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a b s t r a c t

Pristine and carbon-coated Li4Ti5O12 oxide electrodes are synthesized by a cellulose-assisted combustion
technique with sucrose as organic carbon source and their low-temperature electrochemical performance
as anodes for lithium-ion batteries are investigated. X-ray diffraction (XRD), infrared spectroscopy (IR),
Raman spectroscopy, thermogravimetric analysis (TGA) and scanning electron microscopy (SEM) are
applied to characterize the phase structure, composition, and morphology of the composites. It is found
that the sequence of sucrose addition has significant effect on the phase formation of Li4Ti5O12. Carbon-
coated Li4Ti5O12 is successfully prepared by coating the pre-crystallized Li4Ti5O12 phase with sucrose
followed by thermal treatment. Electrochemical lithium insertion/extraction performance is evaluated
ombustion synthesis

node
ow temperature
arbon-coated

by the galvanostatic charge/discharge tests, electrochemical impedance spectroscopy (EIS), and cyclic
voltammetry (CV), from room temperature (25 ◦C) to −20 ◦C. The carbon-coated composite anode mate-
rials show improved lithium insertion/extraction capacity and electrode kinetics, especially at high rates
and low temperature. Both of the two samples show fairly stable cycling performance at various temper-
atures, which is highly promising for practical applications in power sources of electric or electric-hybrid
vehicles.
. Introduction

Li4Ti5O12 belongs to the family of Li–Ti–O solid solutions
ith a spinel-type phase structure [1,2], which has received

onsiderable attention recently as a potential anode material of
echargeable lithium-ion battery because of its several outstand-
ng features. Li4Ti5O12 shows a favorable theoretical capacity of
round 175 mAh g−1 [3,4]. It has near zero volume change during
he charge/discharge processes which ensures a long cycling life [5].
he lithium insertion into and extraction from Li4Ti5O12 follows a
wo-phase mechanism, which gives an ultra-flat operating voltage
f around 1.5 V versus Li/Li+ [6,7], above the reduction potential of
ommon electrolyte solvents thus, solid electrolyte interface based
n solvent reduction is unlikely to occur, furthermore, the voltage
s sufficiently high to remove the possibility for lithium plating.

For security and cycling stability concerns, Li4Ti5O12 is highly

romising for high rate and low-temperature operation. The elec-
rode processes involve the lithium-ion and electron diffusion
ithin the electrode interior and the surface charge transfers. How-

ver, Li4Ti5O12 has poor electronic and lithium ionic conductivity
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(�e and �Li
+), the reported �e and �Li

+ values of Li4Ti5O12 at
room temperature are 10−13 S cm−1and 10−12 cm2 s−1, respectively
[2,8]. The low electrical conductivity results in a sluggish electrode
kinetic, as a result, coarse Li4Ti5O12 typically shows large electrode
polarization resistance at high charge/discharge rate so poor rate
performance.

Nowadays, people are trying to increase the rate performance
of Li4Ti5O12 anode by various strategies [9–19]. Reducing the parti-
cles size by advanced synthesis and surface coating of the electrode
with porous carbons are the two most frequently adopted ways.
The reduction in particle size can not only increase the active sites
for surface reactions, but also reduces the distance for lithium
and electron diffusion within the electrode bulk. As a result a
substantial increase in rate performance was frequently observed
[13–19]. Surface coating of the electrode material with a porous
carbon layer or other conducting oxide/metal was also investi-
gated [20–25]. Obvious improvement in electrical conductivity was
observed, sometimes an increment in apparent electrical conduc-
tivity by several orders of magnitude was achieved [20,21]. Through

the formation of Li4Ti5O12/C composite, a significant improvement
in rate performance was reported [24,25].

