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a  b  s  t  r  a  c  t

Commercial  Li4Ti5O12 is modified  by  AlF3 with  the purpose  of  suppressing  the gas  generation  of  Li4Ti5O12

anode  battery.  The  prepared  AlF3-modified  Li4Ti5O12 is characterized  by a  variety  of  means  such as  X-ray
diffraction,  scanning  electron  microscope,  transmission  electron  microscope  and  X-ray  photoelectron
spectroscopy.  The  results  indicate  that  only  part  of  Al3+ and F− have  co-doped  into  the  bulk  phase  of
Li4Ti5O12 particles,  while  the  rest  of the  Al3+ and F− remain  on  the  surface  of  the  Li4Ti5O12 particles
eywords:
i4Ti5O12

lF3-modified
ayer

to form  an  AlF3 coating  layer.  The  AlF3 coating  layer  on  the surface  of  AlF3-modified  Li4Ti5O12 is  very
effective  in  suppressing  the  gas  generation  of  Li4Ti5O12 anode  battery.  AlF3 modification  is  a  simple  yet
very  effective  strategy,  which  can  both  improve  the  high-rate  charge/discharge  performance  of  Li4Ti5O12

and  suppress  the  gassing  behavior  of Li4Ti5O12 anode  battery.

uppress
as generation

. Introduction

Spinel Li4Ti5O12 (LTO) possesses zero volume change during
harge/discharge processes, high working potential of the redox
ouple Ti4+/Ti3+ (ca. 1.55 V vs. Li/Li+), excellent safety and ther-
al  stability, and long cycle life in a wide operating temperature

ange [1–3]. Therefore, it has been considered to be a promising
lternative to graphite anode materials for large-scale lithium-ion
atteries application in electric vehicles and hybrid electric vehicles
4–6].

Unfortunately, LTO shows a low intrinsic electrical conductivity
nd a moderate lithium-ion diffusion coefficient, which seriously
inder its high-rate performance [7]. To overcome these prob-

ems, a number of approaches, e.g., constructing nanostructured
TO [8–11], doping cations and anions such as Al3+ [12–14], Mg2+

15], Zr4+ [16,17], Zn2+ [18], Mo6+ [19], La3+ [20], V5+ [21], Nb5+ [22],
n4+ [23] and Br− [24] into LTO, and introducing carbon [25–27],

etal [28] or metal oxide into LTO [29–31], have been widely used

o improve the electrochemical performance of LTO anodes. Even
fter a variety of efforts based on the above strategies, LTO anode

∗ Corresponding author. Chengdu Institute of Organic Chemistry, Chinese
cademy of Sciences, Chengdu 610041, PR China. Tel.: +86 28 85229790;

ax: +86 28 85242280.
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013-4686/© 2014 Elsevier Ltd. All rights reserved.
© 2014  Elsevier  Ltd.  All  rights  reserved.

is still not considered as the most preferable choice for large-scale
applications in power LIB industries. This is because the LIBs using
LTO as anode material are easily inflated during charge/discharge
cycles, especially at elevated temperature condition [32,33]. So far,
there are only a few reports that specifically refer to the gassing
behavior of LTO electrodes [32–36]. Very recently, the carbon coat-
ing is demonstrated to be an effective strategy, which can both
improve the high-rate charge/discharge performance of batteries
and suppress the gassing behavior of LTO anode battery [37]. The
carbon layer could control the interfacial reactions between LTO
and the surrounding electrolyte solution effectively, thereby sup-
pressing the gassing of LTO anode battery [37]. The carbon coating
process is usually carried at a high temperature (600 ∼ 800 ◦C),
which might easily cause the reaction between carbon and LTO,
thereby changing the surface structure of LTO associated with the
capacity decrease. In addition, the existence of carbon coating is
likely to be a threat to the safety of batteries. Therefore, low temper-
ature and safe coating layer should be proposed during the modified
process.

