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Abstract 

Pure and doped lithium titanate samples (Li4Ti5O12, Li4Ti4.9x0.1O12, x = Ni2+, 

Cu2+ and Zn2+) are prepared using simple solid state reaction. All lithium 

titanate samples are characterized using X-ray diffraction, Fourier transmission 

infra – red spectra and scanning electron microscopy. X-ray diffraction patterns 

show the cubic spinel structure of Li4Ti5O12 with a presence of different 

content of Li2TiO3 crystalline second phase, high for the doped samples and 

low for the pure one.  Fourier transmission infra – red spectra also confirm the 

spinel structure. Scanning electron microscopy shows block-shaped particles 

with different particle size distribution. The pure lithium titanates composite 

sample shows more efficient electrochemical performance than the doped ones 

at the high discharge rates (2-30C) and the opposite is observed at the low ones 

(0.1,0.5C). The efficiency and cycle life of the pure lithium titanates composite 

at high rate (30C) are higher and better than that of low one (0.1C), making the 

pure one as a promising anode material for the high rate lithium – ion batteries. 

All results are collected and discussed. 
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1. Introduction  

Stimulated by the urgency of environmental protection and the 

exhaustion of fossil fuel reserves, more and more attention have been 

paid to the development of lithium ion batteries with high power density 

for the applications of large format energy storage system, such as 

electric vehicles (EVs) or hybrid electrical vehicles (HEVs) [1]. At 

present, one of the main factors that hinders the commercialization of 

EVs/HEVs is the low rate performance of batteries. Therefore, an urgent 

step for the significant market penetration of EVs/HEVs is the 

development of a high rate battery system. Anode is one of the most 

important parts of a battery. Considering carbon based anodes, the low 

operating potential of 100 mV (vs. Li+/Li ) tends to induce the growth of 

lithium dendrites at high charge/discharge rates, which will make a short 

circuit possible [2]. Alternative anode materials of silicon and tin have 

been extensively studied for their attractive specific capacities [3]. 

However, the poor cycle stability caused by immense volume expansion 

in the process of lithiation stands in the way of commercialization. In 

spite of less competitive specific energy density relative to carbon, tin, 

and silicon-based materials, spinel lithium titanate (Li4Ti5O12) is 

considered as one of the most promising anodes for its higher 

discharge/charge plateau (about1.55 V vs. Li+/Li ) and zero strain 

characteristic which can provide possible solutions to the challenges of 

safety and cycle stability for advanced batteries [4-6]. Evidently, it is the 
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poor rate performance resulted from quite low electronic conductivity 

(<10-13S cm-1) [7] and intermediate Li  ion conductivity of pristine 

Li4Ti5O12 that retards it from commercialization.  

Traditional methods for improving electronic conductivity and ionic 

conductivity mainly focus on cation doping (Mg, Al, V, etc.  [7-11]), 

surface modification (carbon, polyacene, etc. [12-17], and size control 

[18,19]. More recently, composites of Li4Ti5O12/Ag [20-23], 

Li4Ti5O12/Au [24], Li4Ti5O12/Cu [25,26], and Li4Ti5O12/CNT[27] have 

been widely investigated to improve particle-to-particle and particle-to-

current collector electric contact. Alternatively, nano composites of 

Li4Ti5O12 and metal oxides can provide rich grain boundaries with high 

concentration of diffusion-mediating defects, which make fast diffusivity 

possible. In this regarding, dual-phase Li4Ti5O12-TiO2 has been 

synthesized with improved rate capability [28-30]. According to the 

literature review, there is one report considering the compact of Li2TiO3 

second phase traces on the electrochemical performance of Li4Ti5O12 

[31]. Here, we want to study the effect of doping by Zn2+, Cu2+ and Ni2+ 

on the electrochemical performance of Li4Ti5O12 in presence of a high 

content crystalline second phase of Li2TiO3 at low and high rates with 

comparing to the pure one, to show which can deliver a high capacity and 

good cycle life at high rates. 
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2. Experimental  