For practical application, the lithium-ion batteries may often be
used in low-temperature environment, especially as power sources
of electric or electric-hybrid vehicles. With the drop of operation

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
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emperature, both the surface reaction kinetics and the rate of
harge (lithium-ion and electron) diffusion inside the electrode
ulk are slowed down. Thereby, a bigger challenge for the elec-
rode is expected. Up to now, however, there are rare reports about
he low-temperature performance of Li4Ti5O12. The only available
elated research work in the literature was reported by Allen et
l. [26]. They investigated the effect of particle size on the per-
ormance of Li4Ti5O12 at room and reduced temperatures. From
general sense, a better performance should be expected for the

lectrode with smaller size. Indeed it was observed at high rate
nd room temperature or at low temperature and low rate, and
i4Ti5O12 with a particle size of 350 nm has higher capacity than
he 700 nm Li4Ti5O12, however, at low temperature and high rate,
he 700 nm sample showed higher capacity. They proposed that the
nter-particle contact resistance becomes the rate limiting issue at
ow temperature and high rate. It was well known that the wiring
f particles becomes more difficult with the decrease of particle
ize. The surface coating with carbon increases the apparent electri-
al conductivity greatly, which may improve the current collecting
fficiency obviously. So an improvement in electrode performance
s expected.

Previously we developed a cellulose-assisted combustion tech-
ique for the synthesis of fine Li4Ti5O12 which showed exciting high
ate performance at room temperature [19]. In this study, carbon-
oated Li4Ti5O12 (Li4Ti5O12/C) was further synthesized by the
odified technique using sucrose as an organic carbon source, and

ts low-temperature electrochemical performance was compara-
ively studied with the pristine Li4Ti5O12. The improved electrode
erformance from the carbon coating was observed and the effects
f carbon were discussed and explained.

. Experimental

.1. Materials synthesis

Li4Ti5O12 oxide was prepared by a cellulose-assisted com-
ustion process with titanium (IV) butoxide [Ti(C4H9O)4] as the
itanium source, the detailed preparation procedure can refer
o our previous publication [19]. For the preparation of carbon-
oated Li4Ti5O12 (Li4Ti5O12/C), sucrose was selected as the carbon
ource. The raw materials were weighed in stoichiometric amounts
ccording to the nominal Li4Ti5O12 to C weight ratio 95 to 5,
ssuming the sucrose following the thermal pyrolysis reaction
12H22O11 → 12C + 11H2O.

.2. Electrode fabrication

The electrochemical performance of the as-synthesized
i4Ti5O12 or Li4Ti5O12/C composite was carried out with coin-
hape cells using metallic lithium film as the counter and reference
lectrode. The cells are based on the configuration of Li metal (−)
electrolyte| Li4Ti5O12 (+) with a liquid electrolyte (1 M solution
f LiPF6 in ethylene carbonate (EC)-dimethyl carbonate (DMC)
1:1, v/v)). Microporous polypropylene film (Celgard 2400) was
sed as the separator. 85 wt.% Li4Ti5O12 with 8 wt.% conductive
arbon Super P (NCM HERSBIT Chemical Co., Ltd., China) and 7 wt.%
olyvinylidene fluoride (PVDF) binder homogeneously mixed

n N-methyl pyrrolidinone (NMP) were prepared into viscous
lurries for efficient deposition. The slurries were deposited on

urrent collectors of copper foil (10 �m) by blade, which was
retreated by etching with 1 M nitric acid solutions followed by
insing with water and then acetone. The electrode was then
ried under vacuum at 100 ◦C for 12 h before electrochemical
valuation. Cell assembly was conducted in a glove box filled with
ure argon.
rces 195 (2010) 4997–5004

2.3. Basic analysis

The crystal structures of the synthesized powders were exam-
ined by X-ray diffraction (XRD) using a Bruker D8 advance
diffractometer with filtered Cu K� radiation. The experimental
diffraction patterns were collected at room temperature by step
scanning in the range of 10◦ ≤ 2� ≤ 80◦. The particle morphology
was examined by Environmental Scanning Electronic Microscope
(ESEM, QUANTA-2000). The specific surface area of the samples
was characterized by N2 adsorption at the temperature of liquid
nitrogen using a BELSORP II instrument. Prior to analysis, the sam-
ples were treated at 100 ◦C for 3–5 h in vacuum to remove the
surface adsorbed species. Fourier transform infrared spectroscopy
(FT-IR, AVATAR-360) of the solid precursors or the calcinated sam-
ples was recorded from 4000 to 400 cm−1 by the KBr pellet method.
Thermogravimetry-differential scanning calorimetric analysis (TG-
DSC) was performed using a NETZSCH STA 409 PC in the range of
25–800 ◦C at a heating rate of 10 ◦C min−1 under flowing air atmo-
sphere. The Raman spectroscopy of the Li4Ti5O12/C was obtained
in an HR800 UV Raman micro-spectrometer (JOBIN YVON, France)
using the green line of an argon laser (� = 514.53 nm) as excitation
source.

