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a  b  s  t  r  a  c  t

The  lithium  ion  batteries  using  Li4Ti5O12 as  the  anode  material  are  easily  being  inflated  during  charge
and  discharge,  which,  however,  does  not  occur  in  the batteries  using  graphite  as  the anode  material.
The  high  reduction  reactivity  of  electrolyte  on  the  Li4Ti5O12 material  may  be the  main  reason.  In this
work,  the  reduction  reactivities  of electrolyte  on  the  uncoated  and  carbon-coated  Li4Ti5O12 electrodes
are  compared  for  the  first time.  The  results  show  that  the  reduction  decomposition  of  electrolyte  does
occur  on  the  uncoated  Li4Ti5O12 electrode  at around  0.7  V,  while  it only  takes  place  at  the  first  cycle  on  the
carbon-coated  Li4Ti5O12 electrode.  The  carbon  coating  layers  cover  the  catalytic  active  sites  of  Li4Ti5O12
ithium titanate
arbon coating
eduction decomposition
lectrolyte
olid electrolyte interface film

particles  and  separate  the  Li4Ti5O12 particles  from  the  electrolyte.  A  successive  solid  electrolyte  interface
(SEI)  film  is  formed  on  the carbon  layer  during  the formation  process,  which  can  prevent  the  further
reduction  decomposition  of electrolyte  at around  0.7  V. The  impurity  phases  of  rutile and  anatase  TiO2

do  not  influence  the reduction  reactivity  of  electrolyte.  This  work  is  not  only  important  to  understand
the  reduction  decomposition  mechanism  of electrolyte  on the Li4Ti5O12 electrode,  but  also  provides  an
effective  solution  to  suppress  the  reduction  decomposition  of electrolyte  in  the  batteries.
. Introduction

The spinel Li4Ti5O12 material with a theoretical capacity
f 175 mAh  g−1 has excellent Li-ion intercalation/deintercalation
eversibility within the voltage range of 2.5–1.0 V. Li4Ti5O12
xhibits zero strain or volume change during charge and discharge
ycles and excellent safety performance [1–3]. Li4Ti5O12 also has a
ery flat voltage plateau at around 1.55 V (vs. Li/Li+), which is higher
han the reduction potential of most organic electrolytes [4–6].
i4Ti5O12 is therefore much safer and more stable than carbon-
ased materials. Li4Ti5O12 has demonstrated the potential as a good
andidate material for negative electrodes used in long life type
ithium-ion power batteries.

However, it is found by battery manufacturers that the lithium

on batteries using Li4Ti5O12 as anode material are easily being
nflated during charge/discharge, especially at high-temperature
ondition, where the reduction gases such as hydrocarbon gases

∗ Corresponding authors at: Key Laboratory of Thermal Management Engineering
nd Materials, Graduate School at Shenzhen, Tsinghua University, Shenzhen 518055,
hina. Tel.: +86 755 26036118; fax: +86 755 26036118.
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378-7753/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
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© 2011 Elsevier B.V. All rights reserved.

and CO are generated in the batteries. The same phenomenon
hardly takes place in the batteries using graphite as the anode mate-
rial. This has become a main obstacle for the use of Li4Ti5O12 as
anode material for the lithium ion power batteries. The inflation-
based expansion of batteries leads to bad contact of positive
and negative electrodes, which results in a significant increase
of battery resistance. Hence, the battery performance will soon
collapse. So far, extensive work has been done to improve the
electrochemical performance of Li4Ti5O12 material by preparing
nanoparticles [7–10], doping [11–16] and forming composites with
carbon and metal powder [14,17–22],  whereas the gas generation
of Li4Ti5O12 anode batteries has not been paid enough atten-
tions by researchers. The reason is that the researchers mainly
use the Li4Ti5O12/Li coin cells to characterize the performance of
Li4Ti5O12 materials within the voltage range of 2.5–1.0 V, which
do not show the inflation behavior. However, for the commer-
cial Li4Ti5O12 anode batteries, especially the liquid state soft pack
batteries, they are easily being inflated during cycling due to the
gas generation in the batteries. The high reduction reactivity of
electrolyte on the Li4Ti5O12 electrode may  be the main reason.

However, there are no reports about the studies on the reduction
reactivity of electrolyte on the Li4Ti5O12 electrode to understand
and prevent the gas generation of Li4Ti5O12 anode batteries up to
now.

