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Synthesis and electrochemical performance of Li TisO.,/TiO,/C
nanocrystallines for high-rate lithium ion batteries

Wenjun Zhu *, Hui Yang “, Wenkui Zhang b, Hui Huang b, Xinyong Tao b, Yang Xia b,
Yongping Gan ® and Xingzhong Guo **

“School of Materials Science and Engineering, Zhejiang University, 38 Zheda Road,
Xihu District, Hangzhou 310027, China

bCoZZege of Materials Science and Engineering, Zhejiang University of Technology,
Hangzhou 310014, China.

LisTisO;2/TiO,/Carbon  (LisTisO;,/TiO,/C) nanocrystalline composite has been
successfully synthesized by a facile sol-gel method and subsequent calcination
treatment, and pure LisTisOpy, LisTisO1,/C and LisTisO12/TiO, composites have also
been synthesized in the present study for comparison. All the samples present a
nanocrystalline structure with a uniform size distribution, and abundant phase
interfaces can be detected for LisTisO;2/TiO; and LisTisO;2/TiO,/C composites.
Electrochemical measurements demonstrate that the resultant LisTisO;./TiO,/C
composite exhibits a superior rate capability and cycle stability in comparison with
pure LisTisOj,, LisTisO1,/C and LigTisO;,/TiO, composites, which can be attributed
to high grain boundary density, abundant phase interfaces and in situ formed carbon,
for storing extra lithium ions, enhancing rapid lithium insertion/extraction kinetics

and improving electron transport rate.

Corresponding author. Fax: +86 571 87953054. E-mail address: msewj01@zju.edu.cn (X. Z. Guo).
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Introduction

Rechargeable lithium-ion batteries (LIBs) have attracted great attention as the
power source for most portable electronic devices and a promising energy-storage
device in electric vehicle and electrical/hybrid vehicles, due to large energy density,
environmental friendliness and high output Voltage.l'6 With the rapid development of
portable electronic devices and hybrid electric vehicles, it is highly desired to explore
new LIBs materials with high power density, long cycle life, and better safety.
Currently, carbonaceous materials have been used as the most common commercial
anode materials for LIBs. However, the carbonaceous materials have some safety
concerns, particularly when used for high power batteries. Lithium dendrites are
likely to be formed on the surface of carbon materials after long charge-discharge
cycles, resulting in the capacity decay.7'9 Therefore, searching for alternative anode
materials with excellent rate-capability and good safety property becomes the urgent
topic for the LIBs field.> '

Spinel lithium titanium oxide (LisTisO12) has garnered particular interests as one
of the most attractive LIBs anode materials owning to the stable and high flat Li ion
insertion voltage (~1.55 V vs. Li/Li"), which could effectively avoid the formation of
the solid-electrolyte interphase (SEI) layer and suppress the deposition of lithium
dendrites, largely enhance the safety of the cells. Moreover, the negligible volume
change of spinel LiyTisO), electrode during the repeated Li" insertion and extraction
processes guarantees the long-term electrochemical stability and the enhanced

capacity retention.'*'® Thus, spinel LisTisOj; is considered as a promising alternative
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to carbonaceous anodes. Despite of these advantages, the practical application of
spinel LigTisO1, is still largely restrained by the inherently kinetic problem derived
from the low electronic conductivity (10" S™) and sluggish lithium ion diffusion
(10" to 10 em? s™), resulting in a poor rate capability.® """

