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Abstract 

Three-dimensional composites Li2TiO3/graphene (LTO/Gr) and Li2TiO3/carbon nanotube 

(LTO/CNTs) were synthesized by solid-state reaction for application as anode materials for 

lithium-ion batteries. These composites are structurally characterized by X-ray diffraction, 

Raman spectroscopy and high-resolution transmission electron microscopy, while 

electrochemically tests are performed by cyclic voltammetry and chronopotentiometry. The 

synergetic effect of graphene and CNTs with LTO facilitate the network conduction leading to 

faster electron and Li+ ion transfer and improve cycling stability and rate capability of the anode. 

The LTO/Gr and LTO/CNTs composites exhibited an initial discharge capacity as high as 154 

and 149 mAh g-1 at 1C rate, respectively and retained excellent cycling stability of 98% and 96% 

after 30 charge–discharge cycles.  

 

Keywords: solid state reaction; Li2TiO3/graphene; Li2TiO3/CNT; composite anodes; 

electrochemical performance. 
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Introduction 

 

Lithium-ion batteries (LIBs) have been considered as one of the promising technologies for next 

generation plug-in hybrid electric vehicles (HEV), electric vehicles (EV) and stationary power 

storage due to the merits of high-energy density, high voltage, small self-discharge and light 

weight.[1,2] In commercial LIBs, lithiated metal oxides and carbonaceous materials are commonly 

employed as positive and negative electrode materials, which are active elements determining 

the energy and power densities. However, carbon-based anodes suffer from formation of solid-

electrolyte interface (SEI). Since the SEI is resistive, it may generate heat during operation and 

cause fire with the presence of carbonates in electrolyte.[3] Among alternative anode materials, 

lithium titanate Li4Ti5O12 has attracted much attention, because of its reversible lithium-ion 

insertion and extraction reaction due to its zero-strain properties during charge/discharge 

process.[4] Another titanate Li2TiO3 (denoted LTO hereafter) is also a possible zero-strain anode 

material in LIBs but is hampered by unsatisfactory rate capability due to kinetic issues associated 

with poor electrical conductivity (σe=10-11 S cm-1) and initial capacity loss.[5-7] Thus far, several 

effective approaches have shown to improve σe of titanate materials such as doping with metallic 

or non–metallic ions,[8] reduction of particle size to nanoscale, deposition of a thin layer (coating) 

on the particle surface,[9] and/or fabrication of composite material.[10] The drawback of doping 

atoms is a decrease of the amount of active Ti4+ ions, and thus a decrease of the capacity of the 

titanate anode.[11] Reduction of the size of the particles to the nano-range is expected to enhance 

the capacity and rate capability owing to the reduction of the length of the path that ions and 

electrons have to travel to reach the surface of the particles.[12] However, the inherent 

disadvantage is the agglomeration of primary particles limiting their uniform dispersion in the 

electrode. In addition, nanocomposites made of metal oxides with carbonaceous materials have 

enhanced electrochemical properties owing to improved electric conductivity and morphological 

stability.[13,14] Furthermore, the dispersion of metal oxides with the carbon material hinders the 

agglomeration of particles providing efficient and stable framework during charge/discharge 

cycling. Noteworthy, the rate capability of Li4Ti5O12 and Li2TiO3 has been significantly 

improved by forming nanocomposites by various synthesis methods. Carbon based materials 

such as carbon nanotubes (CNTs), reduced graphene oxide (rGO) and graphene were used in the 
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preparation of such nanocomposites with Li4Ti5O12.
[15,16] Graphene (Gr) and rGO are the most 

conductive forms of carbon and thus a usual additive to increase the C-rate of any lithium-based 

battery. To our knowledge, however, Li2TiO3 mixed with acetylene black has been tested 

recently as an anode, but not Li2TiO3/CNTs, Li2TiO3/Gr composites, which is the purpose of the 

present work.  

