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Spinel structure LiCrTiO4 was prepared through a solid-state reaction using Li2CO3, Cr2O3, and TiO2 

as raw materials. X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), transmission 

electron microscopy (TEM), scanning electron microscopy (SEM) was used to characterize the 

structure of LiCrTiO4. Electrochemical properties of LiCrTiO4 were studied by cyclic voltammetry 

(CV), electrochemical impedance spectroscopy (EIS) and charge-discharge cycling performance. 

Electrochemical testing showed that LiCrTiO4 has an excellent electrochemical capacity of 164 

mAh·g
-1

 at a 0.5C-rate, and 116.1mAh·g
-1

 at a 10C-rate with stable cycling performance. Furthermore, 

LiFePO4/LiCrTiO4 full cells were constructed using LiCrTiO4 as the anode electrode that displayed 

superior cycling stability at high rates. The LiFePO4/LiCrTiO4 full cell exhibited a charge capacity of 

136.6mAh·g
-1

 and discharge capacity of 116mAh·g
-1

 at a 0.2C-rate, and 96.4mAh·g
-1

 at 2C-rate. 

 

 

Keywords: Carbothermal reduction, LiCrTiO4 LiFePO4/LiCrTiO4 full cell, Solid state reaction  

 

 

 

1. INTRODUCTION 

Lithium-ion batteries have become the primary choice for green batteries in the 2l
st
 century 

because of their high energy density, low cost, no memory and high-rate capability. Graphite is used as 

the anode material in commercial lithium-ion batteries. Graphite anode materials have a high specific 

capacity of 372mAh·g
-1

, but a poor rate performance and serious security problems[1,2]. Therefore, 

graphite cannot satisfy the requirements of portable electronic devices. Much effort has been invested 

in the exploration of new lithium-ion battery anode materials to meet the demands for a long cycle life 

and environmental friendliness. Spinel Li4Ti5O12 has attracted considerable attention because it has a 

higher Li-insertion voltage (ca.1.5Vvs.Li/Li
+
) and in addition, it is a zero-strain insertion material[3-5]. 

However, Li4Ti5O12 shows an inadequate rate performance because of its low electrical conductivity 
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and poor Li-ion diffusion properties[6,7]. Therefore, the aforementioned advantages of Li4Ti5O12 have 

stirred up a continuous interest for many researchers though the energy density of LIBs is slightly 

sacrificed when it is coupled with a 4V cathode material. However Li4Ti5O12 usually show poor high 

rate performance because of its poor electronic conductivity and poor Li-ion diffusion properties. 

Thus, finding an anode material with good cycle stability and rate performance is important. Spinel 

LiCrTiO4 exhibits flat discharge potential curves at ~1.5Vvs.Li
+
/Li and a theoretical capacity of 

157mAh·g
-1

, similar to its Li4Ti5O12 counterpart[8-10]. Studies show that Li/LiCrTiO4 half-cells have 

a long cycle life, high coulombic efficiency, and an excellent rate performance. In addition, olivine-

structured LiFePO4 is considered a promising cathode material, due to its stable framework, low cost, 

low toxicity, a moderate flat potential of 3.45Vvs.Li
+
/Li and a theoretical capacity of 170mAh·g

-1
[11-

13]. Currently, LiFePO4 is being widely used in electronic products. Hence, a combination of 

LiCrTiO4 and LiFePO4 may create a much-improved Li-ion battery system. 

The paper report that the synthesis of the LiCrTiO4 materials by using a solid-state reaction 

method and the LiFePO4/C composite materials by using carbothermal reduction technology method. 

Meanwhile, the electrochemical performance of LiFePO4/LiCrTiO4 full cells were investigated in 

particular detail. 

 

 

 

2. EXPERIMENTAL 

2.1 Preparation of LiCrTiO4 and LiFePO4/C 

LiCrTiO4 materials was synthesized via a solid-state reaction. A stoichiometric amount of TiO2 

(AR ≥99.0%), Li2CO3 (AR ≥98.0%) (2.5% mass excess), and Cr2O3 (AR ≥99.0%) (Li:Cr:Ti = 1.1:1:1) 

were manually mixed using a mortar and pestle and then sintered at 800°C for 12h in a tubular furnace 

in air and afterwards quenched to room temperature. This procedure resulted in particulate LiCrTiO4. 

LiFePO4/C cathode materials were prepared via a carthothermal method. Stoichiometric 

quantities of LiH2PO4, Fe2O3 and glucose (ca.20wt%) were mixed together using a planet mixer for 4 h 

in ethyl alcohol. After milling, the mixture was dried at 60°C for 8h in a blast oven. The dried powder 

was then transferred to a ceramic boat. Later, the ceramic boat was thermally treated under an N2 flow 

at 700°C for 12h. After treatment, olivine-structured LiFePO4/C was successfully generated. 