2.4. Electrochemical characterization

The charge–discharge characteristics of the cells were recorded
over the potential range between 1.0 and 3.0 V using a NEWARE
BTS-5V50 mA computer-controlled battery test station at different
rates of 1–40 C. Cyclic voltammetry tests were performed over the
potential range of 1.0–3 V using a Princeton Applied Research PAR-
STAT 2273 advanced electrochemical system. Complex impedance
measurements were also carried out using Princeton 2273 elec-
trochemical system over the single cell at the state of discharging
(1.6 V). A perturbation of 10 mV was applied and data collected
under PC control and the frequency range applied is from 1 MHz
to 100 mHz. A digital low-temperature biochemical incubator was
used to provide constant temperature at 25, 0, −10, and −20 ◦C.

3. Results and discussion

3.1. Synthesis

By applying the cellulose-assisted combustion technique with
titanium (IV) butoxide [Ti(C4H9O)4] as the raw material, a phase-
pure spinel-type Li4Ti5O12 was successfully obtained by firing the
primary powder from auto-combustion at 700 ◦C for 5 h in air [19].
In this study, the same technique was also applied for the synthesis
of the pristine Li4Ti5O12. For the synthesis of 5.00 g Li4Ti5O12, 3.01 g
LiNO3 and 18.53 g Ti(C4H9O)4 were impregnated into ∼8 g nitric
acid-activated cotton, after drying the solid precursor was auto-
combusted by heating at 250 ◦C, the primary powder obtained from
the auto-combustion was further fired at 700 ◦C for 5 h. As shown
in Fig. 1a, all the diffraction peaks of the as-synthesized powder
can be well indexed based on a spinel-type lattice structure with
cubic symmetry, no other diffraction peak assignable to impurity
phase was observed, it suggests the successful formation of a phase-
pure Li4Ti5O12, in good agreement with our previous report [19].
For a solid-state reaction, a calcination at 850 ◦C for a prolonged
period of 17 h, or a calcination at 950 ◦C for 5 h is needed to obtain a
phase-pure Li4Ti5O12 [27,28]. The reduced synthesis temperature

via the cellulose-assisted combustion technique was attributed to
the homogeneous mixing of the raw materials in the precursor and
the promoting effect of cellulose on the combustion.

Sucrose was applied for the formation of Li4Ti5O12/C compos-
ite, since it has been often adopted as an organic carbon source for
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Fig. 1. X-ray diffraction patterns of the (a) Li4Ti5O12 prepared by cellulose-assisted
combustion process calcined at 700 ◦C for 5 h in air; (b) Li4Ti5O12/C from way-1;
(c) Li4Ti5O12/C from way-2; (d) sample from cellulose-assisted combustion process
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probably from the humidity effect of KBr medium [31], respectively.
There were no absorption bands assignable to the C–O and C–H
vibration bands were detected, which is a strong sign of the total
decomposition of sucrose.
alcined at 400 ◦C for 5 h in air; (e) further calcination of the 400 ◦C calcined sample
t 700 ◦C for 5 h in air. (o): spinel Li4Ti5O12, (+): anatase TiO2 and (*): rutile TiO2.