2.1 Preparation of samples 

All samples were prepared using solid-state reaction method. Li2CO3 

(Merck, 99.99%), TiO2 (Sigma-Aldrich, 99.9%), NiO (Sigma-Aldrich, 

99.99%), CuO (Sigma-Aldrich, 99.99%) and ZnO                            

(Sigma-Aldrich, 99.99%) powders were used to prepare the pure and 

doped lithium titanate samples (Li4Ti5O12, Li4Ti4.9x 0.1O12, x = Ni2+, Cu2+ 

and Zn2+). 4:5 molar ratio of Li2CO3 : TiO2 for the pure sample and 

4:4.9:0.1 molar ratio of Li2CO3 : TiO2 : dopant source for the doped 

samples were firstly ball-milled in presence of ethanol as a dispersion 

medium for 3 hrs. in a ball-milling machine to homogenously mix the 

powders. In all cases, 3 mol % excessive Li2CO3 was added to 

compensate for Li2O evaporation during the synthesis at high 

temperature. All samples were dried at 90˚C for 30 minutes to remove the 

ethanol, and then the milled mixtures were calcined at 800˚C for 4 hrs. in 

air.  

2.2 Characterization of samples 

X-ray diffraction analysis was performed on STOE STADI P 

diffractometer (Cu-Kα radiation, Germanium monochromator, Debye-

Scherer geometry). The samples were measured at room temperature in 

the range from 2θ = 10o to 70o. The XRD phases present in the samples 

were identified with the help of ASTM Powder Data Files. The infrared 
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spectra of samples were recorded in the range of 400 – 4000 cm-1 using a 

Brucker-FTIR. The morphology of samples were examined using 

scanning electron microscopy (SEM, JEOL JSM – 6700F) operated at an 

accelerating voltage of 5 KV. 

The electrical measurements were carried out in the form of pellet. The 

two parallel surfaces of the pellet were coated with silver paste to ensure 

good electrical contact. The sample was located in a sample holder inside 

a cryostat with a temperature controller of ± 0.01°C accuracy. The 

electrical conductivity was measured at a constant voltage (1 volt) using a 

programmable automatic LCR bridge (Model RM 6306 Phillips bridge).  

2.3 Electrochemical measurements 

For setting up the experimental cell, pure and doped samples (active 

material),  (80 wt.%) , was mixed with carbon black (10 wt.%) and PVDF 

(10 wt.%) in presence of n- methylpyrrolidinone to make the mixture 

homogeneous and then the mixture was left on a stirrer for 2 hrs. to get 

the homogeneity material (Slurry). Then, the mixed slurry was deposited 

on a thin copper foil by a doctor blade process and dried at 80 ˚C for 2 

hrs. afterward. The covered copper foil was finally punched into round 

pieces with a diameter of 12 mm. The as prepared electrodes were stored 

in a vacuum oven for further drying of another 12 hrs. before they were 

transferred into a glove box for battery assembly. The glove box was 

circulated with argon gas (99.99%) to ensure a clear atmosphere (O2 < 5 
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ppm, H2O < 5 ppm).  The counter electrode used in the half cell was 

lithium foil. 1 M LiPF6 in ethylene carbonate (EC)-diethyl carbonate 

(DEC) (1:1 in volume) was chosen as the electrolyte. A glass fiber 

separator (whatman GF/C) was used for separating the cathode and a 

lithium metal anode. The cells were galvanostatically charged and 

discharged using an Arbin battery cycler (BT2000, Arbin instruments) in 

the scan rate of 1 mVs-1 to perform charge – discharge processes for the 

assembled battery. The charge –discharge processes were performed at a 

voltage between 0 and 3 V at different low (0.1,0.5C) and high (2-30C) 

rates. 