Up to date, tremendous efforts have been made to circumvent the drawbacks of
LisTisO1,. An effective strategy is reducing the particle size of LisTisO1, to nanoscale
range to acquire enhanced electrochemical performance by shortening the diffusion
paths for electrons and lithium ions.'>?**! Another effective strategy is synthesizing
nanocomposites coating with conductive carbonaceous materials, such as graphite,
graphene, carbon nanotubes, and carbon nanofibers, etc., which could effectively
increase the electrical conductivity to further enhance the electrochemical
performance of LisTisO;, electrode, especially the rate capability.z’ B 2224y
addition, intensive studies have demonstrated that the dual phase LisTisO;,/anatase
TiO, composites present superior electrochemical performance than pure LisTisOy,.
During the dual phase structure, the higher theoretical specific capacity of anatase
TiO, (336 mAh g") compared with that of spinel LisTisO1, (175 mAh g™) and the
interfacial pseudocapacitive effect derived from abundant phase interfaces between
spinel LisTisO;, and anatase TiO, make contribution to the improved specific capacity
of Li4Ti5s0,,/TiO; composite. Moreover, the lithium insertion/extraction ability of the
Li4Tis0;,/TiO, composite can be enhanced by phase interfaces and nanosized anatase

TiO,.'% 1232528 Bagsed on the above discussions, it is attractive to design a novel

Li4TisO;, material with the merits of nanoscale structure, abundant phase interfaces
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and decorating with carbon material.

In this work, we report a facile sol-gel route with a subsequent heat treatment to
fabricate LisTisO;2/TiO,/C nanocrystalline composite. The structure and
electrochemical performance of the as-prepared LisTisO,,/TiO,/C composite are
investigated in detail. The resultant LisTisO;,/TiO,/C composite displays a superior
rate capability and cycle stability in comparison with pure LisTisO2, LisTisO;,/C and
LisTisO;/TiO, composites. The improved electrochemical performance could be
attributed to the synergetic effect of uniform nanocrystalline structure, plentiful grain
boundaries and phase interfaces, and in situ formed carbon.

Experimental
Materials synthesis
Tetrabutyl titanate (Ti(OC4Hg)s, TBOT, Aladdin) and lithium acetate dihydrate
(CH3;COOLi*2H;0, LiAc, Sinopharm Chemical Reagent Co., Ltd (China)) were
utilized as titanium and lithium sources, respectively. Mixture of distilled water (H,O)
and ethanol (EtOH, 99.5%) was used as the solvent. Glacial acetic acid (HAc,
Sinopharm Chemical Reagent Co., Ltd (China)) was used as catalyst for gelation.
Poly(vinylpyrrolidone) (PVP, Sigma-Aldrich, M,~=10,000) was used as a phase
separation inducer. All chemicals were of analytical grade and used as received
without further purification.

The whole fabrication procedure is shown in Fig. 1. In a typical synthesis, with
the molar ratio of Li/Ti at 3.8:5, 1.5 mL (4.4 mM) TBOT and a certain amount of

LiAc-2H,0 were dissolved in 2.5 mL EtOH to obtain transparent solution A. 0.25
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mL HAc, 0.3 mL deionized water and 2.0 mL EtOH were mixed, then 0.75 g PVP
was added and stirred at room temperature about 30 min to gain pale yellow
solution B. Then, the solution B was slowly dropped into the solution A under
vigorous stirring. After continuously stirring for 5 min, the mix solution was kept
in a sealed container at 60 °C for gelation, and white gels could be acquired after
about 20 min. The colour of the gel was changed from white to light orange during
the drying process. After dried at 80 °C for 2 d, the resulting dried gels were
calcinated at 600 °C for 5 h in air and an argon atmosphere to obtain
Li4Ti501,/Ti0O, and LisTis0;2/Ti0,/C composites, respectively. For comparison,
the pure LisTis0;, and the LisTis0;,/C composite were also prepared with the
molar stoichiometric ratio of Li/Ti (4:5) after the calcination at 600 °C for 5 h in

air and an argon atmosphere, respectively.
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Fig. 1 Schematic illustration of the fabrication process of pure LisTisO1,, LigTisOq,/C,

Sol-gel

LisTisO/TiO, and LiyTisO,/TiO,/C composites (insets are the corresponding optical
photographs).