he in situ creation of carbon coating because of its low pyrolysis
emperature [29]. Two ways were investigated. One way is to mix
ucrose with phase-pure Li4Ti5O12, prepared from the cellulose-
ssisted combustion synthesis after the calcination at 700 ◦C for 5 h,
y ball milling, and then the mixture was fired at 700 ◦C in an inert
tmosphere to allow the thermal decomposition of sucrose to solid
arbon (way-1). For the other way (way-2), the primary powder
rom the cellulose-assisted combustion synthesis was pre-fired at
00 ◦C instead of 700 ◦C, the powder was then mixed with sucrose
hrough ball milling in acetone liquid medium for 1 h, and then the

ixture was fired at 700 ◦C in nitrogen for 5 h for the decomposi-
ion of sucrose to solid carbon. The pre-firing at 400 ◦C is on the
urpose to suppress the grain growth of the product. Fig. 1b and c
hows the X-ray diffraction patterns of the Li4Ti5O12/C synthesized
rom way-1 and way-2, respectively. For the powder from way-1,
ll the diffraction peaks can be indexed well based on a spinel-type
attice structure with no any peak assignable to crystallized carbon.
t suggests that the Li4Ti5O12 phase was survived and the formed
arbon was likely in amorphous structure. As to the powder from
ay-2, besides the main spinel-type phase, some diffraction peaks

ssignable to the TiO2 rutile phase were also observed. To demon-
trate the cause for the formation of TiO2 rutile phase via way-2, the
hase structure of the powder from calcination at 400 ◦C was also
xamined with the result shown in Fig. 1d. TiO2 anatase phase was
ormed alongside with the spinel-type phase. It suggests that the
itanium alkoxide was first transformed into TiO2 anatase phase
efore the formation of the Li4Ti5O12 phase. Previously we have
emonstrated that the competitive reactions of phase transition
f TiO2 from anatase to rutile and the phase reaction of TiO2 with
ithium for the formation of Li4Ti5O12 happened during the high-
emperature calcination for the synthesis of Li4Ti5O12 from TiO2
natase [30]. Since the phase transition of TiO2 from anatase to
utile did not involve long distance cation diffusion, it is more eas-
ly to occur as compared to the reaction between TiO2 and Li with
he formation of Li4Ti5O12. Once TiO2 rutile was formed, the forma-
ion of Li4Ti5O12 was suppressed since its much worse reactivity
han TiO2 anatase. When no sucrose was introduced during the
ynthesis, phase-pure Li4Ti5O12 was still obtained by further calci-
ation of the 400 ◦C calcined sample at 700 ◦C for 5 h, as shown in
ig. 1e. It suggests that the homogeneous mixing and the fine size of

ithium and TiO2 from the cellulose-assisted combustion synthesis,

hich effectively reduced the diffusion distance for the formation
f Li4Ti5O12.
Fig. 2. FT-IR spectra of (a) Li4Ti5O12 and (b) Li4Ti5O12/C sample.

The formation of TiO2 rutile by introducing sucrose during the
synthesis could then be explained as follows. After the calcination
at 400 ◦C, the titanium alkoxide was transformed to TiO2 anatase
solid, the introduction of sucrose as the organic carbon source
through high energy ball milling made the sucrose cover the TiO2
and lithium surfaces and act as a diffusion block for the cations, as
a result, the reaction of lithium with TiO2 towards the formation of
Li4Ti5O12 was suppressed. As to the phase transformation of TiO2
from anatase to rutile, since it did not involve the cation diffusion,
the carbon coating should have no impact on the reaction rate.
It suggests the TiO2 preferred to transform to TiO2 rutile instead
of reacting with lithium towards the formation of Li4Ti5O12 when
sucrose was adopted during the synthesis. Once rutile TiO2 was
formed, the formation of Li4Ti5O12 was further suppressed since its
much worse reactivity than TiO2 anatase. As a result, it was failed
to obtain a phase-pure Li4Ti5O12 by way-2. In the following studies,
way-1 was applied for the synthesis of carbon-coated Li4Ti5O12.

To demonstrate whether a calcination time of 2 h at 700 ◦C is
sufficient for the full decomposition of sucrose into solid carbon,
the pristine Li4Ti5O12 and the Li4Ti5O12/C prepared from way-1
were subjected for FT-IR analysis. As shown in Fig. 2, similar to
the pristine TiO2, there were only two absorption bands appeared
between 1000 and 4000 cm−1, one at around 1700 cm−1 and the
other broad band at 3450 cm−1, which are assigned to the stretch
vibration of C=O band, and the stretch vibration of O–H originated
Fig. 3. Raman spectra of Li4Ti5O12/C powder.
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which is of critical importance for practical application. Based on
the density of amorphous carbon of 1.90 ± 0.05 g cm−3 [32] and the
grain size of Li4Ti5O12 of 0.9 �m, the carbon layer thickness was
found to be around 5 nm, which is much smaller than the grain size
ig. 4. TGA curve of Li4Ti5O12/C under air atmosphere with a heating rate of
0 ◦C min−1.