Many research reports are available on electrochemical properties of Li2TiO3. In prior 

work, Chauvaut et Cassir reported the Li+ insertion as a diffusive process with the Ti non-

stoichiometry in Li2+xTiIV
1-xTiIII

xO3.
[17] Wang et al.[18] studied the galvanostatic discharge-charge 

of an electrode Li2TiO3: acetylene black: PVDF binder (80:10:10) cycled at current rate of 0.5C, 

which showed a specific discharge capacity of 30 mAh g-1. This value is comparable with 10 

mAh g-1 reported by Tabuchi et al.[19] and 47 mAh g-1reported by Morales et al.[20] for materials 

employed as anodes in non-aqueous rechargeable coin-type Li+-ion cells. Close examination of 

these works shows that the electrochemical performance of Li2TiO3 is very sensitive to the 

morphology and size of particles induced by different synthesis process. In this context, β-

Li2TiO3 has been considered as an element of composite electrodes, owing to its excellent 

structural stability and its good ionic conductivity with three-dimensional path for Li+ ion 

migration. This phase was then used to enhance the electrochemical performance of various 

electrodes taking advantage of the strong Ti-O bond in Li2TiO3.
[14,21-25] For example, in 

Si/Li2TiO3 nanocomposite synthesized by sol-gel method, Li2TiO3 acts as excellent buffer to the 

Si powders and partly compensate the capacity loss of the anode exhibiting a specific capacity of 

471 mAh g-1 after 50 cycles.[25] The specific reversible capacity of Li2TiO3 was estimated to 100 

mAh g-1. The best results to our knowledge, were obtained with β-Li2TiO3, acetylene black as 

conductive agent and polyvinylidine fluoride (PVDF) binder at a weight ratio of 80:10:10, which 

delivered a capacity of 120 mAh g-1 at C/50 rate.[26] 

In the present study, nanocrystalline Li2TiO3 and its composites Li2TiO3/graphene (denoted 

as LTO/Gr) and Li2TiO3/carbon nanotubes (denoted as LTO/CNTs) were synthesized by a 

simple solid-state reaction using commercially available carbon nanotubes and graphene sheets 

prepared via a thermal exfoliation route of oxidized graphite. The composites are investigated as 

anode materials for lithium-ion batteries using cyclic voltammetry, galvanostatic discharge-

charge and cycling tests. These novel composites compared with Li2TiO3 show lower 
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impedance, high capacity and good structural stability with better cycleability than that of the 

pristine. 

 

Experimental Section 

 

Synthesis procedure 

Li2TiO3 was synthesized by a solid-state reaction method using TiO2 (anatase) and Li2CO3 taken 

as starting materials in stoichiometric ratio and then mixed in acetone and ball-milled for 24 h. 

The obtained precursor slurry was treated at 80 °C to obtain powders further calcinated at 800 °C 

for 12 h in Ar atmosphere. The Li2TiO3/graphene composite (denoted LTO/Gr) was prepared by 

the same method using 6 wt.% home-made graphene nanosheets. Li2TiO3/CNTs composite was 

synthesized using commercial TiO2, Li2CO3 and CNTs provided by the University of Hyderabad 

as follows. The CNTs are multiwalled nanotubes with a diameter and length of about 20–30 nm 

and 1–2 μm, respectively. Firstly, TiO2 and Li2CO3 were mixed in acetone and ball-milled for 24 

h to obtain a homogeneous mixed slurry. In the second step, 6 wt.% CNTs were dispersed in 

acetone with sufficient ultrasonication to form a uniform slurry. Finally, the slurries were mixed 

together and treated at 80 °C. To obtain the Li2TiO3/CNTs nanocomposite, it was further 

calcinated at 800 oC for 12 h. 

The two-dimensional graphene sheets have been prepared via a thermal exfoliation route, 

including graphite oxidation as an important step under modified Hummer method, followed by 

subsequent rapid thermal expansion of graphene oxide at 1050 °C in nitrogen atmosphere.27 TiO2 

(anatase) and glucose were taken as starting materials with a weight ratio of 4:1 then mixed in 

ethanol–water compounds (10:1 in volume) and stirred for 2 h, further drying for 10 h under air-

circulating oven at 100 °C. The obtained mixture was heated at 600 °C for 5 h under N2 

atmosphere to obtain carbon-coated TiO2. The carbon content was 6 wt.%. Li2CO3, TiO2 and 

graphene were dispersed in hexamethylene, and ball-milled under atmosphere at rotational speed 

of 200 rpm for 4 h. Finally, the LTO/Gr composite was obtained by drying the slurries at 80 °C 

and further calcination at 800 °C for 12 h in N2 atmosphere. 
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Characterization 

The sample structure was characterized by X–ray diffractometry (apparatus Siefert, model 3003 