Structure characterizations

The phase purity and crystal structure of as-obtained products were characterized
using powder X-ray diffractometry (XRD; X’Pert Pro diffractometer with a Cu Ka
radiation, 4 =0.15418 nm). Morphology and microstructure were determined by

scanning electron microscopy (SEM; Hitachi S-4800) and transmission electron
5
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microscopy (TEM; FEI, Tecnai G2 F20). The chemical valence state of elements
for the samples was studied by X-ray photoelectron spectroscopy (XPS) performed
on a Thermo ESCALAB 250 system with a monochromatic Al-Ka (1486.6 eV) as
the X-ray source. Measurements of Raman spectra were collected on a Renishaw
InVia Raman Spectrometer under a backscattering geometry (4 = 532 nm). The
thermal decomposition behavior of the dried gel and the amount of carbon in the
composites were examined by thermogravimetric analysis (TGA, TA Q500) at a
heating rate of 10 °C min~' from room temperture to 800 °C in air.
Electrochemical measurements

Electrochemical experiments were evaluated using standard CR 2025 type coin cells
with lithium foil as the counter and reference electrodes. Active material (as-prepared
samples), conductive super P and polyvinylidene fluoride (PVDF) binder were
mixed at a weight ratio of 80:10:10 in N-methyl-2-pyrrolidene (NMP) solution to
form a slurry. The slurry was homogeneously coated onto a Cu foil and dried in a
vacuum oven at 120 °C for 12 h before coin-cell assembly. The weight of the
active material in the electrode sheet was 2~3 mg cm™. A solution of 1M LiPF¢
dissolved in a mixture of ethylene carbonate (EC)/dimethyl carbonate (DMC) (1:1
by volume) was used as the electrolyte, and a polypropyle (PP) microporous film
(Cellgard 2300) as the separator. Galvanostatic charge-discharge measurements
were performed on a Neware battery test system in the voltage range of 1.0-3.0 V
at room temperature. A CHI 660b workstation (Shanghai Chenhua, China) was

applied for cyclic voltammograms (CV) tests in the voltage range of 1.0-3.0 V at a
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scan rate of 0.1 mV s”'. The electrochemical impedance spectroscopy (EIS)
measurements were collected on the same workstation over the frequency range

0.1 Hz to 100 KHz with a voltage amplitude of 5.0 mV.

Results and discussion
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Fig. 2 XRD patterns (a), Raman spectra (b), Full XPS survey spectra (c¢) and high-resolution Ti 2p
spectra (d) of pure LisTisO1,, LigTisO1,/TiO; and LiyTis0,,/TiO,/C composites, respectively.

Fig. 2a shows the XRD patterns of the as-prepared products. It can be seen that
all the samples present sharp peaks, indicating that all the samples are well
crystallized after calcination at a relatively low temperature of 600 °C. Pure
Li4TisO;, phase can be obtained in the pure LisTisO;, and LisTisO;,/C composite
(Fig.S1), and all the diffraction peaks are consistent with the cubic spinel phase
LisTisO12 (JCPDS No. 49-0207) without any impurities. The LisTisO,,/TiO; and
Li4Ti501,/Ti0,/C composites can be obtained at the ratio of Li/Ti (3.8:5), the
additional peaks marked by dot are indexed to anatase TiO, (JCPDS 65-5714). No
obvious broad peaks corresponding to amorphous or crystalline carbon can be

found against the background in the XRD pattern of LisTisO;,/C (Fig. S1) and
7
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Li4Ti501,/Ti0,/C composites, which could be attributed to the low crystallinity
and the combination mode of the carbon.> 7 2 2 % However, the carbon
composition of LisTisO,/Ti0,/C composite can be confirmed by Raman spectrum
(Fig. 2b) and TEM examination (described later).