Fig. 3 shows the laser Raman spectra of the as-synthesized
i4Ti5O12/C composite. Two main bands were observed at around
350 and 1580 cm−1, which are designated as the D band and the
band, respectively. The G band is associated with the allowed

2g optical modes of the Brillouin zone center of the crystalline
raphite, while the D band is attributed to disorder-allowed phonon
odes. The ratio can give information about the perfection of the

raphite layer structure, As the ID/IG ratio increases, the defect
tructure increases and the degree of graphitization becomes less.
he value of the ID to IG ratio of 1.99 was calculated. It suggests that
he carbon was mainly in an amorphous structure.

The amount of coated carbon in Li4Ti5O12/C composite was then
etermined by the TGA method. Shown in Fig. 4 is the TGA curve of
he Li4Ti5O12/C composite performed in a flowing air atmosphere.
here was only a slight weight loss before 360 ◦C, a fast weight
oss between 400 and 450 ◦C, and almost no further weight loss
t temperature higher than 500 ◦C. Based on the TGA result, the
arbon content in the Li4Ti5O12/C was turned out around 3.35 wt.%.

As compared to the pristine Li4Ti5O12, the Li4Ti5O12/C com-
osite was conducted additional calcination at 700 ◦C in nitrogen
tmosphere for 2 h. Based on the results in Fig. 4, such additional
alcination did not increase the grains size of Li4Ti5O12 obviously.
o further demonstrate its effect on the grain growth of Li4Ti5O12,
he surface area of pristine Li4Ti5O12 prepared from the calcination
f primary powder at 700 ◦C for 5 h (Li4Ti5O12–5 h), or at 700 ◦C for
h (Li4Ti5O12–7 h), or first calcination at 700 ◦C for 5 h, cooling to

oom temperature, and then recalcination at 700 ◦C for additional
h (Li4Ti5O12–5 h–2 h), was measured by BET method with the

esults listed in Table 1. It is 3.1, 3.9 and 3.0 m2 g−1 for Li4Ti5O12–5 h,
i4Ti5O12–7 h and Li4Ti5O12–5 h–2 h, respectively. It suggests the
alcination time did not cause a significant effect on the grain
rowth of Li4Ti5O12. Sucrose would further suppresses the grain
rowth of Li4Ti5O12 when it was introduced during the synthesis.
o it is reasonable to assume that the grain size and the surface

rea of Li4Ti5O12 phase in as-synthesized Li4Ti5O12/C composite is
he same to the pristine Li4Ti5O12. The grain size was then calcu-
ated from the specific surface area by assuming the sphere shape
f Li4Ti5O12 with the results listed also in Table 1. A grain size of

able 1
ET and grain size from BET of Li4Ti5O12 and Li4Ti5O12/C anodes prepared by
ellulose-assisted combustion process calcined at 700 ◦C for 5 h and 7 h in air.

BET (m2 g−1) Grain size (BET) (�m)

Li4Ti5O12–5 h 3.1 0.9
Li4Ti5O12–7 h 3.9 0.7
Li4Ti5O12–5 h–2 h 3.0 0.9
Li4Ti5O12/C–I 7.6 –
Fig. 5. SEM images of the (a) pristine Li4Ti5O12 and (b) Li4Ti5O12/C composite.