TT) using a CuKα radiation (λ =0.15406 nm). Data were collected in the 2θ range 10°–70°. The 

morphology and phase identification of the composites were observed using high resolution 

transition electron microscope (HRTEM) and selected-area electron diffraction using a HRTEM-

FEI microscope (TECHNAI G2 -30 S-twin D905) at an accelerating voltage of 200 kV. Field 

emission scanning electron microscopy (FE-SEM) was used to analyze the size and surface 

morphology of the particles with a SIRION 200 microscope. Raman scattering (RS) spectra were 

recorded at room temperature in the range of 200-3000 cm-1 using a Jobin–Yvon LAB RAM HR 

spectrometer with a spectral resolution of 1 cm-1. The laser excitation source of 532 nm was 

produced by a air–cooled Nd:YAG laser doubled frequency at an excitation power of 50 mW. A 

100× objective lens was used to focus the laser light on sample surface and the Raman spectra 

consisted of 20 acquisitions averaged together, with the duration of each acquisition set at 60 s. 

 

Electrochemical tests 

Electrochemical properties of the synthesized composites were investigated at room temperature 

using a three-electrode Pt//Li2TiO3 aqueous cell using the Li2TiO3 composite, an Ag/AgCl and a 

platinum metal strip as the working, reference and counter electrodes, respectively. The working 

electrode consisted of a mixture of 90 wt.% Li2TiO3/graphene, Li2TiO3/CNTs composite and 10 

wt.% polyvinylidene fluoride (PVDF) dissolved in NMP (N-methyl-pyrrolidinone) to form a 

slurry spread on Ni metal substrate. This electrode of area of 0.25 cm2 containing 3-4 μg of slurry 

was dried at 100 °C for 3 h to reduce impurity traces. The electrolyte was composed of 1 mol L-1 

Li2SO4 in aqueous solution. The electrochemical performances were tested with an 

electrochemical workstation model CHI 608C (CH Instruments Inc., USA) in the potential range 

0.0-1.0 V. Electrochemical impedance spectroscopy (EIS) was carried using a phase sensitive 

multimeter (model PSM 1700, UK) in the frequency range 1 Hz–1 MHz using a voltage bias of 5 

mV. 

 

Results and discussion 
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Structural properties  

The X-ray diffraction patterns of pristine Li2TiO3, LTO/CNTs and Li2TiO3/Gr composite 

synthesized by solid-state reaction at 800 °C for 5 h are shown in Fig. 1. All XRD spectra exhibit 

the predominant (002) reflection line along with (110), (-131), (-133), (-204), (006), (312) and 

(062) characteristic peaks originated at 2θ values 18.48°, 20.22°, 35.68°, 47.47°, 57.35° and 

62.96° corresponding to the monoclinic β-Li2TiO3 phase with C2/c space group (JCPDS No: 33-

0831). The lattice parameters calculated by least-square fitting using eight Bragg lines 

a=5.069(1) Å, b=8.799(1) Å, c= 9.759(2) Å and β=100.2° are consistent with values of 

literature.[28,29] The elementary unit volume (V=abc sinβ ) is 429.1 Å3.  

The addition of either graphene sheets or CNTs to the precursor does not influence the 

formation of the phase pure monoclinic Li2TiO3 during the heat treatment excepted a weak peak 

at 2θ = 26° marked by a star in the pattern of Li2TiO3/graphene composite (Fig. 1), which is due 

to re-stacking of graphene sheets in the disordered composite.[30] Note however that the intensity 

of this peak is very small, which means that the re-stacking is only marginal. The low intensity 

of the XRD peaks of the LTO/Gr composite is due to the screening of the LTO reflection by the 

presence of graphene. These results reveal that graphene and CNTs as carbonaceous additives do 

not have significant impact on the crystal structure of monoclinic Li2TiO3 prepared by solid-state 

reaction. Note that similar results were observed in the XRD patterns of LiMO/C composites (M 

= transition metal, C=carbonaceous material).[31,32] The crystallite size Lc of composites was 

calculated using the Scherrer’s formula by considering the (002) reflection line: 





sin

K
Lc  ,      (1) 

where K is the Scherrer constant (0.89 for spherical crystallites), λ is the wavelength of X–ray 

radiation (0.15406 nm),  the full-width at half maximum (FWHM) expressed in radians and  

the Bragg angle. Values of the average crystallite size and lattice strain are listed in Table 1. The 

effect of carbon addition on LTO is the reduction of the crystallite size and the minimization of 

the lattice strain. The slowing-down of the crystallite growth rate of inorganic substances in 

presence of carbon in the synthesis process is well known.[33,34] The difference between the 
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crystallite size of composites and that of pristine LTO can be attributed to the fact that the great 

adsorbability and amorphous-like layer of active carbon retard the crystallite growth of Li2TiO3. 

