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Abstract A new carbon coating method for improving the
performance of anode material of lithium ion battery is pro-
posed in this paper. In this method, cetyl trimethyl ammonium
bromide (CTAB) is used as dispersant and phenolic resin
formed in situ on Li4TisO;,-TiO, is used as carbon precursor;
thus, uniform coated sample with low carbon content is
achieved. Three samples with different carbon contents are
prepared, and their carbon content, morphology, struc-
ture, and electrochemical performance are investigated
by thermogravimetry, scanning electron microscopy, trans-
mission electron microscopy, X-ray diffraction, electrochem-
ical impedance spectroscopy, and charge-discharge test. It is
found that the sample with a carbon content of as low as
2.5 wt.% exhibits superior electrochemical performance. It
delivers an initial capacity of 162.4 mAh g ' with capacity
retention of 95 % after 200 cycles at 1 C rate. When cycled ata
higher rate of 5 C, the sample delivers a capacity of
148 mAh g! with no apparent capacity decaying after 90 cy-
cles. The superior performance of the developed anode can be
attributed to the uniform carbon coating.
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Introduction

Lithium ion battery is believed to be a promising alternative
power source for vehicles to reduce the emission from con-
ventional power sources such as gasoline- or diesel-powered
internal combustion engines [1-4]. As the power source of
electric vehicles, the safety and rate performance of lithium
ion battery need to be improved [5—10]. The conventional
lithium ion battery based on graphite anode cannot meet these
requirements, because graphite has a lithium insertion poten-
tial as low as metal lithium, at which the organic liquid
electrolyte is unstable, and exhibits a low lithium insertion/
deinsertion kinetics due to its layered structure [11, 12].

As an alternative anode material, spinel lithium titanate
(Li4TisOy,) is attracting more and more attentions, because
it has stable structure and higher lithium insertion potential
(about 1.55 V vs. Li'/Li) than graphite [13—18]. However,
Li4TisO4, has a poor electronic conductivity and presents a
catalytic activity toward the electrolyte decomposition [19,
20]. Carbon coating is believed to be an effective way for
improving the electronic conductivity and reducing the cata-
lytic activity of Li4TisO, anode [21-28].

Many methods have been proposed for carbon coating of
Li4Ti501,. Zhao et al. used ionic liquid as the carbon precursor
to prepare the LiyTisO;, coated with N-doped carbon and
showed that the sample with 7.0 wt.% carbon exhibited good
rate capability and cycling performance [19]. Guo et al. used
amphiphilic carbonaceous material as carbon precursor to
prepare the coated LiyTisO;, with different carbon contents
and found that the optimal carbon content was 5.7 wt.% [29].
Li et al. prepared LisTisO;,/carbon/carbon nano-tubes by
solid-state method using 6 wt.% as the optimal carbon content
[30]. Jayaprakash et al. used pitch as carbon precursor and
prepared the carbon-coated LisTisO;, [31]. Thermogravimet-
ric analysis (TGA) showed that the sample contained 20 % of
carbon but delivers an initial discharge capacity of only

@ Springer



1540

Ionics (2015) 21:1539-1544

166 mAh gf1 at 0.1 C. Zheng et al. synthesized LisTisO;,/C
composite via solid-state reaction using lithium citrate as
lithium source and carbon source [32]. The obtained sample
with carbon content of 5.5 % delivered an initial discharge
capacity of 162 mAh g ' at 1 C with capacity retention of
92 % after 100 cycles.

Besides, anatase TiO, has also attracted much attention
since its high voltage platform of ~1.7 V (vs. Li/Li") for
lithium ion insertion/extraction, low volume expansion of 3—
4 % during cycling [33-39]. Since the anatase-type TiO, is
formed symbiotically in the synthesis process of LiyTisO5,
the ratio of Li4TisO, to TiO;, is not under consideration when
we evaluate the effect of preparation method on the perfor-
mances of LizTisO,-TiO, anode. Rahman et al. [40, 41] used
a new route of simple basic molten salt process to synthesize
nanocrystalline LiyTisO,-TiO, and perform carbon coating
by using citric acid as carbon precursor. The obtained product
had a carbon content of about 4.2 wt.% and delivered a
capacity of 166 mAh g ' at 0.5 C.