3. Results and discussions 

XRD spectra of all pure and doped samples are shown in Fig.1A. The 

figure peaks showed the cubic spinel structure of the samples (Li4Ti5O12) 

[JCPDS 26-1198] with some other intensive peaks characteristic to a 

crystalline second phase. The other crystalline peaks were identified as 

monoclinic Li2TiO3 phase [JCPDS 33-0831]. The sharp crystalline peaks 

of each Li4Ti5O12 and Li2TiO3 indicate a good crystalline structure with 

no impurity phases demonstrating that Ni2+, Cu2+ and Zn2+ ions have been 

successfully introduced into the lattice structure of Li4Ti5O12. Another 

important remark can be observed by the figure, is that the intensity of 

Li2TiO3 peaks increases with the doping effect of Ni2+, Cu2+ and Zn2+ 

ions. This shows that the doped samples have a high content crystalline 
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second phase of Li2TiO3 compared to the pure one. To further confirm the 

doping process, quantitative x-ray analysis was performed by a definite 

peak of each phase. Firstly, the peak characteristic to Li4Ti5O12 phase, 

(111), was partially enlarged, Fig1B. As we can see by a close inspection, 

there is a small shift to lower degrees for the doped samples compared to 

the pure one, confirming that Ni2+, Cu2+ and Zn2+ ions having larger ionic 

radii (0.69Å, 0.73Å and 0.74Å for Ni2+, Cu2+ and Zn2+ ions, respectively) 

than that of Ti4+ (0.60 Å) have been successfully doped into the host 

crystal structure of Li4Ti5O12. Also, lattice parameter and unit cell volume 

values increasing of doped samples compared to the pure one confirmed 

the successful doping process, Table 1. Secondly, the peak characteristic 

to Li2TiO3 phase,(020), was also partially enlarged, Fig.1C. The figure 

showed a small shift to larger degrees for the doped samples compared to 

the pure one, and to be more sure that this shift was caused by the 

crystalline second phase presence and not by the doping of any ion, unit 

cell volume was calculated, Table 2, to show a stable value for all 

samples before and after doping. This shows that we have a good doping 

process into the cubic Li4Ti5O12 spinel structure not into the monoclinic 

Li2TiO3 structure. The weight ratio of Li2TiO3 of all samples was 

estimated using the relative peak intensity, Table 2. The table showed a 

high weight ratio of Li2TiO3 in all investigated samples, and a high 

content in the doped samples compared to the pure one.  
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The FT-IR spectra of pure and doped lithium titanates composites 

samples calcined at 800 ˚C are given in Fig. 2. It can be clearly observed 

that there are two absorption bands located at 643 and 449 cm-1. These 

two absorption bands indicate the symmetric and asymmetric stretching 

vibrations of the octahedral [TiO6] groups respectively [32], confirming 

the existence of the normal spinel structure. This is in agreement with the 

XRD results shown in Fig. 1. The band at 1625 cm-1 is attributed to H-O-

H bending vibration [33]. The band at 3470cm−1 is attributed to the 

stretching vibrations of the hydrogen-bonded OH groups.  

The absence of other bands characteristic to other metal oxides also 

confirms the formation of lithium titanates composites and demonstrates 

that all doped ions have been introduced into the lattice structure, as 

confirmed by XRD. 

All the SEM images of lithium titanates composites samples calcined at 

800˚C for 4hrs. are similar, so we set the pure lithium titanates composite 

sample as an example to observe the morphology of the investigated 

sample, Fig.3. It can be seen clearly that the sample exhibits block-shaped 

particles with different particle size distribution. The particle size, with a 

wide distribution from less than 100 nm to more than 1000 nm, has a 

medium value of approximately 500 nm.  

To show the performance of the pure and doped lithium titanates 

composites as anode in lithium batteries, different charge – discharge 
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processes were performed at a high rate range of 2-30C (2,5,10,20,30C) 

and a potential range of  0-3V , Fig. 4. 