The phase compositions of the as-obtained samples are further studied by
Raman spectrum shown in Fig. 2b. The observed peaks at 236, 453 and 611 cm™,
corresponding to the characteristic peaks of spinel Li4Ti5012.9’ 30 Besides, the
typical vibration peaks of anatase TiO; located at 149, 199, 400, 500, 515, 631 and
637 cm’! are found for the samples of LisTisO;,/TiO, and LisTisO1/TiO,/C
composites.”*! Furthermore, two peaks at 1344 and 1590 cm™ are observed for the
Li4Ti50,,/Ti0,/C composite, which are attributed to the typical disordered band (D
band) and the graphene band (G band) of carbon, respectively.lo’ 1332 The
compositions (Li4TisO;; and carbon) of the LisTisO;, /C composite are also
confirmed by the Raman spectrum (Fig.S2). The result of Raman spectra indicates
that the existence of carbon, which results from the in situ formed carbon derived
from the pyrolysis of PVP in an argon atmosphere.” Moreover, the Ig/Ip value
(ratio of the intensity of G Raman peak and D Raman peak) is about 0.96,
indicating that the carbon is mainly exist as disordered form with low crystallinity,
which is agree with the results of XRD.

Further surface chemical compositions and elemental states of the as-prepared
samples were collected via X-ray photoelectron spectroscopy (XPS). The binding

energies obtained in the XPS spectrum were corrected with reference to the C 1s
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peak at 284.6 eV. As shown in Fig. 2c, obvious peaks of Ols, Ti2p, N1s, Cls and
Lils peaks are observed for all the samples, indicating the existence of these
elements. Fig. 2d shows the high resolution spectra of the Ti2p, the typical Ti2p.
and Ti2ps; of Ti*" located at 463.8 and 458.0 eV can be detected from the pure
LisTisO1,.” ' The LigTisO;,/TiO, and LisTisO;,/TiO,/C composites also present
similar Ti2p;, and Ti2ps, characteristic peaks, and the peaks of Ti 2p;,; and Ti
2p3;» migrate to higher binding energy compared with pure LisTisOj,. This
phenomenon is obvious for the LisTisO;2/TiO,/C composite. Moreover, the
characteristic peak of Ti’" at 457.6 eV is observed for the LisTisO1/TiO,/C
composite, which may be attributed to the increased oxygen vacancies in the
Li4TisO2/TiO,/C composite due to the reduction effect derived from the argon
atmosphere and in-situ formed carbon.'> ** The existence of Ti’" and oxygen
vacancies is favorable to enhancing Li' insertion and increasing electronic
conductivity, which are beneficial to improving electrochemical performance of

the Li4Tis0,,/Ti0,/C composite.
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Fig. 3 TG curves of the as-prepared dried gel and the Li;TisO;,/TiO,/C composite.

Thermal analysis was used to analyze the thermal behavior of the dried gel and

actual carbon content of LisTisO;,/C and LisTisO;,/TiO,/C composites. As shown in
9
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Fig. 3, for dried gel, there is a small weight loss of about 10% happened up to 120 °C,
which is mainly due to the elimination of absorbed/trapped water contained in the
sample. Subsequently, there is a distinct weight loss of about 32% occurred from 120
to 600 °C, which can be attributed to the chemical reaction of dried gel and the
decomposition of PVP residue. Additionally, the distinct weight loss of
LisTisO1,/TiO,/C composite is observed between 200 and 500 °C, which is ascribed to
the decomposition of carbon and calculated to be 15%. That is to say, the carbon
content of LisTisO,/TiO,/C composite is about 15%. Similar results are observed
from the LisTisO1o/C composite (Fig. S3), and the carbon content of LisTisO;,/C

composite is 15.6 %.

Fig. 4 Typical low-magnification and high-magnifcation SEM images of pure LisTisO, (a and
b), Li4Tis0,,/TiO; (¢ and d) and LisTi50,,/TiO,/C composites (e and f).

The morphology of the products was characterized by SEM. As shown in Fig.4

10
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and Fig. S4, it can be oberved from the low-magnification images (Fig. 4 a, c, ¢
and Fig. S4a) that all the samples present a similar morphology composed of
uniform nanocrystalline particles due to the surfactant and phase separation
induction effect of PVP.” The high-magnifcation images (Fig. 4 b, d, f and Fig.
S4b) show that homogeneous nanocrystalline particles for all the samples display a
similar size in the range of 50-100 nm, indicating that the second phase of anatase

TiO; and carbon have no effect on the size of particles.
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Fig.5 TEM and HRTEM images of pure LisTisOy; (a and b), LisTisO0,/TiO;, (¢ and d), and
Li4Ti50,/Ti0,/C composites (e and f).