However, all the methods reported in literatures can im-
prove the performance of LiyTisO;, or TiO, anode to some
extent; the obtained products usually have high carbon con-
tents that the specific capacity of anode is reduced. Further-
more, carbon-coated anode is usually prepared by directly
mixing the carbon precursors with pristine anode, followed
by a violent stirring or ball milling. The disadvantage of this
traditional method is difficult to ensure a uniform carbon
coating during the preparation processes; thus, the resulting
products usually have higher carbon content.

In this paper, we reported a new method for uniformly
coating LiyTi5sO4,-TiO, with low carbon content. In this meth-
od, the carbon coating is performed directly on LisTisO,-
TiO, rather than in the formation process of LiyTisO;,-TiO,
by using phenolic resin as carbon precursor and cetyl
trimethyl ammonium bromide (CTAB) as dispersant. Phenolic
resin is formed in situ on LizTisO4,-TiO,, instead of adding
during coating process, which favors coating uniformly and
reducing the formation of independent carbon phase and thus
reducing the carbon content in the products. The CTAB helps
disperse uniformly the solid particles to ensure the complete
coating of all particles.

Experimental
Material preparation

All the chemicals were used as received without further puri-
fication. A certain amount of pristine Li;TisO;,-TiO, anode
(Tianjiao Corporation) and cetyl trimethyl ammonium bro-
mide (CTAB) were dispersed in deionized water. With the
treatment under ultrasonication and mechanical stirring, the
slurry turned to be milky and homogeneous. Resorcinol and
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formaldehyde with a molar ratio of 1:3 and Na,COj; as the
catalyst were added into the slurry under stirring. The resultant
slurry was refluxed at 90 °C for 1 h under continuous stirring,
and then the resultant brick-red solution was centrifuged. The
as-prepared precursor was washed with deionized water sev-
eral times, dried at 80 °C overnight, and calcined at 700 °C for
2 h under N, atmosphere with a heating rate of 3 °C min .
Three LisTisO;,-TiO,/C composites with different carbon
contents were prepared, denoted as S1, S2, and S3. The
carbon content was controlled by using different amount of
resorcinol and formaldehyde.

Material characterization

To determine the carbon content, a Perkin-Elmer TGA7 was
used for thermogravimetric analysis (TGA) in a heating rate of
10 °C min~' from 30 to 800 °C under an air atmosphere.
Crystalline phase information of the materials was obtained by
a powder X-ray diffraction (XRD, Bruker D8 Advance,
Germany) with a Cu Ka radiation in the range from 10
to 90°. The morphology of the as-prepared samples was
observed with a scanning electron microscope (SEM, JEOL
JSM-6510, Japan) and transmission electron microscope
(TEM, JEM-2100HR, USA).

The electrochemical measurements were performed with
coin-type cells (CR2025). A lithium metal foil was used as the
counter electrode as well as reference electrode. The working
electrode was prepared by mixing active materials of
Li4TisO4,-TiO, anode (80 wt.%), conductive agent of
Super-P (10 wt.%), and binder of polyvinylidene difluoride
(PVDF, 10 wt.%) and then coating the mixture onto a copper
foil. The average mass loading of the electrode for the elec-
trochemical tests was 4.095 mg cm 2, in which contained
3.276 mg cm ~ of active material. The copper foil was chosen
as the current collector because it exhibited better rate and
cycle performance than that of Al current collector [42].