dx.doi.org/10.1016/j.jpowsour.2011.11.037
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:qhyangcn@tju.edu.cn
mailto:fykang@mail.tsinghua.edu.cn
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Some researchers reported that Li4Ti5O12 can be discharged to a
ow voltage of 0 V, which can improve the specific capacity and rate
ischarge performance and does not influence the cycling perfor-
ance of the material [11,23–26].  The energy density of Li4Ti5O12

node batteries therefore increases when the Li4Ti5O12 anode is
ischarged to 0 V. It is well-known that most of the organic elec-
rolytes have high reduction reactivity on the anode within the
oltage range of 1–0.5 V, which can be reduced on the anode to form
he SEI film. Meanwhile, a large number of gases such as CH4, C2H4,
2H6, CO and CO2, which depend on the components of electrolyte,
re generated in this process [27,28]. Thus, the removal of gases is a
ecessary step after the formation of commercial batteries. The SEI
lm can also be formed when the Li4Ti5O12 electrode is discharged
o low potentials (below 1 V). Shu reported that the organic lithium
lkylcarbonates were the primary component of SEI film formed
uring the reduction process [29], which was similar to that of SEI
lm of carbon anode [28,30].  For the Li4Ti5O12 anode batteries, the
otential of Li4Ti5O12 anode may  decline to below 1 V due to the
olarization when the batteries are fully charged, especially with

 high charge current. The electrolyte can also be reduced on the
i4Ti5O12 anode during formation and cycling. Therefore, it is nec-
ssary and important to study the reduction reactivity of electrolyte
n the Li4Ti5O12 electrode below 1 V to understand and prevent the
as generation of Li4Ti5O12 anode batteries.

In our previous work [31], we prepared the Li4Ti5O12/C mate-
ials using amorphous TiO2 by solid state method and then
xtensively investigated the effects of carbon addition in the pre-
ursors of amorphous TiO2 and Li2CO3 on the rate and cycling
erformance of Li4Ti5O12/C within the voltage range of 2.5–1 V.

n this paper, we further investigated the reduction reactivity of
lectrolyte on uncoated and carbon-coated Li4Ti5O12 electrodes
nd analyzed the effects of carbon, SEI film and impurity phase on
he reduction reactivity of electrolyte for the first time. We  found
hat the electrolyte shows high reduction reactivity on the pure
i4Ti5O12 electrode, which is always reduced at around 0.7 V during
i4Ti5O12 cycling between 2.5 V and 0 V. Whereas, the electrolyte
s only reduced at the first cycle on the carbon-coated Li4Ti5O12
lectrode. Thus, carbon coating on the surface of Li4Ti5O12 parti-
les is an effective way to suppress the reduction decomposition of
lectrolyte on the Li4Ti5O12 electrode. We  also found the impurity
hase such as rutile and anatase TiO2 does not significantly influ-
nce the reduction reactivity of electrolyte. This work is of great
mportance to understand and solve the gas generation problem of
i4Ti5O12 anode batteries.

. Experimental

.1. Preparation of Li4Ti5O12 and Li4Ti5O12/C materials

The saturated solution of cetyltrimethylammonium bromide
CTAB) (Tianjin Guangfu, China) was prepared using the deionized
ater under continuous stirring for 2 h. Then, the butyl titanate

Ti(OC4H9)4) (Kermel, China) was added into the CTAB solution
nder ultrasound vibration, and then the stoichiometric ammonia
as added under ultrasound for 15 min  and continuous stirring for

 h. The solution of nano-amorphous TiO2 was filtrated and dried,
nd then the nano-amorphous TiO2 was obtained. The filtration
roducts of amorphous TiO2 could not be washed completely with
he deionized water, and some CTAB still existed in the amorphous
iO2 nanoparticles.

Li4Ti5O12 was synthesized using above prepared amorphous

iO2 and Li2CO3 by solid-state method. The precursors of amor-
hous TiO2 and Li2CO3 (Tianjin Guangfu, China) were mixed and the
olar ratio of Li:Ti was 4.2:5. The precursors were ground for 6 h by
et ball-milling in an acetone solution. The resulting stable gel was
ources 202 (2012) 253– 261

dried at 80 ◦C to form a mixed dry precursor. The dried powder pre-
cursor was  then calcinated at 800 ◦C for 12 h in air atmosphere using
Tubular furnace (Central furnace, China). The Li4Ti5O12/C compos-
ite materials were also prepared by a similar solid-state method
as mentioned above using a precursor mixture of amorphous TiO2,
Li2CO3 and glucose in argon atmosphere. The thermogravimetric
(TG) measurements for precursors of the amorphous TiO2, Li2CO3
and glucose at air and argon atmospheres were conducted with a
heating rate of 10 ◦C min−1 from room temperature to 800 ◦C by
using a Rigaku Thermo Plus TG8120 system (Rigaku Corp., Japan).

2.2. Sample structure and morphology characterization

X-ray diffraction (XRD) patterns of the Li4Ti5O12 and Li4Ti5O12/C
materials were obtained by a Rigaku D/max 2500/PC diffractome-
ter (Rigaku Corp., Japan) using Cu K� radiation in an angular range
of 10–90◦ (2�) with a 0.02◦ (2�) step. Raman spectroscopy was
performed with a Raman Spectrometer (Renishaw Invia Reflex,
Britain) with a 514 nm Ar-ion laser. Microstructure and morphol-
ogy of the prepared powders were observed with a field emission
scanning electron microscopy (FE-SEM, HITACH S4800, HITACH
Co., Japan) and transmission electron microscopy (TEM, JOEL JSM-
2100F, Japan).