To the best of our knowledge, AlF3 has been widely used to mod-
ify the surface of cathode materials [38–42] and graphite [43] via
a low-temperature (400 ◦C) reaction approach. The improved elec-

trochemical performance was tentatively attributed to the “buffer”
layer provided by the AlF3 coating, which reduced the activity of the
extracted oxygen and suppressed the electrolyte decomposition
[40]. Recently, the commercial LTO was  also successfully modified

dx.doi.org/10.1016/j.electacta.2014.07.017
http://www.sciencedirect.com/science/journal/00134686
http://www.elsevier.com/locate/electacta
http://crossmark.crossref.org/dialog/?doi=10.1016/j.electacta.2014.07.017&domain=pdf
mailto:lixing@swpu.edu.cn
mailto:mzhqu@cioc.ac.cn
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y AlF3 via the same process as mentioned above, and the AlF3-
odified LTO has ultrahigh rate capability as compared with the

ommercial LTO [44]. In the above work, it was suggested that all
he Al3+ and F− are co-doped into the LTO particles to form a com-
osite material that mainly consists of Al3+ and F− co-doped LTO
nd a small amount of anatase TiO2. The reason for the improve-
ent of electrochemical performance has been explained as that

he in-situ generated TiO2 limited the growth of LTO particles, lead-
ng to higher surface area or higher exchange current density and
roviding short ionic diffusion path through the boundary among
iO2 and LTO.

In the present work, we modified the commercial LTO using AlF3
ith the purpose of suppressing gassing in LTO anode batteries. The
lF3-modified LTO also achieved higher specific capacity and rate
apability than that of the commercial LTO. We  found for the first
ime that only part of the Al3+ and F− are co-doped into the bulk
hase of the LTO particles, while the rest of the Al3+ and F− remain
n the surface of the LTO particles to form a thin AlF3 coating layer,
hrough studying the characteristics of the AlF3-modified LTO. We
uggest that the AlF3 coating layer on the surface of AlF3-modified
TO is likely to suppress the electrolyte decomposition, thereby
reventing the gas generation of LTO anode batteries.

. Experimental

.1. Materials synthesis

The AlF3-modified LTO samples were prepared following the
rocess described by Xu [38]. Commercial LTO (Chengdu Xingneng
ew Materials Co., LTD) powders were used for this study. Ammo-
ium fluoride (NH4F, 98%, Sigma-Aldrich) and aluminum nitrate
onahydrate (Al(NO ) .9H O, 98%, Sigma-Aldrich) were added at
3 3 2

 fixed stoichiometric molar ratio of Al3+/F− = 1/3, and the weight
atio of AlF3/LTO is 2 wt.%. After being constantly stirred at 80 ◦C
or 5 h and filtration, the solid powder was calcined at 400 ◦C for

 h under argon atmosphere.
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Fig. 1. (a) XRD patterns and (b) enlarged peaks at 2� = 1
ta 139 (2014) 104–110 105

2.2. Materials characterization

Powder X-ray diffraction (XRD, Xpert MPD  DY1219) with Cu K�
radiation was  used to identify the phase composition and crystal
lattice parameters of all the LTO samples. The diffraction patterns
were collected at room temperature by step scanning in the range
of 10 ∼ 90◦ at a scanning rate of 0.02◦ per 10 s. The particle size
and particulate morphology were examined by scanning electron
microscope (SEM, INCA Penta FETx3) and transmission electron
microscope (TEM, JEOL JEM-2010F). The chemical composition of
the LTO sample was determined by X-ray photoelectron spec-
troscopy (XPS, PHI5600 Physical Electronics).

2.3. Coin-type half cells electrochemical measurements

The working electrode was  prepared by mixing 85 wt.% active
material (pure LTO or AlF3-modified LTO), 10 wt.% conductive
Super-P and 5 wt.% LA-132 binder into a slurry, and coating the
slurry on an alumina foil by painting. Afterwards, the working elec-
trode was  dried in a vacuum oven at 105 ◦C for 12 h to remove
any residual solvent and possible adsorbed moisture. Electro-
chemical measurements were performed using coin-type half cells
assembled in an argon-filled glove box. The cell consisted of the
as-prepared working electrode, microporous polypropylene mem-
brane (Celgard 2400, Celgard Inc., USA) as separator and lithium
foil as counter electrode. The electrolyte was 1 M LiPF6 solution
in ethylene carbonate (EC): diethyl carbonate (DEC): ethyl methyl
carbonate (EMC) with a volume ratio of 1:1:1.