The electrolyte was 1.0 M LiPFg in a 1:1 (w/w) mixture of
ethylene carbonate (EC) and dimethyl carbonate (DMC). A
Celgard 2300 microporous membrane was used as the sepa-
rator. The cells were assembled in a glove box filled with
argon. Electrochemical impedance spectra (EIS) was carried
out in an Autolab (PGSTAT302N, Switzerland) with the fre-
quency range from 10° to 0.01 Hz. Constant current charge-
discharge tests were conducted on a battery test system
(LAND CT2001A, China) with a voltage range of
1.0~2.5 V (vs. Li/Li") at different rates.

Results and discussion

TGA was used to estimate the carbon content of the prepared
samples. Figure 1 shows the TGA curves of the pristine
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Fig. 1 TG profiles of the uncoated sample and the coated samples, S1,
S2, and S3

sample and three carbon-coated samples, S1, S2, and S3. As
can be seen from Fig. 1, there is a slight weight loss for all the
samples before 200 °C, which is attributed to the evaporation
of trace absorbed water. For pristine Li4 TisO,-TiO,, its weight
maintains almost constant with the further increase of temper-
ature. Differently, carbon-coated composites exhibit apparent
weight loss over 210 °C, which obviously results from the
decomposition of carbon. When the temperature is over
600 °C, the weights of the samples retain constant, indicating
that the carbon in the samples has decomposed completely.
Based on the result of weight loss, the carbon contents of the
as-prepared samples can be calculated, whose value is
2.27 wt.% for S1, 2.5 wt.% for S2, and 3.34 wt.% for S3.
Figure 2 shows the SEM and TEM images of Li;TisO15-
TiO, anode before and after carbon coating. It can be seen

Fig.2 SEM and TEM images of the samples before (a, b) and after (c, d)
carbon coating

from Fig. 2a that the uncoated sample has a spherical mor-
phology with an average grain size of about 5 um. As shown
in Fig. 2b, the spheres are composed of about 30-nm-sized
nanoparticles, which are beneficial for enhancing the kinetics
of lithium intercalation into the Li;TisO,-TiO, host structure.
After carbon coating, the spherical morphology and micro-
structure remain unchanged, as shown in Fig. 2c. Comparing
Fig. 2b with Fig. 2d, it can be seen that a continuous and
uniform carbon layer has been successfully formed on the
surface of LisTisO,-TiO, (Fig. 2d).

XRD was performed to identify the crystal structure
of the prepared sample. Figure 3 displays the XRD
patterns of the pristine sample and carbon-coated com-
posites. It is found that all the samples are composed of
spinel LiyTisO, (PDF no.49-0207) with some diffrac-
tion peaks of anatase TiO, as the secondary phase. It
also can be noted that there is no change in the phase
composition, but the diffraction peaks attributed to ana-
tase TiO, become stronger after carbon coating, suggest-
ing that the carbon coating process results in partial
evaporation of Li,O but does not change the crystal
structure of LiyTisO;,. In addition, no diffraction peaks
related to carbon can be observed, suggesting that there
is no independent carbon phase and confirming that the
carbon content in the sample is low.

The charge-discharge profiles of uncoated and coated
different contents of carbon at 0.5 C rate are presented in
Fig. 4. Obviously, carbon coating hardly affects the
charge-discharge characteristics at such low rate. All
the samples display similar charge-discharge profiles,
but the S2 sample with carbon content of 2.5 wt.% has
the highest discharge capacity, which is 179.2 mAh g ',
contributed from both LiyTisO, and TiO,, a little higher
than the theoretical capacity of LisTisO;, (175 mAh g_l).
The uncoated sample has a discharge capacity of
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Fig.3 Wide-angle powder XRD patterns of the uncoated sample and the
coated samples, S1, S2, and S3
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Fig. 4 Charge-discharge profiles of the coin cells at 0.5 C for uncoated
and coated samples

155.6 mAh g ', indicative of the improved effect of the
carbon coating. Besides, the lithiation/delithiation pro-
cesses of TiO, can be observed at the short voltage
platform of 1.7 and 2.0 V, conforming the sample is
composed of LiyTisO;, and TiO,.