2.3. Cell assembly and testing

2032-type coin cells were prepared to study the reduction reac-
tivity of electrolyte on the Li4Ti5O12 and Li4Ti5O12/C materials. The
cells used Li4Ti5O12 or Li4Ti5O12/C composite as cathode material,
lithium foil as anode, and polypropylene (Celgard 2500, Celgard
Inc., USA) as separator. The cathode consisted of 80 wt.% Li4Ti5O12/C
composite, 10 wt.% Super-P and 10 wt.% poly(vinylidene fluo-
ride) (PVDF). The active material loading of electrodes was about
7.5 mg  cm−2. 1 M LiPF6 in a 1:1 mixture of ethylene carbonate and
diethyl carbonate (1 M LiPF6/EC + DEC) (Dongguan Shanshan Tech,
China) was  used as the electrolyte. The cells were assembled in a
glove box (Mbraum, oxygen and moisture level less than 0.1 ppm)
filled with high purity argon gas.

The electrochemical working station of VMP3 (Bio Logic Science
Instruments, France) was used to measure the cyclic voltammo-
grams (CV) and electrochemical impedance spectra (EIS) of cells.
The CV test was  used to characterize the reduction reactivity of
electrolyte on the Li4Ti5O12 and Li4Ti5O12/C electrodes. The EIS test
was used to testify the SEI film formation. EIS of the coin cells were
measured at half state of charge using Li4Ti5O12 or Li4Ti5O12/C elec-
trodes as the working electrode and lithium electrode as both the
reference and counter electrodes. The impedance was  measured
by applying a 5 mV  of ac oscillation with the frequency ranging
from 100 kHz to 0.01 Hz. The CV of coin cells were performed
with Li4Ti5O12 or Li4Ti5O12/C electrodes as the working electrode,
lithium coil as both the reference and counter electrodes. A scan-
ning rate of 0.1 mV  s−1 was applied.

The coin cells before and after CV were transferred to a glove
box and then dissembled. The Li4Ti5O12 electrode was rinsed using
dimethyl carbonate (DMC) to remove the electrolyte from the elec-
trode surface. Then, Li4Ti5O12 electrode was  dried in the glove box
antechamber to remove the residual DMC. The surface morphology
of electrode was examined with a field emission scanning elec-
tron microscopy and the surface compositions of electrode were
analyzed using Fourier transform infrared spectroscopy (FT-IR)
spectrometer (Bruker VERTEX 70). The charge and discharge tests

of coin cells were performed using a Land 2001A cell test system
(Wuhan Land, China) at room temperature. The formation cur-
rent density of Li4Ti5O12 and Li4Ti5O12/C electrodes is 17.5 mA  g−1

(0.1 C).
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Fig. 1. TG curves of the precursors of amorphous TiO2 and Li2CO3 (a) and amorphous TiO2, Li2CO3 and glucose (b) in air and argon atmospheres; XRD patterns of Li4Ti5O12 (i)
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. Results and discussion

Fig. 1a shows the TG curves of precursors of amorphous TiO2
ontaining CTAB and Li2CO3 in air and argon atmospheres. It can be
een that the amount of residual carbon in the Li4Ti5O12 material
n argon atmosphere is about 1.67 wt.% due to the CTAB decom-
osition at argon atmosphere. Fig. 1b presents the TG curves of
recursors of amorphous TiO2 containing CTAB, Li2CO3 and glucose

n air and argon atmospheres. It can be observed that the carbon
ontent in the Li4Ti5O12/C composite material is 4.5 wt.%.

The XRD patterns of Li4Ti5O12 and Li4Ti5O12/C materials are
hown in Fig. 1c. It can be seen from Fig. 1c(i) that the XRD pattern of
i4Ti5O12 is in good agreement with JCPDS file (card No. 26-1198),
onfirming the formation of pure Li4Ti5O12 using the precursors
f amorphous TiO2 and Li2CO3 at air atmosphere. The diffraction
eaks can be indexed with the spinel structure of Li4Ti5O12 with
he space group Fd3m.  As shown in Fig. 1c(ii) and (iii), the crystal
tructure of the samples synthesized at argon atmosphere changes
ignificantly with the increase in the carbon content. The XRD
atterns of Li4Ti5O12 containing 1.67 wt.% carbon show obvious

mpurity phase peaks of rutile and anatase TiO2, whereas the XRD

atterns of Li4Ti5O12 containing 4.5 wt.% carbon do not contain the

mpurity phase peaks. This may  be due to that the use of glucose in
he synthesis of Li4Ti5O12/C would serve to enrich the oxygen con-
ent in the reactor and also to enhance the intermixing between
Raman spectra of Li4Ti5O12 prepared in air atmosphere and Li4Ti5O12/C composite

the precursors of TiO2 and Li2CO3. This suggests that the glucose
as carbon sources added in the precursors of amorphous TiO2 and
Li2CO3 plays an important role in controlling the impurity phases
of anatase and rutile TiO2. It also can be seen from the XRD patterns
of the Li4Ti5O12/C composite that no diffraction response of carbon
is observed.