 

2.2 Characterization 

The identification of the LiCrTiO4(LiFePO4/C) phase was conducted using powder X-ray 

diffraction (XRD, Bruker D2) with Cu K-a radiation. The diffraction data were collected using the step 

mode over an angular range of 10–70°, with a step size of 0.02° at 30kV and 10mA. Scanning electron 

microscopy (SEM,Germany Zeissm Supra 55VP) images were collected at 20kV. The transmission 

electron microscopy (TEM, Philips CM10) images of the samples were collected at an accelerating 

voltage of  200kV. 
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The electrochemical performance of the samples was assessed using coin-type half cells (LIR 

2025) that were assembled in an argon glove box. The anode was fabricated by mixing 80wt% active 

material, 15wt% acetylene black and 5wt% polytetrafluoroethylene (PTFE) in deionized water. The 

obtained slurry was coated on an Cu foil and dried at 80°C for 12h under vacuum. The electrolyte 

consisted of 1M LiPF6 in a mixture of ethylene carbonate/dimethyl carbonate (EC/DMC) (1: 1 by 

volume). The cathode materials  was fabricated by mixing 80wt% active material, 15wt% acetylene 

black and 5wt% polytetrafluoroethylene (PTFE) in deionized water. The obtained slurry was coated on 

an Cu foil and dried at 80°C for 12h under vacuum. The electrolyte consisted of 1M LiPF6 in a mixture 

of ethylene carbonate/dimethyl carbonate (EC/DMC) (1 :1 by volume).   

The LAND CT2001A galvanostatic method was used to measure the electrochemical capacity 

and cycle performance of the electrodes at room temperature. The charge and discharge profiles of the 

LiCrTiO4 cut-off potentials were set to 1.0 and 3.0V, The LiFePO4/C at a voltage ranging between 2.5 

and 4.3V and the LiFePO4/LiCrTiO4 full cell were tested between 0.5 and 2.5V and measured at 

variable current densities. Cyclic voltammetry (CV, LK2500) was performed from 1.0 to 3.0V 

(2.5~4.3V) with a scan rate of 0.1mV·s
-1

. Electrochemical impedance spectroscopy (EIS, Zahner 

IM6ex) was completed over a frequency range of 10kHz to 10mHz, with a 5mVa.c. input signal 

applied between the working and reference electrodes. 

 

 

3. RESULTS AND DISCUSSION 

3.1 Composition and structure characterization 

XRD patterns of LiCrTiO4 and LiFePO4/C are shown in Fig.1. Fig.1(a) shows the formation of 

LiCrTiO4 particles synthesized by the solid-state reaction method. The sharp diffraction peaks indicate 

good crystallinity of the samples. The powder XRD pattern shows well-defined crystalline peaks 

without any traces of impurity, which is similar to XRD patterns previously published. Which is also 

in good agreement with the data reported in the literature (JCPDS 47-0139,α=8.313(2)Å). In addition, 

all of the XRD patterns show the materials to be highly ordered, indicating that a product with high 

purity was synthesized[10,14]. The as-prepared LiFePO4/C composite is shown in Fig.1(b). All peaks 

can be indexed as a pure and well-crystallized LiFePO4 phase with an olivine structure and a space 

group of Pnma (JCPDS 83-2092). Nearly all diffraction peaks of LiH2PO4 and Fe2O3 vanished with the 

appearance of the diffraction peaks for LiFePO4, which is also similar to previous literature reports. 

TEM and HRTEM images of the LiFePO4/C are shown in Fig.2a, respectively. Fig.2a shows that 

LiFePO4/C consists of relatively larger particles with a grain diameter in the range of 30-150nm. The 

HRTEM images of LiFePO4/C, it can be seen from Fig.2a that LiFePO4/C exhibits regular lattice 

fringes of the (022) crystalline plane with a measured d-spacing value of 0.33nm. And the amorphous 

carbon layers just coat over the surfaces of these large particles of LiFePO4/C coating layer has no 

influence on the crystal state of original cathode materials[10-12]. 

 



Int. J. Electrochem. Sci., Vol. 12, 2017 

  

6983 

 
 

Figure 1. (a) XRD pattern of LiCrTiO4, and (b) XRD pattern of LiFePO4/C. 

 

Fig.2b shows the SEM images of the as-prepared samples of LiCrTiO4. It’s thus clear that the 

blocky-shaped large particles of LiCrTiO4 have been observed in SEM measurement and they are 

formed from the close packing of small crystal grains with the size ranged from several nanometers to 

over 300 nanometers[13-15]. 

 

 
 

Figure 2. TEM and HRTEM images of (a) LiFePO4/C, SEM images of (b) LiCrTiO4. 