 

Table 1. Crystallite size and lattice train of LTO-based compounds. 

Electrode material Crystallite size (nm) Lattice strain 

Li2TiO3  

Li2TiO3/graphene 

Li2TiO3/CNTs 

38 ± 1 

29 ± 1 

32 ± 1 

0.0105 

0.0032 

0.0040 

 

 

Figure 1. X–ray diffraction patterns of Li2TiO3, Li2TiO3/CNT and Li2TiO3/graphene samples. 

The reflection noted (*) is due to carbon. 

 

The Raman spectra of pristine LTO, LTO/Gr and LTO/CNT recorded in the frequency range 

200-3000 cm-1 are presented in Fig. 2. These spectra are composed of two contributions: the 

internal vibrations of the monoclinic LTO phase located in low-wavenumber region of 200-700 

cm-1 and the spectral contribution of the carbon in the range 1200-3000 cm-1. The spectrum of 
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Li2TiO3 contains three major vibrational modes situated at 666, 411 and 358 cm-1, which are 

fingerprints of monoclinic structure. The strong band at 666 cm-1 is assigned to Ti–O stretching 

vibration of TiO6 octahedra. The O-Ti–O bending vibrations are observed in the low-frequency 

region of 300-350 cm-1. As Li ions occupy both octahedral and tetrahedral positions in 

Li2TiO3,
[35] the vibrational mode observed at 411 cm-1 is attributed to Li–O stretching vibration 

in LiO4 tetrahedra, while the weak band at 283 cm -1 is associated to Li–O bending vibration of 

LiO6 octahedra.[36] The main feature of LTO/Gr and LTO/CNTs is the broadening of the Raman 

bands with respect to the LTO spectrum. Since the penetration depth of the laser beam in Raman 

experiments is small, Raman spectroscopy is a probe of the vibrations of molecular units in the 

vicinity of the surface of LTO in contact with the carbon. This is at contrast with XRD spectra 

that probe the core region of the LTO particles, because for particle size the order of 50 nm, the 

proportion of atoms in the surface layer is small. Therefore, the fact that the XRD spectra is not 

sensitive to the Gr and CNT means that the bulk of the particles is unaffected by the carbon, 

while the broadening of the Raman bands gives evidence that the bonds between the Li, O and Ti 

are affected at the surface in presence of the carbon. Therefore, these Raman spectra give 

evidence of a strong anchoring of the LTO particles on the carbon nanotubes or the graphene 

sheets. Such an effect has been observed with TiO2 particles that disperse homogeneously on 

graphene sheets in presence of surface hydroxyl centers, due to the anchoring of the particles on 

the graphene sheets via esterification between hydroxyl groups of TiO2 and carboxylic groups of 

graphene.[37,38] In the same way, this anchoring of the LTO particles on graphene evidenced by 

the band broadening in Fig. 2 explains why the LTO particles did not agglomerate, despite the 

propensity of titanate oxide particles to aggregate. This is a marked difference with the case 

when only acetylene black is simply added to the LTO particles, in which case the particles form 

agglomerates and the Raman bands are narrow,[26] meaning that there is no interaction between 

LTO and the acetylene black. 
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Figure 2. Raman scattering spectra of Li2TiO3, Li2TiO3/CNT and Li2TiO3/graphene samples. RS 

spectra were recorded using the 532 nm laser line as excitation source. 