around 0.9 �m was calculated for the pristine Li4Ti5O12. For the
Li4Ti5O12/C composite, a surface area of 7.6 m2 g−1 was measured,
which is about two times that of the pristine Li4Ti5O12. The larger
specific surface area of Li4Ti5O12/C than Li4Ti5O12 is due to the
contribution from the coated carbon. Based on the amount of the
carbon coating as determined by the TGA analysis and the specific
surface area of the pristine Li4Ti5O12, the specific surface area of the
coated carbon was calculated to be around 114 m2 g−1. It suggests
the coated carbon is in highly porous structure. Such porous carbon
facilitated the diffusion of liquid electrolyte to the electrode surface,
Fig. 6. Electrical conductivity of Li4Ti5O12 and Li4Ti5O12/C at room temperature.
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Fig. 7. The discharge profiles of the Li4Ti5O12 anode (a) at 1 C rate; (b) at 10 C rate at various temperatures and Li4Ti5O12/C anode (c) at 1 C rate; (d) at 10 C rate at various
temperatures.

Fig. 8. EIS of (a) Li4Ti5O12, (b) Li4Ti5O12/C at various temperatures at the state of discharging (1.6 V), and (c) equivalent circuit. Rs: electrolyte resistance; Rct: charge transfer
resistance at the surface film-active material interface; Rf: surface polarization resistance; Cdl: double-layer capacitance of the electrode–electrolyte interface; Cf: surface
capacitance; Zw: Warburg impedance.
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Table 2
Impedance parameters derived using equivalent circuit model and lithium diffusion
coefficient D for Li4Ti5O12 and Li4Ti5O12/C electrode (at discharging state of 1.6 V).

Temperature ( ◦C) Rs (�) Rct (�) Rf (�) D (cm2 s−1)

Li4Ti5O12 25 6.0 45.3 2.0 2.8 × 10−13

0 8.5 358.6 10.9 2.3 × 10−14

−10 16.3 1208.0 4.1 6.4 × 10−15

−20 56.4 2943.0 2.3 3.3 × 10−16

Li4Ti5O12/C 25 3.5 50.9 4.5 2.4 × 10−13

0 8.0 144.9 12.6 3.0 × 10−14

pronounced influence on the charge-transfer reaction occurring at
the electrode/electrolyte interface. This conclusion agrees well with
the observation of Liao et al. [35].
002 T. Yuan et al. / Journal of Pow

f Li4Ti5O12. In the literature, a similar thickness of 2–10 nm was
bserved for LiFePO4/C with about 2–5 wt.% carbon content [33].

Fig. 5 shows the SEM images of the pristine Li4Ti5O12 and
i4Ti5O12/C composite. Both samples had similar morphology
f sponge shape with tremendous enclosed pores, which were
ttributed to huge amount of gaseous products formed during the
uto-combustion process. Compared to the grain size calculated
ased on BET specific surface area, the grain size in SEM images

s much larger. It suggests there was soft aggregation within the
i4Ti5O12 powder. The successful deposition of carbon over the
i4Ti5O12 was further supported by the substantial increment in
he apparent conductivity of the oxide. The powder was formed
nto bar-shape pellets by die pressing, silver paste was adopted as
he electrodes and silver wires as the current leads. 4-probe DC

ethod was applied for the DC conductivity measurement. For the
ristine Li4Ti5O12, an electrical conductivity of 2.9 × 10−9 S cm−1

as obtained, which is similar to the literature result [8,34]. With
he formation of Li4Ti5O12/C composite, an electrical conductivity
f 3.2 × 10−6 S cm−1 was obtained. As shown in Fig. 6, the electrical
onductivity of Li4Ti5O12/C is more than three orders higher than
he pristine Li4Ti5O12. The substantial increase in electrical conduc-
ivity is due to carbon distribution, i.e., covering on the surface of
i4Ti5O12 grains.