In order to determine the state of carbon, the Raman spectrum of
samples is examined. Fig. 1d shows the Raman spectra of Li4Ti5O12
and Li4Ti5O12/C synthesized at air and argon atmospheres. Two
main bands are observed at around 1365 and 1594 cm−1 in the
Raman spectra of Li4Ti5O12/C, which are designated as the D band
and G band, respectively. The G-peak corresponds to graphite in-
plane vibrations with E2g symmetry, and the D-peak is generally
associated with a double-resonance effect [22,32]. The value ID/IG
(the peak intensity ratio) can be used to evaluate the degree of
disorder for the pyrolytic carbon. The low values for the ID/IG
parameter indicate a high degree of graphitization. The values of
the ID/IG for Li4Ti5O12/C containing 1.67 and 4.5 wt.% carbon are
respective 2.48 and 2.47, which suggest that the carbon is mainly
in amorphous state.

As shown in Fig. 2a, the specific capacity of Li4Ti5O12 electrode

discharged to 1 and 0 V is above 160 and 240 mAh  g−1, respec-
tively, and the material shows good reversibility. This indicates
that the Li4Ti5O12 material has good electrochemical perfor-
mance.



256 Y.-B. He et al. / Journal of Power Sources 202 (2012) 253– 261

0 20 40 60 80 10 0

0

10

20

30

40

Z w
R ct

R b
R sei

C PE 1 C P E 2

Z w
R ct

R b
R sei

C PE 1 C P E 2

 Experi mental  EIS

 Simu lation EIS

-Z
'' 

/ Ω

0 20 40 60 80 10 0

0

10

20

30

40

Z w
R ct

R b
R sei

C P E 1 C PE 2

Z w
R ct

R b
R sei

C P E 1 C PE 2

 Experi mental  EIS

 Simu lation EIS

-Z
'' 

/ Ω

(b)

0 30 60 90 120 150 180

1.0

1.5

2.0

2.5

Cyclin g from 2.5-1  V 

 1st  cycle

 2nd  cycle

 3rd  cycle

V
o

lt
a

g
e

 /
 V

Spec ific cap acity / mAh g-1

(a)

0 50 100 150 200 250

0

1

2

3
 1st  cycle

 2nd  cycle

 3rd  cycle

V
o

lt
a

g
e

 /
 V

Cyclin g from 2.5- 0 V 

2.52.01.51.00.50.0

-1

0

1

2

3

0.5 0.6 0.7 0.8 0.9 1.0
-0.3

-0.2

-0.1

0.0

0.1

0.2

C
u

rr
e

n
t 

/ 
m

A

Voltage  / V

 1st  cycle

 2nd  cyc le

 3rd cycle

 4th cycle

 5th cycle

C
u
rr

e
n
t 
/ 
m

A

Voltage / V

(c)

Z' / Ω

F
L

v
s
t
h
t
0
c
A
a

Table 1
Values of the Rb, Rsei and Rct obtained by simulating the data of Fig. 2b.

Resistance Rb (�) Rsei (�) Rct (�)
ig. 2. Charge and discharge curves of Li4Ti5O12 electrode (a), EIS and CV curves of
i4Ti5O12 electrode (b, c).

The EIS results of Li4Ti5O12/Li half cells after the formation in the
oltage ranges of 2.5–0 V and 2.5–1 V are plotted in Fig. 2b. It can be
een that the EIS of Li4Ti5O12 electrode after the formation from 2.5
o 1 V seems to be composed of only one depressed semicircle at
igh to middle frequency and a slope line at low frequency, whereas
he EIS of Li4Ti5O12 electrode after the formation between 2.5 and
 V is composed of two partially overlapped and depressed semicir-
les at high to middle frequency and a slope line at low frequency.
ll cells were cycled 3 times before the EIS measurement to ensure

 complete formation of Li4Ti5O12 electrode. As shown in Fig. 2b,
Formation 2.5–1 V 2.24 1.65 22.53
Formation 2.5–0 V 1.87 35.06 22.00

