu2O-modified LTO (0.181 V) is smaller
than that for LTO (0.237 V). Compared with the pristine one,
the Cu2O-modified anode had decreased peak difference and
increased peak current. These results revealed that the Cu2O
modification not only reduced the polarization but also im-
proved the electrochemical activity of the anode.

The role of the Cu2O modification was further investigated
by the EIS analysis. Figure 6b showed the typical Nyquist plots
of the pristine and 2 wt% Cu2O-modified LTO electrode after
three charge–discharge cycles. Each plot included three parts.

The first semicircle at the high-frequency region was relying on
the resistance derived from Li+ migration through solid–elec-
trolyte interfacial (SEI) films (Rsf). It was found that the 2 wt%
Cu2O-modified anode had the relatively lower Rsf compared
with that of the pristine one. The possible reason was that the
interfacial structure of LTO had been changed after being mod-
ified with Cu2O, which may further influence the properties of
SEI layer, such as thickness and density [23]. The much more
obvious difference between the two samples laid in the second
semicircle in the medium-frequency region, which was
assigned to the charge transfer resistance at the surface layer–
anode particle interface (Rct). It has been reported that the cell
impedance was dominated by Rct from the electrode material
[24]. As shown in Fig. 6b, the semicircle diameters of LTO/C
were much smaller than that of the pristine LTO, indicating that
Cu2O modification plays an important role in reducing the Rct
of cell. The sloping line in the low-frequency range was attrib-
uted to the Warburg impedance, which was associated with Li+

diffusion in the bulk electrode materials.

Conclusions

Cu2O-modified Li4Ti5O12 composite was synthesized by using
a facile solid-state method. The crystalline structure of the
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Cu2O-modified Li4Ti5O12 anode shows no obvious change
compared with the bare material; however, significantly im-
proved electrochemical performance has been achieved. At 2
C rate, the 2 wt% Cu2O-modified Li4Ti5O12 composite deliv-
ered a discharge capacity of 122.4 mAh g−1 after 300 cycles.
The CV results revealed that Cu2O modification would not
eliminate the phase transition but improve the electrochemical
reversibility and activity of Li4Ti5O12. Besides, EIS analysis
showed that Cu2O modification played an important role in
reducing the impedance of the Li4Ti5O12/Cu2O composite.
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