The figure showed that all pure and doped lithium titanates composites 

have good initial discharge capacity and cycling stability at all the high 

rate range (2-30C). In general, the pure lithium titanates composite 

showed the highest delivering one of discharge capacity compared to the 

other ones, especially at rates of 2 and 10 C. At the same time, the Zn2+ - 

doped lithium titanates composite was the lowest delivering one of 

discharge capacity in the time that the other doped composites (Cu2+, 

Ni2+) did not show a clear comparison behavior of discharge capacity 

delivering, the Cu2+ - doped sample has the highest discharge capacity 

value compared to the Ni2+ - doped one at only rates of 5,10,20 and 30C. 

The only case that Ni2+ - doped sample is higher than that of Cu2+ was 

observed at the rate of 2C. As the discharge rate increased, the capacities 

gradually decreased. More notably, at all rates of cycling performance 

and for all pure and doped lithium titanates composites, after the first 

cycle, the capacity retention begins to be more stable.  

To investigate the effect of doping at low (0.1, 0.5C) and high rates         

(10,20,30C), the values of initial discharge capacity of all investigated 

samples were determined , Table 3. It is obvious from the table that the 

Cu2+ - doped lithium titanates composite has the highest discharge 

capacity (319, 172 mAh/g) at the low rates (0.1, 0.5C), but at the high 
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rates (10,20,30C), the pure sample has the highest values (123, 95, 91 

mAh/g). Also, the table shows the values of lithium ion diffusion (D) 

calculated using the following equation,    D = R2T2/2A2F4σ2
wC2     (1)  

where σw, the Warburg impedance coefficient, w, the angular frequency, 

R, the gas constant, T, the absolute temperature, A, the surface area, F, 

the Faraday’s constant, and C, the molar concentration of Li  ions. 

The table showed that the pure lithium titanates composite has the highest 

lithium ion diffusion value, 5.55 x10-13 cm2/s, compared to the other 

doped ones. At the same time, this value is higher than that of the pristine 

Li4Ti5O12 [34], the enhancement caused by the low content of Li2TiO3 

crystalline second phase. 

From all the above results, we can conclude that our lithium titanates 

composites samples electrochemical performance can be divided into two 

parts, the pure composite is the best at the high rates (2-30C), and Cu2+ -

doped composite is the best at the low rates (0.1,0.5C). This can be 

attributed to two different factors competing at the same time, doping and 

the different content of crystalline second phase, Li2TiO3. The high 

crystalline second phase content of doped lithium titanates composites 

compared to the pure one at the high rates (2-30C) reduced the lithium 

ion diffusion (Table 3) , and as a result, the discharge capacity reduced, 

showing the pure sample is the best  (The crystalline content of Li2TiO3 is 

the negative predominant factor). On the other hand, at the low rates 
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(0.1,0.5C), the doped samples showed the doping factor as of the positive 

predominant, and the Cu2+ - doped is the best. The high initial discharge 

capacity of Cu2+ - doped composite sample compared to Ni2+ and Zn2+ 

ones may be attributed to the suitable unit cell volume in presence of the 

high content of Li2TiO3. 

For the cycle life and capacity retention, all pure and doped composites 

showed excellent cyclability at the high rate (30C) compared to previous 

similar systems as will be shown hereafter, and this behavior can be 

attributed to the structure stability against crystal breakdown performed 

in presence of  the crystalline second phase, Li2TiO3. Also, presumably, 

the good electrochemical performance of dual-phase Li4Ti5O12–Li2TiO3 

could be attributed to the Li4Ti5O12–Li2TiO3 featuring abundant phase 

interfaces, which can possess an interfacial storage mechanism [35-37]. 

Namely, the lithium-ions and electrons are stored separately at the 

interfacial region between two neighboring phases to generate the 

capacitance, favoring for the high rate capability [35-37].  