the EIS was simulated by Z-view software using same equivalent
circuit. It can be observed that the experimental and simulated EIS
are almost coincident, which indicates that the EIS of the Li4Ti5O12
electrode formation in the voltage ranges of 2.5–0 V and 2.5–1 V
all fit the equivalent circuit. According to the equivalent circuit,
the EIS of the depressed semicircle at high frequency is attributed
to the resistance (Rsei) and CPE1 of the solid electrolyte interface,
and the depressed semicircle at medium frequency is attributed
to the charge-transfer resistance (Rct) and CPE2. Instead of capac-
itance (Csei) of the solid electrolyte and double-layer capacitance
(Cdl), the constant phase elements of CPE1 and CPE2 are used to
take into account the roughness of the particle surface [33–36].  The
slope line at low frequency corresponds to the Warburg impedance
(Zw), which is related to the lithium ion diffusion within the parti-
cles. It can be obtained from the simulation results of Table 1 that
the Rsei of the Li4Ti5O12 electrode formation in the voltage range
of 2.5–0 V is 35.06 �,  which is much larger than that in the voltage
range of 2.5–1 V of 1.65 �.  This proves that a relatively thick SEI
film is formed on the Li4Ti5O12 electrode from 2.5 to 0 V, whereas
only a very thin SEI film can be formed on the Li4Ti5O12 electrode
formation between 2.5 and 1 V. Moreover, the Rct of Li4Ti5O12 elec-
trode formation from 2.5 to 1 V (22.53 �)  is much larger than the
Rsei (1.65 �),  thus, only one depressed semicircle at high to middle
frequency seems to be observed in the EIS of Li4Ti5O12 electrode
after the formation from 2.5 to 1 V. It also can be seen that the Rsei
of the Li4Ti5O12 electrode formation in the voltage range of 2.5–0 V
is even larger than the Rct (22.00 �), which indicates that the SEI
film formed on the Li4Ti5O12 electrode has a relatively larger resis-
tance as compared with that of the graphite anode [37]. Whereas,
the Rct for the Li4Ti5O12 electrode formation between 2.5 and 1 V
is 22.53 �,  which is similar with that of 22.00 � for the formation
in the voltage range of 2.5–0 V.

The CV profile of Li4Ti5O12 between 2.0 and 0 V is shown in
Fig. 2c. The cathodic and anodic peaks at respective 1.75 and 1.45 V
are attributed to the redox of Ti4+/Ti3+, and the reduction and oxi-
dation peaks below 0.6 V are caused by a multi step restore of Ti4+

[23,26]. It is interesting to note that an obvious irreversible peak
appears at around 0.7 V during reduction process. This is due to the
electroreductive formation of SEI film on the Li4Ti5O12. Gases are
also produced in the process of electrolyte reduction decomposi-
tion to form the SEI film. In this work, we used 1 M LiPF6/EC + DEC as
the electrolyte. Thus, the following reduction decomposition reac-
tions may  occur during the SEI film formation [27,28,38]:

EC : (CH2O)2CO + 2Li+ + 2e− → (CH2OLi) + CO(g) (1)

DEC : C2H5OCO2C2H5 + 2Li+ + 2e− → CH3CH2OLi  + CO(g) (2)

EC : (CH2O)2CO + 2Li+ + 2e− → Li2CO3 + C2H4(g) (3)

DEC : C2H5OCO2C2H5 + 2Li+ + 2e− → Li2CO3 + C4H10(g) (4)

EC : 2(CH2O)2CO + 2Li+ + 2e− → (CH2OCO2Li)2 + C2H4(g) (5)

The surface compositions of electrode were anlysized to con-
firm the SEI Film formation using the FT-IR spectrometer. Fig. 3
presents the FT-IR spectra of PVDF, Li4Ti5O12 and Li4Ti5O12/C pow-
ders and electrodes before and after CV. It can be seen that the

peaks of PVDF below 1400 cm−1 is complex. Thus, it is difficult to
confirm the electrode surface compositions from peaks of below
1400 cm−1. Whereas, from the peaks of above 1400 cm−1, the com-
positions of (CH2OCO2 Li)2 (1624 cm−1) and Li2CO3 (1500 cm−1)
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Table 2
Values of the Rb, Rsei and Rct obtained by simulating the data of Fig. 4c and d.

Carbon content Resistance Rb (�) Rsei (�) Rct (�)

1.67 wt.% Formation 2.5–1 V 1.91 5.20 23.51
Formation 2.5–0 V 1.61 61.86 41.93
ig. 3. FT-IR spectra of PVDF, Li4Ti5O12 (a) and Li4Ti5O12/C with 4.5 wt.% carbon (b)
owders and electrodes before and after CV.

an be detected [39–41].  This suggests that above proposed reac-
ions of 3–5 occur. All Li4Ti5O12 and Li4Ti5O12/C electrodes before
nd after formation contain the binder of PVDF and moreover, the
ypical peak of ROLi at around 1050 cm−1 is similar with that of
–F. Therefore, the ROLi cannot be identified from the FT-IR spectra.
owever, the reactions of 1–2 have been confirmed by many previ-
us reports [27,28,38].  In addition, the peak intensity of Li4Ti5O12/C
lectrode after formation is larger than that of Li4Ti5O12 electrode,
hich indicates that the SEI film is more easily formed on the

i4Ti5O12/C electrode. It also can be found that the SEI film com-
ositions of electrode for the formation from 2.5 to 0 V are similar
ith that from 2.5 to 1 V.