Galvanostatic charge and discharge experiments were carried
out on an automatic galvanostatic charge/discharge unit (Land
CT 2001A, Wuhan, China) between 1.0 and 3.0 V at different
charge/discharge rates at 25 ◦C. Cyclic voltammertry (CV) and elec-

trochemical impedance spectroscopy (EIS) tests were conducted
on an electrochemical workstation (PARSTAT 2273). In the case of
CVs, the potential range was  set from 1.0 to 3.0 V while the scan rate
was set at 0.1 mV  s−1. EIS tests were operated with an alternating

90 19.018.818.618.418.218.0
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8.0◦ ∼ 19.0◦ of pure LTO and AlF3-modified LTO.
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urrent voltage in the frequency range of 10 mHz  to 100 kHz at the
rst cycle and half charged state.

.4. Gassing behaviors of soft-packed LMO/LTO batteries

Custom 2645110 type soft-packed LMO/LTO batteries, of 2.6 mm
hick, 45 mm wide and 110 mm long, were assembled to investigate
he gassing behaviors of LTO. The batteries were made of LiMn2O4
LMO) (Yunnan Huilong Group Co., LTD) as the cathode, commercial
TO or AlF3-modified LTO as the anode, microporous polypropyl-
ne membrane (Celgard 2400, Celgard Inc., USA) as the separator,
nd 1 M LiPF6 solution in EC: DEC: EMC  with a volume ratio of
:1:1 as the electrolyte. The LMO  cathode consisted of 93 wt.% LMO,

 wt.% Super-P and 3 wt.% LA-132 binder, whereas the LTO anode
onsisted of 87 wt.% commercial LTO or AlF3-modified LTO, 7 wt.%
uper-P and 6 wt.% LA-132. These components were rolled together
o form the battery core and assembled into aluminum-plastic lam-
nated film packages. Batteries were charged and discharged once
etween 1.0 and 3.0 V at a rate of 0.2 C (1 C =600 mAh) for stabi-

ization before cyclic tests, then charged and discharged 300 cycles
etween 1.3 and 2.8 V at a rate of 1 C at 25 ◦C.

. Results and discussion
The XRD patterns of the pure LTO and AlF3-modified LTO are
hown in Fig. 1a. The patterns of both samples are in good agree-
ent with JCPDS file of standard spinel LTO (card No. 49-0207).

Fig. 2. SEM images of (a) pure LTO and (b) AlF3-modified LTO.

Fig. 3. TEM images of (a) pure LTO and (b) AlF3-modified LTO.

Fig. 4. HRTEM image of AlF3-modified LTO.
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he diffraction peaks can be indexed with the spinel structure
f LTO with the Fd3 m space group, indicating that AlF3-modified
rocess does not obviously change the crystal structure of LTO
uring heat treatment. For a clear observation, the peak posi-
ion variation of (111) plane is magnified and shown in Fig. 1b

pure LTO shows at 2� = 18.3◦ and AlF3-modified LTO shows at
� = 18.5◦). The diffraction peak of (111) plane slightly shifts to a
igher angle for AlF3-modified LTO, which indicates that the lattice
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parameter of AlF3-modified LTO is slightly smaller than that of pure
LTO. This is mainly ascribed to the smaller size of Al3+ (0.053 nm)
than Ti4+ (0.061 nm)  and the smaller size of F− (0.136 nm) than
Li4+x-yTi5-xO12-yFy and anatase TiO2 [44]. The peak at about 25.2 ◦for
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Fig. 6. Capacity retention at different C-rates (1 C = 160mAh g−1) of pure LTO and
AlF3-modified LTO.