TEM and HRTEM were performed to further study the microstructure and
carbon distribution (Fig. 5). Agree with the SEM images (Fig. 4), all the samples
present a nanocrystalline structure (Fig. 5a, ¢ and e). These nanoparticles
interconnect into a network porous structure, which is beneficial to enhancing the

electrochemical performances. Furthermore, the dispersion of carbon can be found

11
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in the Li4Ti50,2/Ti0,/C composite, as marked by the arrows in Fig. 5e. The lattice
spacing of 0.482 nm in Fig. 5b corresponds to the (111) crystal plane of spinel
LisTisO12. Compared with pure LisTisO;,, the characteristic lattice stripes of
anatase TiO, can be detected from the LisTisO;2/TiO; and LisTisO;2/Ti0,/C
composites in Fig. 5d and f. The lattice spacing values of 0.356/0.357 and 0.236
nm are assigned to the (101) and (004) planes of anatase TiO,, respectively.
Abundant grain boundaries and phase interfaces are produced due to nanocrystal
components and dual-phase of LisTisO;, and anatase TiO,, as marked by the red
dashed line in Fig. 5d and f. Besides, the grey regions marked by black arrow in
Fig. 5f could be detected from the LisTi50;2/TiO,/C composite, which could be
attributed to the in situ formed carbon derived from PVP. The high crystallinity of
the as-obtained samples can be further confirmed by the distinct lattice stripes in
the HRTEM images (Fig. 5b, d and f), which is consistent with the results of XRD
shown above.
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Fig. 6 CV curves of pure LiyTisO1,, LiyTi50,,/TiO; and LisTi50,,/TiO,/C composites.
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The electrochemical behaviour of pure LisTisO;,, LisTisO;2/C, LisTisO12/TiO,
and LiyTisO;2/TiO,/C composite electrodes was characterized by cyclic
voltammetry (CV) at a scanning rate of 0.1 mV s in the potential range of 1.0-3.0
V, as shown in Fig. 6. Only one oxidation/reduction peak at 1.51 and 1.62 V is
observed for the pure LisTis0;, and the Li4Ti50;,/C composite (Fig. S5) electrode,
corresponding to the Li" insertion/extraction reaction of spinel LisTisOq;
(Li4Ti50,+ 3Li'+ 3¢ o Li7Ti5012).5’ % 34 Besides, an additional pair of redox
peaks located at 1.72/2.04 V is detected for the LisTi50,/TiO, and
Li4Ti501,/Ti0,/C composites, which is attributed to the discharge and charge
plateaus of anatase TiO, phase (xLi+ + TiO; + xe” < LixTiOz).7’ %35 It can be
detected that the background of the redox peaks for LisTisO;,/C (Fig. S5) and
Li4TisO2/TiO,/C composites is much more wider than that of pure Li4TisO;, and
Li4TisO,,/TiO, composite, which can be assigned to the pseudocapacitive of the

faradaic-limited process derived from the carbon.” *
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Fig. 7 Initial three discharge/charge curves of (a) pure LiyTisOy,, (b) LigTisO,/C, (c)
LiyTi50,,/TiO; and (d) Li4Ti50,,/Ti0,/C composites, respectively.
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As is well known, the volumic capacity is an important parameter for the