For the carbon anode, the SEI film is mainly formed in the first
ycle, and the irreversible peak on the CV curves almost disappears
fter the first cycle [37], whereas the irreversible peak at around
.7 V on the CV curves of Li4Ti5O12 electrode does not disappear
rom the second cycle. This indicates that the reduction decom-
osition reaction of electrolyte further occurs on the Li4Ti5O12
lectrode after the first cycle, which suggests that the electrolyte
hows high reduction reactivity on the Li4Ti5O12 material synthe-
ized in air condition and the gases such as CO, C2H4 and C4H10
re still generated during cycling. The SEI film formed on Li4Ti5O12

articles cannot suppress the further reduction decomposition of
lectrolyte. This may  be the main reason for the gas generation of
i4Ti5O12 electrode during cycling. However, it is noted that the
rreversible reduction reaction of electrolyte on the Li4Ti5O12/C
4.5  wt.% Formation 2.5–1 V 1.74 3.32 16.48
Formation 2.5–0 V 1.88 78.85 52.11

composite at around 0.7 V only occurs in the first cycle as shown in
Fig. 4a and b. This indicates that the further irreversible reduction
reactions of electrolyte after the first cycle are suppressed, even for
the Li4Ti5O12/C composite containing only 1.67 wt.% carbon. It can
be seen from Fig. 4c that the EIS of the Li4Ti5O12/C electrode for-
mation between 2.5 and 0 V also contains two partially overlapped
and depressed semicircles at high to middle frequency, whereas
the EIS of the Li4Ti5O12/C electrode after the formation from 2.5 to
1 V seems to be only composed of one depressed semicircle at high
to middle frequency (see Fig. 4d).

The EIS were also simulated by Z-view software as shown Fig. 2b.
Table 2 shows the simulating results. It can be seen that the Rsei
of the Li4Ti5O12/C electrode formation in the voltage ranges of
2.5–0 V is much larger than that of formation from 2.5 to 1 V.
This suggests that a relatively thick SEI film is also formed on the
Li4Ti5O12/C electrode during the formation between 2.5 and 0 V
and the SEI film can prevent the further reduction decomposition
of electrolyte, whereas only a thin SEI film can be formed on the
Li4Ti5O12/C electrode during the formation between 2.5 and 1 V. For
the Li4Ti5O12/C electrode formation in the voltage range of 2.5–0 V,
the Rsei increases from 61.86 to 78.85 � and the Rct increases from
41.93 to 52.11 � with the carbon content increasing from 1.67 to
4.5 wt.%, whereas the Rct decreases from 23.51 to 16.48 � when the
Li4Ti5O12/C electrode is formed between 2.5 and 1 V. It is also found
that the Rct rises greatly after the formation in the voltage range of
2.5–0 V. Therefore, as shown in Fig. 4a and b, the reversibility of the
Li4Ti5O12/C composite between 2.5 and 0 V becomes worse with
the increase in carbon content. The Li4Ti5O12/C composite cycled
between 2.5 and 0 V also shows worse reversibility as compared
with that cycled in the voltage range of 2.5–1 V (see Fig. 4e and f).
It can be concluded that a proper carbon content in the Li4Ti5O12/C
composite is needed, which can suppress the reduction decompo-
sition of electrolyte and does not cause a great increase of Rsei and
Rct.

Fig. 4e shows that the specific capacity of the Li4Ti5O12/C com-
posite containing 1.67 wt.% carbon discharged to 1 and 0 V is 158
and 245 mAh  g−1, respectively, and Fig. 4f presents that the specific
capacity of the Li4Ti5O12/C composite containing 4.5 wt.% carbon
discharged to 1 and 0 V is respective 168 and 245 mAh  g−1. This
indicates that the Li4Ti5O12/C composite with 1.67 wt.% carbon,
which contains impurity phases such as rutile and anatase TiO2,
has a relatively lower specific capacity as compared with that of
the uncoated material and the material with 4.5 wt.% carbon.

From the above analysis, we have found that the electrolyte
shows much less reduction reactivity on the Li4Ti5O12/C compos-
ite electrode than that on the Li4Ti5O12 electrode after the first
cycle. Fig. 2b and c have shown that the SEI film can be formed on
the Li4Ti5O12 electrode cycled from 2.5 to 0 V, whereas the reduc-
tion reaction of electrolyte on the Li4Ti5O12 electrode still occurs
after the first cycle. However, for the Li4Ti5O12/C composite elec-
trode, the reduction reaction of electrolyte only occurs at the first
cycle (see Fig. 4a and b), which indicates that the SEI film on the
Li4Ti5O12/C composite electrode is almost formed completely dur-

ing the first cycle. This is quite different to the SEI film formation
on the pure Li4Ti5O12 electrode.