To understand the rate capability of the prepared
samples, charge-discharge tests were performed at vari-
ous rates. Figure 5 presents the rate performances of all
the samples in the voltage range of 1.0~2.5 V. The S2

Fig. 6 Nyquist plots of cells after one charging/discharging cycle be-
tween 1.0 and 2.5 V (vs. Li/Li") at 0.1 C rate. The solid lines represent the
fitting results

sample has the highest specific capacity in various C
rates, followed by S1. It is worth noticing that the S3
with carbon content of 3.34 wt.% performs the worst
rate performance when the C rate is higher than 5 C.
The possible reason is that the rate performance of the
prepared samples is determined by both the ionic con-
ductivity and electronic conductivity. Although carbon
has a superior electronic conductivity, it does not
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contribute to ionic conductivity. The sample with
2.5 wt.% carbon exhibits excellent rate performance,
indicating that the carbon coating is effective. To our
knowledge, this is the minimum carbon content among
the values that have been reported to be effective for
the carbon coating of LiyTisOj,-related anodes [18,
28-30].

EIS was used to confirm the difference in the kinet-
ics of lithiation/delithiation of the prepared samples.
Figure 6 presents the Nyquist plots of different samples.
It can be seen from Fig. 6 that the plots are character-
istic of a semicircle at high frequency region, which is
attributed to the charge transfer resistance (R, and an
oblique line at low frequency region, which is the
Warburg behavior related to the diffusion of ion in
electrode. The R, of pristine sample is quite higher
than that of the coated samples, indicating that the
carbon coating significantly improves the kinetics of
lithiation/delithiation of LisTisO;,. The S2 sample has
the smallest R, among three coated samples, which
further confirms the optimal carbon content.
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Fig. 7 Cycling performance of a uncoated sample and S2 at 1 C and b
S2 at 5 C, between 1.0 and 2.5 V (vs. Li/Li")

Figure 7 presents the comparison of cycling stability
between pristine and S2 samples. As seen from Fig. 7a,
the S2 sample exhibits better cycling stability than the
pristine one. At 1 C rate, S2 delivers an initial charge
capacity of 162.4 mAh g ' and its capacity retention is
95 % after 200 cycles. The uncoated sample has an
initial charge capacity of 96.5 mAh g' and its capacity
achieves a maximum value of 153.5 mAh g ' at 23rd
cycle and remains 76 % of the maximum after 200 cy-
cles. The appearance of the maximum capacity in the
pristine one suggests that there exist poor electronic
contacts among the LiyTisO1,-TiO, particles in the sample
without carbon coating.

The carbon layer in S2 sample has sp”-hybridized
carbon-containing conductive networks originated from
the carbonation of benzene ring that acts as a bridge
function between particles, making it easier for electron
to transfer into the bulk of the sample and providing the
sample with a higher specific capacity and a superior
rate and cycle performance. The cycling performance of
S2 sample at high rate is also excellent. As shown in
Fig. 7b, the S2 sample at 5 C rate delivers a capacity as
high as 148 mAh g~ ' with negligible capacity loss after
90 cycles, showing its superior cycling performance.
Thus, the cycle and the rate performances of S2 sample
with low carbon coating content are as good as those of
the samples with larger carbon content reported in liter-
atures [30, 31], indicating that the developed carbon
coating method in this paper is a good alternative to
prepare the high performance LisTisO;,-TiO, anode.

Conclusions

In this paper, we reported a new carbon coating method
for improving the performance of LiyTisO;,-TiO, as
anode of lithium ion battery. In this method, cetyl
trimethyl ammonium bromide is used as dispersant and
phenolic resin formed in situ on LisTisO;,-TiO, is used
as carbon precursor. With this method, carbon can be
successfully coated on LisTisO;,-TiO, anode and the
uniformly coated carbon with low content is achieved.
The resulting composite with only 2.5 wt.% carbon
delivers excellent cycle and rate performances.
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