.2. Electrochemical performance

To test their electrochemical performance at low temperature,
he pristine Li4Ti5O12 and Li4Ti5O12/C composite were assembled
nto half cells with metallic lithium film as the counter elec-
rode and also reference electrode. The charge/discharge curves
f the cells at 1 and 10 C rates at various temperatures between
5 and −20 ◦C are shown in Fig. 7. At 1 C rate, pristine Li4Ti5O12
nd Li4Ti5O12/C composite show similar discharge/charge capac-
ty at −10, 0, and 25 ◦C. However, Li4Ti5O12/C (119 mAh g−1)
howed slightly higher discharge capacity than pristine Li4Ti5O12
108 mAh g−1) at −20 ◦C. At 10 C rate, Li4Ti5O12/C as a whole
howed slightly higher discharge/charge capacity than the pris-
ine Li4Ti5O12 at all temperatures ranged from −20 to 25 ◦C. For
xample, it is 31 mAh g−1 for Li4Ti5O12 at −20 ◦C as a comparison
f 41 mAh g−1 for Li4Ti5O12/C at the same temperature. It suggests
he carbon coating is beneficial in improving the electrochemical
erformance at low temperature and high rate. For both pristine
i4Ti5O12 and Li4Ti5O12/C composite anodes, the electrode perfor-
ance at low temperature and high rate is still highly attractive

108–119 mAh g−1 at 1 C rate and −20 ◦C), which is likely asso-
iated with the fine particle size from the reduced temperature
ynthesis.

To further demonstrate the effect of carbon coating on the elec-
rode performance, the EIS of Li4Ti5O12 and Li4Ti5O12/C composite
t the state of discharging (1.6 V) at various temperatures were
easured. As shown in Fig. 8, all the EISs in Nyquist plot are com-

rised of a depressed semicircle in high to medium frequency range
nd a tail in the low frequency range. The high frequency inter-
ept at the real axis corresponds to the ohmic resistance of the
ell mainly contributed from the electrolyte and electrode, while
he semicircle in the middle frequency range is mainly related to
he complicated electrochemical reactions occurring at the elec-
rolyte/cathode interface, which may include the charge-transfer
esistance (both electron and lithium ion), particle-to-particle con-
act resistance, and corresponding capacitances. The inclined line in
he lower frequency range is attributed to the Warburg impedance,

hich is associated with solid-state diffusion of Li ions through

he bulk of Li4Ti5O12. Fig. 8 clearly shows the cell electrochemi-
al resistance comes mainly from the complicated electrochemical
eactions over the Li4Ti5O12 electrode surface. At 25 ◦C, compara-
le electrode polarization resistance of 27 and 26 � was observed
−10 14.3 347.9 20.5 1.7 × 10−15

−20 22.0 993.4 39.2 2.8 × 10−16

for Li4Ti5O12 and Li4Ti5O12/C, respectively. With the decrease of
operation temperature, this polarization resistance increased sub-
stantially, this is due to the reduced surface reaction kinetics.
The pristine Li4Ti5O12 showed a larger electrode polarization than
Li4Ti5O12/C composite, for example, they are 1700 and 1000 � at
−20 ◦C, respectively, which suggests the carbon coating is effective
in improving the electrode reaction kinetics at reduced operation
temperature. Furthermore, the Nyquist plot with the equivalent
circuit was shown in Fig. 8c. The impedance parameters of Rs, Rct

and Rf at different temperatures were listed in Table 2. As can
be seen clearly in Table 2, with decreasing the temperature, the
resistances of both Li4Ti5O12 and Li4Ti5O12/C electrodes increased
gradually. However, the charge transfer resistances Rct increased
the fastest. It suggests the decrease of temperature has much more
Fig. 9. Graph of Z′ plotted against ω−1/2 at low frequency region for Li4Ti5O12 and
Li4Ti5O12/C electrode (at the discharging stage of 1.6 V) at various temperatures.
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ig. 10. Cyclic voltammograms of (a) Li4Ti5O12 and (b) Li4Ti5O12/C at various tem-
eratures at a sweep rate of 0.1 mV s−1.

The lithium-ion diffusion coefficient is calculated according to
he following equation [35,36]:

= R2T2

2A2n4F4C2�2
(1)

here the meanings of n is the number of electrons per molecule
uring oxidization, A the surface area of the electrode, D the dif-
usion coefficient of lithium ion, R the gas constant, T the absolute
emperature, F the Faraday constant, C the concentration of lithium
on (C = 0.014 mol cm−3 for x = 1), and � is the Warburg factor which
as relationship with Zre:
′ = Rs + Rct + Rf + �ω−1/2 (2)

The graph of Z′ against ω−1/2 in the low frequency region is
straight line with the slope of �. The Z′ − ω−1/2 plots at differ-

nt temperatures were presented in Fig. 9. The lithium diffusion
oefficients (D) for Li4Ti5O12 and Li4Ti5O12/C electrodes were cal-
ulated with the results also shown in Table 2. It clearly shows
hat a decrease in operation temperature resulted in a decrease in
ithium diffusion coefficient. However, the value of lithium diffu-
ion coefficient between Li4Ti5O12 and Li4Ti5O12/C electrodes was
imilar.