practical application of LisTisO;,-based materials®” 8

. The capacities of the
samples in this work are addressed not only by weight dimensionality (mAh g™)
but also by volume (mAh cm'3). The densities of the pure LisTisO1,, LisTisO1,/C,
Li4Ti501,/Ti0; and Li4Ti501,/Ti0,/C composites are calculated to be 3.41, 2.97,
3.52 and 3.26 g cm™, respectively. The initial three charge-discharge cycle profiles
for pure LisTisOyy, LisTis0;2/C, LisTisO12/TiO; and LisTis0;2/Ti0,/C composite
electrodes with a current rate of 0. 5 C (1 C= 175 mA g') are shown in Fig 7a-d.
Agree well with the result of CV curves (Fig. 6), two long flat plateaus at about
1.51 and 1.62 V are observed for all the samples due to the typical lithium
insertion/extraction processes of LisTisO;;. Moreover, the voltage plateaus at
around 1.98 and 1.72 V are verified as the lithium ion insertion/extraction reaction
of anatase Ti02.5 The initial discharge capacities of pure LisTisO;,, LisTisO;,/C,
Li4TisO42/TiO, and Li4TisO4,/TiO,/C composites are 134, 157, 144 and 170 mAh
g !, corresponding to 455, 466, 506 and 554 mAh cm>, respectively. The
charge-discharge profiles of all samples are nearly invariable after the second
cycle. The reversible capacities of the third cycle for pure LisTisO;,, LisTisO,2/C,
Li4TisO,2/TiO, and LisTisO,,/TiO,/C composites are approximately 87, 119, 117
and 143 mAh g, corresponding to 297, 353, 411 and 466 mAh cm™, respectively.
The higher specific capacity of LisTisO2/TiO2/C composite is contributed by
relatively high theoretical capacity of anatase TiO, and carbon, and the extra

lithium storage derived from phase interfaces.

14
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to 0.5 C) of pure Li4Ti50]2, Li4Ti50]2/C, L14T15012/T102 and L14T15012/T102/C composites,
respectively.

Fig. 8a compares the cyclic stability of the LisTisO;2/TiO,/C composite at 1 C
with that of pure LisTisO;;, LigTisO12/C and LigTisO12/TiO, composites in the
voltage range of 1.0-3.0 V. It can be observed that the Li;Ti50;,/Ti0,/C composite
electrode displays a higher capacity and better cycling performance compared with
pure LisTisOy,, LisTisO1,/C and LisTisO,,/TiO, composites. Moreover, it is noted
that the reversible capacities of LisTisO,,/C and LisTis0,,/TiO,/C composites
display an upward trend during the early cycles, this phenomena is commonly
observed from the carbon-based composites, which may imply that more diffusion
paths are created through the carbon.***' After 100 cycles, the reversible capacity
of the LisTi50;,/Ti0,/C composite is measured to be 102 mAh g{l (333 mAh cm'3)
with a high cycle stability, which is about 80 % of the initial capacity. On the
contrary, the reversible capacities for pure LisTisO;2, LisTisO12/C and
LisTisO12/TiO, composite electrodes are only 47, 90 and 81 mAh g ',
corresponding to 160, 267, and 264 mAh cm”, respectively.

The cell was progressively charged and discharged at various rates from 0.5 C

15
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to 30 C for 10 cycles, and then again at 1 and 0.5 C for 10 cycles. It can be
detected in Fig. 8b that the LisTisO;2/TiO,/C composite presents the best rate
capability, the result is consistent with Fig. 8a. Compared with pure LisTisO,,
LiyTisO1,/C and LisTis0;2/TiO; composites, it can be observed that the
Li4Ti501,/Ti0,/C composite shows a slower capacity decay with the increase of
C-rates, especially at high rates. A high capacity of 88 mAh g™' (286 mAh cm™)
can be achieved for the LisTisO;2/Ti0,/C composite at the high rate of 30 C,
whereas the value drops to only 17, 68 and 54 mAh gfl for the pure LisTisOyz,
LiyTisO1,/C and LisTisO,/TiO, composites at the same rate, and the
corresponding volumic capacities are 60, 202 and 190 mAh cm™, respectively. It
can be found that the LisTisO;2/TiO,/C composite presents the highest specific
capacity both in mAh g'1 and mAh cm™. The significantly improved rate capability
of the LisTisO2/TiO,/C composite is attributed to the improved electrical
conductivity contributed by the in situ formed carbon, anatase TiO, and phase
interfaces. Moreover, when the current density is returned to 1 and 0.5 C again,
specific capacities of the samples except the pure LisTisO;, can be recovered to a
large extent, which could be attributed to the improved lithium insertion/extraction
kinetics and the enhanced structure stability guaranteed by the aboundant phase
interfaces and the in sifu formed carbon. It is noted that the specific capacities are
calculated based on the weight of the whole composites in this work. According to
the content of about 15% in the TG curve (Fig. 3 and Fig. S3) and a theoretical
specific capacity of 372 mAh g'l, the specific capacity contributed by the carbon