The SEM and TEM images of Li4Ti5O12 as shown in Fig. 5a and b
indicate that the Li4Ti5O12 powder has a uniform and nearly cubic
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Fig. 4. CV (a, b), EIS (c, d) and charge and discharge (e, f) curves of

tructural morphology with narrow size distribution of under 1 �m
see Fig. 5a) and well-crystallized structure (see Fig. 5b). Fig. 1c(i)
lso shows that the obtained powder samples are pure Li4Ti5O12,
nd hardly contain impurity phases such as rutile and anatase TiO2.
he SEM images of the Li4Ti5O12/C composites containing 1.67 and
.5 wt.% carbon as shown in Fig. 5c and e indicate that the grain
ize of the as-prepared Li4Ti5O12/C composite is less than 400 nm.
igs. 1d and 5c also show that the Li4Ti5O12/C sample with 1.67 wt.%
arbon contains free amorphous carbon. It can be seen from the XRD

atterns in Fig. 1c(ii) that the sample also contains the rutile and
natase TiO2. From the high resolution TEM image (Fig. 5d), it can be
dentified that the Li4Ti5O12 particles are coated with a thin carbon
ayer with thickness of about 0.5 nm.  For the Li4Ti5O12/C sample

Fig. 5. SEM and TEM images of Li4Ti5O12 (a, b) and Li4Ti5O12/C compo
O12/C composite containing 1.67 wt.% carbon and 4.5 wt.% carbon.

containing 4.5 wt.% carbon, the Li4Ti5O12 particles are covered by
relatively thick surface layers (as shown in Fig. 5e). It can be seen
from the high resolution TEM image (Fig. 5f) that several carbon
layers with thickness of 2–5 nm and interlayer spacing of around
0.5 nm are uniformly coated on the well-crystallized Li4Ti5O12 par-
ticles.

The surface morphology of Li4Ti5O12/C with 4.5 wt.% carbon
and Li4Ti5O12 without carbon before and after CV was examined
by SEM (see Fig. 6). It can be seen from Fig. 6a and b that a SEI

film cannot be obviously observed on the surface of Li4Ti5O12/C
and Li4Ti5O12 electrodes after CV from 2.5 to 1 V, which indicates
that only a very thin SEI film is formed on the electrode surface.
For the Li4Ti5O12/C and Li4Ti5O12 electrodes formation from 2.5 to

site containing 1.67 wt.% carbon (c, d) and 4.5 wt.% carbon (e, f).
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ig. 6. SEM images of Li4Ti5O12/C with 4.5 wt.% carbon and Li4Ti5O12 without carb
ormation mechanism on Li4Ti5O12 and Li4Ti5O12/C composite electrodes during fo

 V, the electrode surface shows different morphology (see Fig. 6c
nd d). It can be found that the Li4Ti5O12/C electrode contain-
ng the Li4Ti5O12/C and Super-P particles are all covered by a SEI
lm. However, For the Li4Ti5O12 electrode, the Super-P particles
re also covered by a SEI film, while the Li4Ti5O12 particles seem
ot to be covered completely by a SEI film. All Li4Ti5O12 parti-

les are connected together at contact points and this behavior
oes not occur among Li4Ti5O12 particles in the electrode after CV
etween 2.5 and 1 V. This may  be because the SEI film is more eas-

ly formed at the contact points among Li4Ti5O12 particles and they
ctrodes after CV within the voltage range of 2.5–1 V (a, b) and 2.5–0 V(c, d), the SEI
n and cycling between 2.5 and 0 V (e).

are connected together by the reduction decomposition products
of electrolyte. In addition, it can be found that the spinel mor-
phology of the Li4Ti5O12 particles after CV from 2.5 to 0 V is less
obvious than that after CV from 2.5 to 1 V, which suggests that
some SEI film is also formed on the surface of Li4Ti5O12 parti-
cles after CV from 2.5 to 0 V. Whereas, the SEI film formed on

the Li4Ti5O12 particles may  be thinner and has richer pores than
that on the Li4Ti5O12/C particles, which results in the much less
Rsei of Li4Ti5O12 electrode than that of Li4Ti5O12/C as shown in
Figs. 2b and 4c.
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ig. 7. Cycling performance of Li4Ti5O12 and Li4Ti5O12/C electrodes discharged to
 V using charge rate of 0.5 C and discharge rate of 10 C.

As the gases are evolved during the formation of SEI film, large
ores must be expected on the film, which are open ways for a
ew reduction of electrolyte in contact with C or Li4Ti5O12 sur-

aces. From Fig. 2c, it can be obtained that the current of irreversible
eduction reaction of electrolyte on the Li4Ti5O12 electrode in the
rst CV at around 0.7 V is larger than that of 2–5 CVs, while the
urrent at around 0.7 V from 2nd to 5th CV is almost equal and
oes not decrease. This may  be due to that the SEI film can be
ormed on the Super-P particles at the first CV, while which is only
ormed on the part surface of Li4Ti5O12 particles and the SEI film has
ome pores (see Fig. 6e). The pores perhaps are the catalytic active
ites of Li4Ti5O12 particles. The continuous reduction decomposi-
ion of electrolyte may  be attributed to the catalytic activity of the
i4Ti5O12 material. The SEI film formed on the Li4Ti5O12 electrode
oes not totally cover the catalytic active sites of Li4Ti5O12 particles
fter formation (as shown in Fig. 6e). The reduction decomposi-
ion products of organic lithium alkylcarbonates may  be deposited
n the non-catalytic active region to form a discontinuous SEI film
ith rich pores (as shown in Fig. 6e). Thus, the reduction decompo-

ition reactions of electrolyte further occur at around 0.7 V on the
atalytic active sites of Li4Ti5O12 particles uncovered by a SEI film
uring cycling from 2.5 to 0 V. The further reduction decomposition
roducts may  be dissolved in the electrolyte and the pores of the
EI film may  not close, which leads to poor cycling performance of
ells.