 

Three main Raman active modes of carbon ascribed to D–band, graphitic G–band and G’-

band are observed at ~1347, ~1584, ~2690 cm-1, respectively. The D band is the so-called 

“disordered induced band” attributed to the vibration of carbon lattice disturbed by edges/defects 

(K-point phonons with A1g symmetry), the graphitic G–band is the primary in–plane breathing 

mode of hexagonal sp2-carbon rings of graphite (E2g phonons) and the G’ band is a second-order 

overtone of a different in-plane vibration of D-band. These spectral features can be applied to 

both graphene and CNTs materials.[39] The Raman intensity of the D band increases with 

increasing the amount of disorder in graphene. Thus, the ratio of the absolute peak intensities 

ID/IG indicates the degree of graphitization of composites.[40,41] The value of ID/IG for both 

LTO/Gr and LTO/CNTs is ~0.5 and ~1.0, respectively, suggesting that the degree of 

graphitization of carbon in graphene is higher than that in CNTs sample; this implies a higher 

electrical conductivity and an increase of the rate capability of the LTO/Gr electrode.[10] 
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Figure 3. SEM images of (a) Li2TiO3, (b) Li2TiO3/CNT and (c) Li2TiO3/graphene samples. 

 

The morphology and microstructure of pristine LTO and its composites were studied from 

FE-SEM and TEM experiments. Figure 3 presents the SEM images of the three samples, which 

obviously show smaller particles (~50-70 nm) for LTO/Gr and LTO/CNTs composites than for 

pristine Li2TiO3 (~100-150 nm). This observation matches well with the crystallite data from 

XRD. As particle sizes are comparable to those of crystallite sizes deduced from Eq. 1, we 

conclude that LTO particles are mainly single crystals. They are homogeneously distributed and 

have a monoclinic-like shape with well-defined facets (Fig. 3a). Figure 3b-c depicts the SEM 

images of LTO/CNT and LTO/Gr composites, respectively. These images confirm the smaller 

grain sizes for LTO particles grown in the presence of carbon. The CNTs are wrapped into all the 

Li2TiO3 particles, indicating that well-connected CNTs adhere closely on the surface of the 

Li2TiO3 particles and form a conductive network. This network provides strong anchoring 

between Li2TiO3 nanoparticles, facilitating fast electronic transport that results in a significant 

improvement in rate capability of the electrode material. The LTO/CNTs composite particles are 

also well distributed with a tendency to agglomerate. In the SEM image of LTO/Gr composite 

(Fig. 3c), the LTO particles are well-dispersed among the graphene sheets, which extend in all 

directions like a stretched network.  
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Figure 4. TEM, HRTEM images and SAED patterns of Li2TiO3, Li2TiO3/CNT, and 

Li2TiO3/graphene samples. (a-c) low magnification TEM images, (d-f) SAED patterns and 

(g-i) HRTEM images. 

 

Figures 4a-c show the detailed microstructure of LTO observed by TEM and SAED 

micrographs. The low-magnification TEM bright field image (Fig. 4a) shows well-dispersed 

particles with relatively uniform nanostructured shape. Figure 4b displays the SAED pattern of 

LTO, which clearly presents bright spots; the observation of (002), (-131) and (-133) diffraction 

spots indicates a high crystallinity of the material. The HRTEM image (Fig. 4c) confirms the 

well-resolved lattice of pristine LTO with fringes at interplanar distance ~0.47 nm corresponding 

to the (002) plane. Figure 4d presents the SAED pattern of the LTO/CNTs composite, which 

displays blurred diffraction rings indicating the nanosized carbon particles that are wrapped on 

LTO grains. Similar pattern with blurred rings is observed for the LTO/Gr composite. The TEM 

image of the LTO/Gr composite is shown in Fig. 4e, in which well-dispersed graphene 
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nanosheets connect the LTO particles and form a conducting network with a robust inner 

connected architecture. Figure 4f depicts the HRTEM image of LTO/Gr composite; it gives clear 

evidence that graphene sheets stick on LTO particles as a 3-5-nm thick pseudo-coating deposited 

on the surface (graphene layer). The LTO/Gr composite obtained by an annealing step of the 

LTO precursor at 800 °C reveals a unique morphology of submicron-sized particles. This 

temperature is commonly used for the carbonization process of electrode materials, for examples 

LiFePO4,
[40] and Li4Ti5O12,

[42] for which a ~5-nm thick carbon layer favors their high 

electrochemical performance. 