16
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for LisTisO;,/C and LisTisO;,/TiO,/C composites is calculated to be 55.8 mAh g'1
(127 mAh cm™). Actually, the actual value is less than that due to the low
crystallinity and irregular in situ combination mode. Although the specificies of
Li4Tis01,/C and LisTisO12/TiO,/C composites do not exhibit a large increase
compared with the pure LisTisO1, and LisTis01,/TiO, composite, a more stable
cycle curves (Fig. 8 a and b) can be observed for LisTisO;,/C and
Li4TisO12/TiO2/C composites, which is contributed by the high electrical

conductivity of the in situ formed carbon.

[
Lo om LiTig0,4/TiO, e
L|4T150121T|OZIC LN 2 N LiTig0,,
Lo om  LigTig0,,/C .
L) ]

500 |-

o o .0
400 | :. I.Expcnment dates}

Fitted results

800 1000

Z'(ohm)

Fig. 9 Electrochemical impedance spectra (Nyquist plots) and corresponding simulation
results of pure Li4Ti5012, Li4Ti5012/C, L14Tl5012/T102 and L14T15012/T102/C CompOSitCS,
respectively. The inset is the equivalent circuit used for plots fitting.

Electrochemical impedance spectroscopy (EIS) measurement was performed, and
the corresponding Nyquist plots are displayed in Fig. 9. All the Nyquist plots exhibit
one semicircle in the high frequency range and a sloping straight line in the low
frequency range. The diameter of the semicircle is mainly related to the surface
charge transfer resistance (Rct), associated with the interfacial electrochemical
reaction activity, and the sloping straight line in low frequency region corresponds to
the lithium ion diffusion process in the electrodes. * ° Nyquist plots are fitted using

the equivalent circuit (inset of Fig. 9). In this equivalent circuit, Rs is the electrode
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resistance, Rct is the charge-transfer resistance, CPE is the double layer capacitance

and Zw represents the Warburg impedance.

azso F o2 9 LigTig0q °
29 1000 - o LiyTig04,/TiO.
° 4Ti5012/TiO,
2000 ° : @ LigTig049/C
° : :
® @ LigTig042/Ti0/C
% 00909040, ° 800 | 4Ti5042/TiO &

o~ 929900° —_

150 02 0
£ 20 ° £
< 3 . < °
S %0 °%° %, ° S s
: 100f ° ) ° [ °
N ° % N
b > 3 v LigTig0,, 5o

sl 9 Li,Tig0, M0, 400 |- 5999

9 LigTig0,4/C
3 . ; ; 9, LiaTis01Ti0y - ; " " . X
0 100 200 300 400 500 05 10 15 20 25 30 35
.
Z'(ohm) o112

F1g 10 (a) Enlarged Nyquist plots at high frequency region and (b) Graph of Z. plotted against

% at low frequency region of pure LiyTisO1,, LiyTis0,,/C, LiyTisO1,/TiO, and LisTisO1,/TiO,/C
comp051tes respectively.