Fig. 7. Cyclic voltammetry curves of (a) pure LTO and (b) AlF3-modified LTO.
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the LTO electrodes was carried out at the first cycle and half charged
state, and typical Nyquist plots are given in Fig. 8. The Nyquist plots
are composed of two partially overlapped and depressed semicir-
cles in the high-frequency region. The depressed semicircles in high
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natase TiO2 is hardly found in the patterns of AlF3-modified LTO,
hich might be due to the fact that the formed anatase TiO2 is too

mall to be detected.
Fig. 2 displays the SEM images of pure LTO and AlF3-

odified LTO. One can see that the pure LTO particles show a
ell-crystallized structure and smooth surface. By contrast, the
lF3-modified LTO particles present a rough surface. From the TEM

mages shown in Fig. 3, the edge lines of pure LTO particles are
ery smooth and there is no other layer on the surface of pure
TO particles, whereas there is a thin layer on the surface of the
lF3-modified LTO particles, demonstrating the possible existence
f a thin AlF3 layer on the surface of LTO particles after the AlF3-
odified process. HRTEM was carried out to further study the outer

ayer on the AlF3 modified LTO particles, and the result is shown in
ig. 4. The lattice distance of AlF3-modified LTO is measured to be
.482 nm,  which is very close to that of pure LTO (d (111) = 0.485 nm),
ith an error of 0.67%. It is also evident that the surface of the AlF3-
odified LTO particles is covered by a dense and non-uniform thin

ayer determined to be about 2 ∼ 8 nm in thickness. In order to con-
rm the existence of AlF3 layer on the surface of AlF3-modified LTO,
PS measurement was conducted to determine the surface compo-
ition of AlF3-modified LTO. Fig. 5 shows the XPS measurement of
lF3-modified LTO. The F 1s peak at 685.2 eV and 688.7 eV observed

n Fig. 5b is related to F−, while the peak at 74.3 eV shown in Fig. 5c
s associated with Al3+. This indicates that the layer coating on the
urface of AlF3-modified LTO contains Al3+ and F−.

Therefore, based on the above results, it can be concluded that
fter the AlF3-modified process, part of the Al3+ and F− have been
o-doped into the bulk phase of LTO particles and the rest of the
l3+ and F− form a thin AlF3 coating layer on the surface of LTO
articles.

Fig. 6 presents the rate capability of the LTO electrodes between
.0 and 3.0 V at room temperature. The specific capacities for AlF3-
odified LTO are 164, 162, 159, 156 and 145 mAh  g−1 at 0.5 C, 1 C,

 C, 5 C and 10 C rate, respectively, while those for the commer-
ial LTO are 153, 150, 147, 143 and 130 mAh  g−1, respectively. The
esults indicate that AlF3-modified LTO show better rate capability
han pure LTO.

Fig. 7 show the cyclic voltammetry curves of the pure LTO and
lF3-modified LTO in the voltage range of 1.0 ∼ 3.0 V at a scan rate
f 0.1 mV  s−1 in the first three cycles. For the AlF3-modified LTO,
here is a reduction peak shown in the 1st cycle below 1.8 V (the

nset of Fig. 7b), which is ascribed to the Li+ insertion into TiO2 [44].

oreover, the reduction peaks disappear from after the 1st cycle,
hich might be due to that the in-situ generated anatase TiO2 is

200180160140120100806040200
0

20

40

60

80

100

120

pure LTO
 AlF3-mod ified  LTO

Rct
Rsei

CPE2

Z' (O)

-Z
" 

(O
)

Rs

Zw
CPE1

Fig. 8. Nyquist plots of pure LTO and AlF3-modified LTO.
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very few and unstable. The Li+ might have intercalated into the
unstable TiO2, but could not de-intercalate from the TiO2.

Electrochemical impedance spectroscopy (EIS) measurement of
5004003002001000
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Fig. 9. Charge-discharge curves of (a) pure LTO, (b) AlF3-modified LTO soft-packed
batteries and (c) cycling stability of LMO/LTO batteries at 1 C rate.
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Fig. 10. Photographs of soft-packed LMO/LTO batt

Table 1
Fitted parameters of equivalent circuit of Fig. 8.