 

The valence states of Fe and P in the LiFePO4/C composite were obtained through XPS. In Fig. 

3a, the XPS spectra of P2p showed that with binding energies of 133.58eV, which can be assigned to 

P2p. The binding energies of the peak matched well with that observed in LiFePO4, indicating that the 

oxidation states of phosphorus is+5[16-18]. It can be found from Fig.3b that the XPS spectrum of Fe2p 

can be split into two spectra Fe2p1/2 and Fe2p3/2 with binding energies of 726.58eV and 710.98 eV. 

The result shows that the valence of Fe in the composite is +2[19,20]. It can be seen from Fig.3c the 

XPS spectra of Cr2p shows that with binding energies of 576.6eV, 578eV and 585eV. which 

correspond to Cr2p3/2, Cr2p3/2 and Cr2p1/2 core-level binding energies of Cr
3+

, respectively[21]. The 

LiCrTiO4 samples showed two peaks at 458 and 464eV(Fig.3d), which correspond to Ti2p3/2 and 

Ti2p1/2 core-level binding energies of Ti
4+

[22-23], respectively. 
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Figure 3. XPS spectra of P2p (a) and Fe2p (b) in LiFePO4/C and XPS spectra of Cr2p(c) and Ti2p (d) 

in LiCrTiO4. 

 

3.2 Electrochemical performance of LiCrTiO4 and LiFePO4/C  

Charge/discharge curves of as-synthesized LiCrTiO4 powders sintered at 800°C for 12h at 

current densities ranging from 0.5C to 10C in the voltage range of 1.0-3.0V are shown in Fig.4(a). All 

samples exhibit three pairs of visible and flat plateaus of charge 1.6V and discharge of 1.5V[17,18] 

that indicate the characteristics of the electrochemical reaction producing LiCrTiO4 from Li2CrTiO4. 

The galvanostatic rate performances of LiCrTiO4 are shown in Fig.4(b). The half-cell displayed a 

capacity of 164mAh·g
-1 

and 162mAh·g
-1

 at a current density of 0.5C for the initial discharge and 

charge, respectively. The initial discharge capacity is slightly higher than the theoretical capacity 

(157mAh·g
-1

)[23], because the structural change and solid electrolyte interphase (SEI) formation of the 

electrode were completed in five cycles. Five cycles later, the discharge capacity leveled at 155 

mAh·g
-1

. The capacities of LiCrTiO4 at 0.5, 1, 2, 5 and 10C were 155, 150, 143, 130 and 116mAh·g
-1

, 

respectively. The coulombic efficiency at different current densities remained at~100%, showing an 

excellent reversible Li
+ 

insertion/extraction process and better rate performance. Fig.4(c) shows the 

discharge curves for LiFePO4/C at a charge-discharge rate of 0.2C, which show potential plateaus at 

3.4V and 3.3V versus Li/Li
+
[24-26].

 
All of these samples demonstrated excellent cycling stability, with 

hardly any decrease after 50cycles. LiFePO4/C retained 97.8% (156.6mAh·g
−1

) of the initial specific 

discharge capacity after 50cycles, demonstrating excellent cycling performance. 
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Figure 4. (a) Charge and discharge curves of LiCrTiO4 samples at 0.5C, 1C, 2C, 5C and 10C, (b) 

cycling performance of LiCrTiO4 at 0.5C, 1C, 2C, 5C and 10C in the voltage range of 1.0-3.0 

V, (c) charge and discharge curves of LiFePO4/C at 0.2C, (d) cycling performance of 

LiFePO4/C at 0.2C in the voltage range of 2.0-4.3V. 

 

3.3 Electrochemical performance of LiCrTiO4/ LiFePO4  

LiCrTiO4 served as the anode material and LiFePO4 served as the cathode material, which 

together produced a LiFePO4/LiCrTiO4 full cell. In this particular full cell, the anode electrode whose 

materials were in slight excess, so the specific capacity of the battery was calculated via the active 

cathode material. Charge and discharge curves for this LiFePO4/LiCrTiO4 full cell are shown in Fig. 

5(a). The charge-discharge performances were measured at 0.2, 0.5, 1 and 2C in the voltage range of 

0.5-2.4V at room temperature. Flat plateaus were observed at 1.85V[27,28]. This LiFePO4/LiCrTiO4 

full cell sample exhibited a charge capacity of 136.6mAh·g
-1

 and discharge capacity of 116mAh·g
-1

 at  

0.2C.  