To show the difference between the performance of  pure  lithium 

titanates composite at low (0.1C) and high (30C) rates, the discharge 

capacity against cycle number (the first 10 cycles) was investigated and 

shown in fig. 5. The figure shows that the pure lithium titanates 

composite at low rate delivered high initial discharge capacity,160 

mAh/g, and then a sharp decrease was observed up to 90 mAhg-1 to end 
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the 10th cycle life with a capacity of 73 mAhg-1. On the other hand, the 

pure lithium titanates composite at high rate showed an initial discharge 

capacity of 91 mAhg-1 to end the 10th cycle with a capacity of  70 mAhg-

1. This shows that the pure composite at 30 C has a better discharge 

capacity value and cycle life than that at 0.1C. Also, the columbic 

efficiency was calculated for the same two samples, Fig 6. It is clearly 

shown that the 30C - pure lithium titanates composite has higher 

efficiency (~100% for the last cycle) than the 0.1C one (~80% for the last 

cycle).  

Fig. 7 (A,B) shows the galvanostatic lithium insertion/extraction curves 

for the 10th cycle of pure lithium titanates composite at low (0.1C) and 

high (30C) rates between 0-3V. Fig. 7B showed that the composite has 

two obvious almost straight regions of reduction and oxidation at about 

1.5V and 1.68V, respectively, and which are assigned to the insertion and 

extraction of Li+ ions [31]. Besides the reduction –oxidation, capacitive 

plateaus at lower potential are also found during the scan, demonstrating 

that both of faradic reaction and double layer capacitance are involved in 

the electrochemical process [31].In Fig. 7A, the two straight regions are 

not appeared and the two reactions of insertion and extraction of Li+ ions 

appeared as first two plateaus at a range of 3-1V and 1-0.5V, 

respectively, and then the other two ones demonstrates both of  faradic 

reaction and double layer capacitance like that of  Fig 7B. Here we can 
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conclude that the pure composite at 30C has a better nature of 

insertion/extraction reactions than that of 0.1C. 

To show the efficiency of our pure lithium titanates composite as an 

anode for the high rate performance in lithium ion batteries , our sample 

was compared to the previous reported performances of pure [ 38-40] and 

composite of  Li4Ti5O12 [31] at high rates, Table 4.  

To further study the properties of the pure lithium titanates composite as a 

good anode material for the high rate performance of lithium ion 

batteries, the AC-electrical properties (ionic conductivity and complex 

impedance) were also investigated at room temperature (295K) and 

different frequencies, Fig.8 (A,B). 

Fig.8 A shows the variation of 1og σAC against log F. It can be seen that 

the conductivity increases with frequency increasing. This can be 

attributed to the ability of lithium cation to rotate rapidly in directions 

matching with the directions of the applied current, demonstrating the 

high value of lithium ion diffusion, Table 3. Also, the ionic conductivity 

at F = 1MHz of the pure composite was determined to equal 2.02 x 10-7 

ohm-1.cm-1.  

The spectrum of complex impedance, Fig.8B, showed a straight line at 

room temperature. This can be attributed to the blocking electrode that 

results in a charge polarization in the bulk of the composite [41], and as a 

result, the electrical double layer at each interface will lead to increase the 
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impedance against ion motion with decreasing frequency. The bulk ionic 

conductivity was determined to equal 2.24x10-5 ohm-1.cm-1 at F = 1MHz. 

The equivalent circuit was also determined and shown in Fig.8 B. Where 

R1 is the bulk resistance, C1 is the bulk capacity and C2 is a capacity of 

bulk electrode – electrolyte interface. The values of dielectric constant 

(ε`) and dielectric loss (ε``) were calculated to equal 391 and 7516, 

respectively. All values of ionic conductivity, bulk ionic conductivity, 

dielectric constant and loss showed that li-ions have a good diffusion and 

orientation within the crystalline network structure of the titanates 

composite, making it a promising anode for the high rate lithium ion 

batteries.  