Samples Rs(�) Rsei(�) Rct(�)

f
T
r
a
t
R
c
L
a
t
i
t
p
d
R
p
f
f
t
o
s
b

b
c

anode battery, commercial LTO was modified using AlF . The AlF -
pure LTO 2.5 104.1 45.2
AlF3-modified LTO 2.0 40.3 22.5

requency region can be attributed to the resistance of SEI film (Rsei).
hose in middle frequency region are caused by charge-transfer
esistance (Rct) at the interface between electrolyte and electrode,
nd the sloped lines in low frequency region can be considered as
he Warburg impedance (W)  [19,31,45]. The values of Rs, Rsei and
ct are obtained from the simulated data of EIS by the equivalent
ircuit as inserted in Fig. 8, and listed in Table 1. AlF3-modified
TO presents relatively lower Rct than pure LTO, which should be
scribed to two facts: (1) part of Al3+ and F− have co-doped into
he bulk phase of LTO particles, improving the electrical conductiv-
ty [44]; (2) the conductive AlF3 coating layer is likely to enhance
he electrical conductivity [43]. As a result, the improved high-rate
erformance of AlF3-modified LTO could be explained both by ion
oping and surface modification by conductive layer. Moreover, the
sei of AlF3-modified LTO (40.3 �)  is obviously lower than that of
ure LTO (100.1 �),  which suggests that there is thinner SEI film
ormed on the AlF3-modified LTO [31,45]. This should be due to the
act that the AlF3 coating layer on the surface of LTO could cover
he catalytic active sites and prevent the reduction decomposition
f the electrolyte [31,34,45]. Therefore, AlF3 coating layer on the
urface of LTO is likely to suppress gas generation of LTO anode
attery.
In order to further study the gassing behaviors of LTO anode
attery, the soft-packed LMO/LTO batteries were prepared using
ommercial LTO or AlF3-modified LTO as the anode, and LMO  as
eries (a-b) before and (c-d) after cyclic tests.

the cathode. The soft-packed LMO/LTO batteries were charged and
discharged 300 cycles between 1.3 and 2.8 V at a rate of 1 C at
25 ◦C. Fig. 9a-b displays the charge-discharge curves of soft-packed
LMO/LTO batteries. The capacities of soft-packed LMO/LTO battery
using pure LTO as the anode measured after the 1st and 300th cycles
at 1 C rate are 504.1 mAh and 416.6 mAh, respectively (Fig. 9a).
The soft-packed LMO/LTO battery using AlF3-modified LTO as the
anode presents much higher capacities of 532.7mAh and 528.5
mAh, respectively (Fig. 9b). Fig. 9c shows the cycling stability of
soft-packed LMO/LTO batteries. The soft-packed LMO/LTO battery
using AlF3-modified LTO as the anode presents much higher cyclic
stability than that using pure LTO as the anode, testament to the
beneficial effect of the AlF3 coating. Moreover, the generated gas
volume of soft-packed LMO/LTO batteries is calculated by drainage
method. The generated gas volume of soft-packed LMO/LTO battery
using AlF3-modified LTO as the anode (1.5 mL) is much smaller than
that of soft-packed LMO/LTO battery using commercial LTO as the
anode (9.2 mL). This suggests that the AlF3 coating layer on the sur-
face of LTO is very effective in suppressing the gassing behavior of
LTO battery. Fig. 10 shows the photographs of soft-packed LMO/LTO
batteries before and after cyclic tests. In particular, from Fig. 10c-
d, one can see that no visible swelling occurs for the soft-packed
LMO/LTO battery using AlF3-modified LTO as the anode after cyclic
test, unlike the LMO/LTO using commercial LTO as the anode.

4. Conclusion

With the purpose of suppressing the gas generation of LTO

3 3

modified LTO achieved higher specific capacity and rate capability
than that of the commercial LTO. It is found that for AlF3-modified
LTO, only part of Al3+ and F− have co-doped into the LTO particles,
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hile the rest of Al3+ and F− form an AlF3 coating layer on the sur-
ace of LTO particles. The gassing behavior of the AlF3-modified LTO
node battery was investigated for the first time. The results indi-
ate that the AlF3 coating layer on the surface of LTO is very effective
n suppressing the gas generation of LTO battery. Therefore, using
lF3 to modify LTO is a simple yet very effective strategy, which can
oth improve the high-rate charge/discharge performance of LTO
nd suppress the gassing behavior of LTO anode battery.
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