However, for the Li4Ti5O12/C electrode, the Li4Ti5O12 particles
re coated by amorphous carbon and the catalytic active sites of
i4Ti5O12 particles are covered by the carbon layers. The compos-
te electrode shows the characteristics of carbon electrode to some
xtent. A fast film formation accounts onto C and the pores are
losed after the first discharge. Thus, the electrolyte does not con-
act with the Li4Ti5O12/C electrode and the reduction reaction of
lectrolyte on the electrode does not occur. As shown in Fig. 6e, a
uccessive SEI film can be formed on the carbon layer during the
ormation, which prevents the further reduction decomposition at
round 0.7 V during cycling between 2.5 and 0 V. Therefore, the
oated carbon layer plays a key role in suppressing the reduction
ecomposition of electrolyte on the Li4Ti5O12 electrode, and just

 very thin carbon film coated on Li4Ti5O12 can suppress the fur-
her reduction decomposition of electrolyte during cycling. It is also
ound that the rutile and anatase TiO2 in the Li4Ti5O12/C composite
as no obvious effect on the reduction reaction of electrolyte.

Fig. 7 shows the cycling performance of Li4Ti5O12 and

i4Ti5O12/C electrodes discharged to 0 V using charge rate of 0.5 C
nd discharge rate of 10 C. The capacity retention of Li4Ti5O12/C
ith 1.67 and 4.5 wt.% carbon after 80 cycles are 95.72% and

1.27%, respectively. It can be seen that the cycling performance
ources 202 (2012) 253– 261

of Li4Ti5O12/C electrode with discharge rate of 10 C between 2.5
and 0 V deteriorates with the carbon content increase from 1.67 to
4.5 wt.%, which may  be due to the larger Rsei and Rct as shown in
Table 2. It also can be seen that the capacity retention of Li4Ti5O12
electrode after 80 cycles is only 91.20%, which is much lower than
that of Li4Ti5O12/C electrode with 1.67 wt.% carbon. Thus, the car-
bon coated Li4Ti5O12 electrode with proper carbon content shows
much higher cycling stability, which may  be attributed to that the
carbon can suppress the reduction decomposition of electrolyte and
reduce the consumption of electrolyte compared to the un-coated
Li4Ti5O12 electrode.

4. Conclusions

The uncoated and amorphous carbon-coated Li4Ti5O12 mate-
rials with good electrochemical performance were prepared and
the reduction reactivities of electrolyte on those electrodes were
investigated. It is found that a relatively thick SEI film is formed
on the uncoated and carbon-coated Li4Ti5O12 electrodes after for-
mation from 2.5 to 0 V, whereas only a very thin SEI film can be
formed on them after formation between 2.5 and 1 V. The SEI film
compositions of electrodes for the formation from 2.5 to 0 V are
similar with that from 2.5 to 1 V. The Rct of carbon-coated Li4Ti5O12
electrode after the formation in the voltage range of 2.5–0 V is
much larger than that in the formation voltage range of 2.5–1 V.
The electrolyte shows quite different reduction reactivities on the
un-coated Li4Ti5O12 and carbon-coated Li4Ti5O12 composite elec-
trodes. The reduction decomposition reaction of electrolyte occurs
at around 0.7 V on the uncoated Li4Ti5O12 electrode during cycling
from 2.5 to 0 V, whereas the same reaction only occurs at the first
cycle on the carbon-coated Li4Ti5O12 composite electrode. Carbon
coating layer on the surface of Li4Ti5O12 particles can cover the
catalytic active sites and a successive SEI film can be formed on
the carbon coating layer of the Li4Ti5O12 particles. The Li4Ti5O12/C
electrode containing the Li4Ti5O12/C and Super-P particles are all
covered by a SEI film, which separates the catalytic active sites from
the surrounding electrolyte and prevent the electrolyte from fur-
ther reduction decomposition. Whereas, the SEI film formed on the
Li4Ti5O12 particles may be thinner and has richer pores than that on
the Li4Ti5O12/C particles, which are open ways for a new reduction
of electrolyte in contact with Li4Ti5O12 surfaces. Thus, the carbon
coated Li4Ti5O12 electrode with proper carbon content shows much
higher cycling stability between 2.5 and 0 V compared to the un-
coated Li4Ti5O12 electrode. This work is of great importance for
understanding and suppressing the reduction decomposition of
electrolyte on the Li4Ti5O12 electrode, especially when they are
discharged to a very low working voltage to improve the energy
density.
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