Fig. 10a shows the enlarged Nyquist plots at high frequency region. It is found
that the sizes of semicircles for LisTisO;2/C and LisTisO;2/Ti0,/C composites are
smaller than that of pure LisTisO;, and LisTisO;,/TiO, composite. That is to say,
the LisTisO1,/C and LisTi501,/TiO,/C composites possess the smaller charge
transfer resistance compared with pure Li4TisO1, and LisTisO,2/TiO, composite,
which could be attributed to enhanced electrical conductivity derived from the in
situ formed carbon.”” '° Moreover, the slopes in low frequency are directly
proportional to the lithium ion diffusion coefficient (DLi).42'44 The Dy; can be

calculated from the plots in low frequency region according to the following

equations* *>- 46
D=R’T*24*n*F'C; o (1)
Z.=R AR Fow'? 2)

Where R is the gas constant, T is the absolute temperature, 4 is the surface area
of the electrode, n is the number of electrons transferred in the half-reaction for the

redox couple, F is the Faraday constant, Cy; is the concentration of lithium ion in
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solid, and o is the Warburg factor, which is relative to Z.-o and can be obtained
from the slope of the lines in Fig. 10b. As expressed in above equations, it is clear
that D is inversely proportional to o. Furthermore, the slope of the linear fitting
lines of Z. vs. w is o. As shown in Fig. 10b, the LisTisO;,/TiO, and
Li4Ti50,,/Ti0,/C composites have a smaller slope compared to pure Li4Ti50;, and
LisTis01,/C composite, demonstrating that a higher Li" diffusion coefficient could
be obtained for the Li4TisO;2/Ti0; and LisTisO;2/Ti0,/C composites. The higher
Li" diffusion coefficient could be ascribed to the contribution of anatase TiO, and
the abundant phase interfaces.'® %’ Meanwhile, the LisTisO1,/C composite presents
a smaller slope in comparison with pure Li;TisO1, due to the existence of Ti**. The
results of EIS indicate that the LisTisO1,/TiO,/C composite possesses higher
charge transfer kinetics and ionic mobility derived from large number of grain
boundaries and phase interfaces, and in-situ formed carbon, which could well
explain the better electrochemical performance of the Li4Ti50;,/Ti0,/C composite.

The LisTisO12/TiO,/C nanocrystalline composite reported here presents
excellent rate capability and cycling stability, which are compared favourably to
other LigTisO,/TiO,/C composites and LisTisO;,/TiO, based electrodes reported
in the literatures.® '> #* * % The superior electrochemical performance of the
Li4TisO,,/TiO,/C nanocrystalline composite might be attributed to the synergistic
effects of nanocrystalline structure, large number of grain boundaries and phase
interfaces, and in situ formed carbon. Firstly, nanocrystalline could shorten the
diffusion distance for both electron and lithium ions. Secondly, overall
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conductivity of the electrode and the transportation of lithium ions can be
enhanced by the in situ formed carbon and anatase TiO,, which result in excellent
rate capability. Moreover, the higher theoretical capacities of anatase TiO, and in
situ formed carbon could contribute partial capacity to the improved capacity of
the LisTi50,,/Ti0,/C composite. Thirdly, the aboundant grain boundaries and
phase interfaces in the LisTisO;2/TiO2/C composite can store extra lithium ions
and improve the kinetics of the electrode, which make contribution to increasing
the specific capacity and guaranteeing the fast lithium-ion insertion/extraction

reaction.

Conclusions

In summary, we have reported a novel strategy to synthesize LisTisO;2/TiO,/C
nanocrystalline composite by a facile sol-gel process followed by calcination. As
anode materials for LIBs, the LisTisO,,/TiO,/C nanocrystalline composite presents
better electrochemical performance compared with pure LisTisO;,, LigTisO,,/C
and LisTi50,2/TiO; composites, which can deliver a favorable reversible capacity
of 102 mAh g_1 (333 mAh cm™) at 1 C after 100 cycles and still show a relatively
high discharge capacity of 88 mAh g' (286 mAh cm™) at 30 C. Therefore, the
Li4TisO4,/TiO,/C nanocrystalline composite can be a potential anode material for

advanced LIBs.
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