 

Electrochemical properties  

Figure 5 shows the cyclic voltammograms (CV) of aqueous cells with LTO, LTO/CNTs and 

LTO/Gr composites carried out in the voltage range 0.0 -1.0 V at 1 mV s-1 sweep rate using 1 

mol L-1 saturated Li2SO4 electrolyte. These CV curves are similar for all electrodes indicating 

that the addition of ~6 wt.% of graphene and CNTs does not affect the electrochemical redox 

response of the LTO active material. One set of well–defined oxidation/reduction peaks is 

observed at 0.64/0.29 V for LTO/graphene, 0.75/0.22 V for LTO/CNT, 0.8/0.2 V vs. Li+/Li0 for 

pristine LTO. which are attributed to the redox reaction of Ti4+/Ti3+ related to the reduction of 

TiIV upon the insertion of a fraction x of Li+ ions. The CV current peaks for composites are 

stronger than those of pristine Li2TiO3 electrodes, which gives evidence of an improvement of 

electron transport and enhancement of the lithium-ion diffusion in composite frameworks. The 

potential separation between the oxidation and reduction peaks (ΔEp) appearing in the order 

ΔEp(LTO/Gr) < ΔEp(LTO/CNTs < ΔEp(LTO) indicates the decreasing degree of polarization of 

the LTO/Gr electrode due to the higher electronic conductivity of the unique integrated 

architecture with graphene. The graphene nanosheets facilitate the 3D network that well 

electrically connects the LTO particles to the current collector. As a consequence, 

Li4Ti5O12/graphene composite as anode material delivered 96% of its initial capacity after 50 

cycles at 10C rate.[43]  
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Figure 5. Cyclic voltammograms carried out at 1 mV s-1 sweep rate for lithium cells including 

Li2TiO3, Li2TiO3/CNT, Li2TiO3/graphene as anode materials. 

 

 

 

Figure 6. Charge-discharge curves performed at 1C rate of lithium cells including Li2TiO3, 

Li2TiO3/CNT, Li2TiO3/graphene as anode materials. 
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Figure 6 shows the discharge-charge curves of the aqueous lithium cells with LTO-based 

electrodes. Galvanostatic measurements were carried out in the cutoff voltage 0.0 -1.0 V at 1C 

rate. The S-shape of the charge-discharge profiles of the Li//Li2TiO3 cell with a mid-voltage of 

~0.5 V corresponds to the formation of a non-stoichiometric single phase Li2+xTiO3 without 

formation of distinct plateaus. Similar electrochemical behavior is noticed for Li//Li2TiO3/Gr and 

Li//Li2TiO3/CNTs cells. Initial specific discharge capacities of 149 and 154 mAh g-1 are 

respectively delivered in the first cycle by LTO/CNTs and LTO/Gr composite electrodes against 

122 mAh g-1 for the pristine electrode (the theoretical capacity of LTO being 229 mAh g-1). Note 

that electrodes using composite materials do not have additive carbon such carbon Super-P or 

acetylene black, so that the use of only 6 wt.% of graphene or CNTs is a gain of gravimetric 

capacity of the whole cell. Both CV and galvanostatic results match well, showing the best 

electrochemical performance of the LTO/Gr composite because of the high efficiency of the 

conductive network among the LTO nanoparticles. Note that the electrochemical features of 

Li2TiO3 are different from the behaviors of Li4Ti5O12 spinel, which displays a wide voltage 

plateau at 1.5 V upon insertion of 3Li per formula unit.44 

Electrochemical impedance spectroscopy (EIS) was carried out over the frequency range 

from 1 Hz to 1 MHz for electrodes in the fully charged state. Figure 7 depicts the Nyquist 

diagrams (EIS curves) of Li2TiO3/graphene, Li2TiO3/CNT composite and pristine Li2TiO3. 

Nyquist plots are composed of three contribution: (1) the interception of x–axis at high frequency 

indicates the solution resistance or ohmic resistance (Rs) contributed by electrolyte, (2) the 

depressed semicircle in the high- and intermediate-frequency range originates from the charge 

transfer resistance Rct corresponding to solid-state diffusion of Li+ in the bulk of the active 

material and the contact phase angle element (CPE) including double layer capacitance,[45] and 

(3) further, at the low-frequency region, a straight line is ascribed to the Warburg impedance 

corresponding to the diffusion regime of Li+ ions through the LTO electrode. As shown in Fig. 7, 

the depressed semicircle of LTO/Gr composite is smaller than those of other samples that implies 

higher electronic and ionic conductivity. The impedance spectra were fitted using the Randles 

equivalent circuit shown in the inset of Fig. 7. Calculated values of ohmic resistance RS, charge 



 

15 

 

transfer resistance Rct are listed in Table 2. The smaller charge transfer resistance of LTO/Gr, i.e. 