Recently, based on careful analysis of nine papers by different
esearch groups, Gaberscek et al. claimed that in LiFePO4-
ased cathode materials, a cathode material similar to Li4Ti5O12
node with a poor lithium-ion and electronic conductivity and a
wo-phase mechanism for lithium insertion and extraction, the
lectrode resistance depends solely on the mean particle size and

he effect of carbon coating is marginal [37]. Kavan et al. have stud-
ed the particle size effect in spinel Li4Ti5O12 [38], and they found
hat the Li-diffusion coefficients are strongly dependent on the par-
icles size. As demonstrated previously, the grain size effects of
i4Ti5O12 and Li4Ti5O12/C are similar in current research. However,
Fig. 11. Cycling performance of the Li4Ti5O12 and Li4Ti5O12/C at room and low
temperatures.

it was observed that the Li4Ti5O12/C electrode had better electro-
chemical performance than pristine Li4Ti5O12 at low temperature,
especially at high discharge rate. It implies the carbon coating does
affect the electrochemical performance. Such improvement can be
explained by the improved electrical wiring of the anode particles
through the carbon coating of the Li4Ti5O12.

Shown in Fig. 10 are the CV of pristine Li4Ti5O12 and Li4Ti5O12/C
between 1.0 and 3.0 V with a voltage scan rate of 0.1 mV s−1 at dif-
ferent operation temperatures varied from 25 ◦C to −20 ◦C. At 25 ◦C,
both pristine Li4Ti5O12 and Li4Ti5O12/C composite show a pair of
sharp and reversible redox peaks, indicating the good electrode
kinetic of both anodes. During the cathodic sweep, lithium ions are
inserted in Li4Ti5O12/C. A cathodic peak occurred at around 1.5 V
versus Li+/Li, corresponding to the flat voltage of discharge process.
The voltage difference between anodic and cathodic peaks reflects
the polarization degree of the electrode. With the decrease of oper-
ation temperature, the anodic peak and cathodic peak became
broader, the peak current was reduced, and the voltage separation
between the anodic peak and cathodic peak was enlarged. All above
phenomena suggested worsened electrode kinetics with reduced
operation temperature. As compared to the pristine Li4Ti5O12, the
anodic peak and cathodic peak of Li4Ti5O12/C anode at reduced
operation temperature are more symmetric and the voltage separa-
tion between anodic peak and cathodic peak is smaller, suggesting
higher electrode activity of Li4Ti5O12/C composite than pristine
Li4Ti5O12, agreeing well with the EIS results.

Fig. 11 shows the cycling stability of both pristine Li4Ti5O12 and
Li4Ti5O12/C electrodes at various conditions at 1 C rate. Both elec-
trodes show relatively stable cycling stability within the 50 cycles.
The good cycling stability can be attributed to the near zero volume
variation during the charge/discharge process.

4. Conclusions

With sucrose as organic carbon source, a thin layer of car-
bon has been successfully coated on the Li4Ti5O12 anode material
with the formation of phase-pure Li4Ti5O12/C composite after the
calcination at 700 ◦C in an inert atmosphere for 2 h, if the crystal-
lized Li4Ti5O12 phase was pre-formed. The surface carbon layer is
amorphous, highly porous, around 5 nm in thickness, and around
3.35 wt.% in the Li4Ti5O12/C composite. The conductivity of the
Li4Ti5O12 increased around 3 orders after the carbon coating. Both

the pristine Li4Ti5O12 material and Li4Ti5O12/C composite showed
good electrochemical performance at room temperature and low
charge/discharge rates primarily because of the fine particle size
thanks to the reduced temperature via the cellulose-assisted
combustion process. Improved electrochemical charge/discharge
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