The cycle performance of the LiFePO4/LiCrTiO4 full cell was tested at different current 

densities corresponding to 0.2, 0.5, 1 and 2C. The LiFePO4/LiCrTiO4 full cell sample in this study 

showed a good rate capability, which can be seen in Fig.5(b). All of the samples demonstrated 

excellent cycling stability, with minimal noticeable decreases after 100 cycles. This LiFePO4/LiCrTiO4 

full cell retained 93.8% (115.6mAh·g
−1

) of its initial specific discharge capacity after 100 cycles, 

demonstrating excellent cycling performance. The specific capacities of this material at 0.2, 0.5, 1C 

and 2C are 113, 110, 106 and 95mAh·g
−1

[28-30], respectively. Except for the first cycle, the 

coulombic efficiency of the LiFePO4/LiCrTiO4 full cell was found to be over 99.5%, indicating 

excellent reversibility during electrochemical cycling. 
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Figure 5. The charge and discharge curves(a) and cycling performance (b)of LiFePO4/LiCrTiO4 full 

cell at 0.2 ,0.5,1 and 2C in the voltage range of 0.5~2.4V. 

 

The cyclic voltammograms (CVs) for the Li/LiCrTiO4, Li/LiFePO4 and LiFePO4/LiCrTiO4 are 

shown in Fig.6, all of which were performed at a scanning rate of 0.1mV·s
-1

. The CV for the LiCrTiO4 

half-cell shows one anodic peak at ~1.58V and the corresponding cathodic peak at~1.47V. These 

peaks are attributed to the Ti
4+/3+

[31-33]redox couple. The results confirm the reversible 

lithiation/delithiation behavior of LiCrTiO4. The LiFePO4/C electrodes show a pair of redox peaks at 

3.51 V and 3.34V[10,11],consistent with the two-phase redox reaction of LiFePO4 → FePO4 + Li
+
 + e

-
. 

The LiFePO4/LiCrTiO4 full cell shows one anodic peak at~2.01V and the corresponding cathodic peak 

at~1.82V[28,30]. As shown in Fig.5, it is important to note that the separation of redox peaks is no 

more than 300mV at a scanning rate of 0.10mV·s
-1

 promising a high rate performance. After three 

cycles, well-overlapped peaks, better symmetry, and smaller potential interval values were visible, 

showing electrode reaction reversibility. The result indicates that the LiFePO4/LiCrTiO4 full cell may 

possess near perfect electrochemical behavior. 

 
 

Figure 6. Cyclic voltammogram curves for Li/LiCrTiO4 , Li/LiFePO4 half cell and LiFePO4/LiCrTiO4 

full cells 

 

EIS values for the materials were measured in a charged state after the first cycle to provide 

additional information on their electrochemical performance. The Nyquist plots and corresponding 
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circuits in Fig.7 all take the shape of a semicircle in the high-frequency region and a line in the low-

frequency region. The reaction is controlled by both Warburg impedance for Li
+ 

diffusion, which is 

inversely proportional to the diffusion coefficient and the temporary, steady-state surface 

electrochemical reaction. Table1 shows the calculated electrochemical parameters for all samples. The 

LiFePO4/LiCrTiO4 full cell shows a much lower charge transfer resistance and warburg impedance 

than LiFePO4/C. The conductivity values for LiCrTiO4[7,8], LiFePO4/C[18-20], and the 

LiFePO4/LiCrTiO4 full cell are on the order of 1.99×10
-3

, 5.49×10
-6 

and 2.06×10
-3

S·cm
-1

, respectively. 

This is due to the LiCrTiO4 half-cell has a low charge transfer resistance and low warburg impedance. 

It also suggests that the LiCrTiO4 material has good ionic conductivity. 

 

Table 1. Fitting results of EIS data for as-prepared samples. 

 

Cell Rct (Ω) W (Ω) CPE (μF) 

Li/LiCrTiO4 34.95 70.24 1.99×10
-3

 

Li/LiFePO4 178.73 141.13 5.49×10
-6

 

LiFePO4/LiCrTiO4 38.14 77.67 2.06×10
-3

 

 

 
 

Figure 7. AC impedance curves for LiCrTiO4 half cell,LiFePO4/C half cell and LiFePO4/LiCrTiO4 full 

cell 

 

 

4. CONCLUSIONS 

Spinel structure LiCrTiO4 was successfully synthesized via solid-state reaction, 

Electrochemical tests showed that LiCrTiO4 has an excellent electrochemical capacity of 164.6mAh·g
-1

 

at 0.5C and 116.4mAh·g
-1

 at 10C with stable cycling performance. This excellent cycle life and 

stability, as well as the fast and efficient synthetic method, make this process potentially feasible 

commercially. LiFePO4/LiCrTiO4 full cells exhibit a charge capacity of 136.6mAh·g
-1 

and discharge 
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capacity of 116mAh·g
-1

 at 0.2C, and 96.4mAh·g
-1

 at 2C. LiFePO4/LiCrTiO4 full cells have a good 

cycling capacity and coulombic efficiency.  
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