93 Ω vs. 180 Ω for LTO/CNTs is consistent with the previous electrochemical data. The 

Warburg regime observed at low frequencies gives evidence that the insertion mechanism of Li+ 

ions into the LTO-based electrode is strongly controlled by a diffusion process. In this regime, 

the impedance varies with the angular frequency ω according to the law:[46] 

Z’ = Rs + Rct + σw ω 
-1/2,       (2) 

The Warburg impedance σw is obtained from the slope of Z’ vs. ω-1/2 in the low-frequency range 

(Fig. 8). Typical values of σw are listed in Table 2. EIS can be used to evaluate the apparent Li-

ion diffusion coefficient DLi+ from the low-frequency Warburg impedance according the 

equation:[46] 

      (3) 

where R, T and F are the usual constants, A the surface area of the electrode-electrolyte interface, 

CLi is the lithium-ion concentration in the electrode. Values of DLi+ are reported in Table 2. We 

observed an increase of DLi+ by a factor 2 for the LTO/Gr sample. The high values of the 

diffusion coefficient of Li+ ions (DLi+ > 10-9 cm2 s-1) reflect the ionic character of Li2TiO3 

materials. Therefore, the composite LTO/Gr has the lower Warburg factor σw, which results in its 

higher DLi+ = 1.1×10-8 cm2 s-1. 
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Figure 7. Electrochemical impedance spectra of Li2TiO3, Li2TiO3/ CNT, Li2TiO3/graphene anode 

materials. 

 

Figure 8. Z’ vs. -1/2 plots in the Warburg region of the impedance spectra for Li2TiO3, Li2TiO3/ 

CNT, Li2TiO3/graphene samples.  
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Table 2. Results of the EIS measurements. Fitting was performed using the Randles 

equivalent circuit shown in the insert of Fig. 7. 

Electrode Rs (Ω) Rct (Ω) Zw (Ω s-1/2) DLi+ (cm2 s-1) 

LTO 

LTO/Gr 

LTO/CNT 

12 

19 

19 

244 

93 

180 

561 

384 

477 

5.2×10-9 

1.1×10-8 

6.1×10-9 

 

Figure 9 shows the cycleability of the LTO-based electrodes for lithium cells cycled at 

discharging and charging constant current of 1C rate. All the electrodes have good 

electrochemical stability. The initial discharge capacity of LTO/Gr, LTO/CNTs and LTO still 

remained at 150, 143 and 113 mAh g-1 respectively, even after 30 discharge cycles. The LTO/Gr 

composite exhibits the best cycling performance with capacity retention of 98% compared to 

93% for LTO. In summary, among the LTO-based electrode, the results reveal that the LTO/Gr 

composite exhibits the best cycling stability and rate capability. 

This capacity of 150 mAh g-1 at high current density (1C rate) is due to different 

synergetic effects. First, the high electrical conductivity of the graphene improves the rate 

capability. Second, the anchoring of the LTO particles on the graphene sheets, prevents the re-

stacking of the graphene sheets despite the high sintering temperature in the synthesis process. 

Third, this anchoring also insures a homogeneous distribution of LTO particles on the graphene 

sheets. As a consequence, LTO/Gr is thus composite that allows LTO to deliver the best capacity 

that has been reported for this material so far in the literature, to our knowledge. 
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Figure 9. Cycling performance for Li2TiO3, Li2TiO3/ CNT and Li2TiO3/ graphene anode 

materials discharged at 1C rate. 

 

Conclusions 

The nanocomposites Li2TiO3/graphene and Li2TiO3/carbon nanotubes synthesized by a simple 

solid-state reaction for use as superior lithium storage electrodes. The structure, morphology and 

electrochemical properties of these electrodes have been investigated by X-ray diffraction, 

Raman spectroscopy, FE-SEM and TEM, cyclic voltammetry and galvanostatic discharge-

charge. The homogenous and stable structures afford a highly conductive matrix for Li-ion 

insertion to LTO nanoparticles and reduces the lithium ion and electron transport diffusion 

resistances. The graphene and CNTs provide conductive network among the LTO nanoparticles 

that improves the rate capability and cycleability of anodes. The discharge capacity of 154 and 

149 mAhg-1 at 1C rate and the capacity retention of 98 % and 96% after 30 cycles have been 

evaluated for LTO/Gr and LTO/CNTs electrodes, respectively. 
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