Conclusions  

Pure and doped lithium titanate samples containing a high crystalline 

second phase content of Li2TiO3 (Li4Ti5O12/ Li2TiO3, Li4Ti4.9x 0.1O12 / 

Li2TiO3, x = Ni2+, Cu2+ and Zn2+) were prepared using simple solid state 

reaction. All lithium titanates composites samples were characterized 

using XRD, FT-IR and SEM. XRD patterns showed the cubic spinel 

structure with a presence of different content of Li2TiO3 crystalline 

second phase. The doped samples showed higher content of the 

crystalline second phase than that of the pure one. The pure lithium 

titanates composite showed more efficient electrochemical performance 

than that of the doped ones at the high discharge rates (2-30C). On the 
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other hand, the doped lithium titanates composites showed more efficient 

electrochemical performance than that of the pure one at the low rates 

(0.1, 0.5C), and the Cu2+ - doped composite was the best. The efficiency 

and cycle stability of the pure lithium titanates composite at high rate 

were higher than that of low rate. The pure composite delivered a high 

initial discharge capacity of 91 mAhg-1 at 30C with room temperature 

lithium ion diffusion equals 5.55 x 10-13 cm2/s. After 50 cycle, the pure 

composite delivered a discharge capacity of 65 mAhg-1 at 30C, showing 

an excellent cycle life. The ionic conductivity, bulk ionic conductivity, 

dielectric constant and dielectric loss of the pure composite at room 

temperature and 1MHz frequency were determined to equal 2.02 x 10-7 

ohm-1.cm-1, 2.24x10-5 ohm-1.cm-1, 391, 7516, respectively. The 

electrochemical performance of the pure composite shows a good 

discharge capacity with excellent cycle life at 30C, making it a promising 

anode material for the high rate lithium – ion batteries. 
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Fig. 1 X-ray diffraction patterns of A) pure and doped lithium titanates 

composites, B) partially enlarged drawing of Li4Ti5O12 peak (111) and 

C) partially enlarged drawing of Li2TiO3 peak (020). 
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Fig.2   FT-IR patterns of pure and doped lithium titanates composites. 
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.                   Fig.3 SEM of pure lithium titanates composite 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

 

Page 22 of 31RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



  

  

  

  

  

  

  

 

 

 

Fig.4 cycling performance of pure and doped lithium titanates 

composites at different rates (high rate). 
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Fig. 5 cycling performance of pure lithium titanates composite at low 

(0.1C) and high (30C) rates.  
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Fig. 6 Efficiency against cycle number for pure lithium titanates 

composite at low (0.1C) and high (30C) rates.  
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Fig. 7  Galvanostatic lithium insertion/ extraction curves for the 10
th
 

cycle of pure lithium titanates composite at low (0.1C) and high (30C) 

rates between 0-3V. 
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Fig. 8 AC- electrical conductivity properties; A) Frequency dependence 

of ionic conductivity and B) complex impedance for pure lithium 

titanates composite at room temperature ( 295 K). 
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Table1. Lattice parameter and unit cell volume of Li4Ti5O12 phase, 

calculated from x-ray peak analysis (111), in all pure and doped lithium 

titanates (LT) composites . 

  

 

 

 

 

 

 

 

 

 

Table2. Unit cell volume and weight ratio of Li2TiO3 phase, calculated 

from x-ray peak analysis (020), in all pure and doped lithium titanates 

(LT) composites   

Sample Unit cell volume (Å)3  Weight ratio (%) 

LT- pure  

  
427.01 22.23 

LT- Ni
2+

 
  

427.01 31.50 

LT-Cu
2+

 
  

427.01 36.77 

LT-Zn
2+

 427.01 35.60 

  

  

  

  

  

Unit cell volume 

(Å)3 
(Å)   a  Sample  

583.1 0.8354 
LT- pure  

  

584.2 0.8363 
LT- Ni

2+
 

  

586.1 0.8368 
LT-Cu

2+
 

  

586.2 0.8369 LT-Zn
2+
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Table 3. Values of initial discharge capacity and Li-ion diffusion for pure 
and doped lithium titanates (LT) composites at low and high rates.  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Li-ion 

diffusion, 

Dx10
-13

 

, cm
2
s

-1
 

Initial discharge capacity (mAhg
-1

)  Sample 

  C  30    20 C  10 C  0.5 C  0.1 C  

  

  

  

  

LT- pure  

  

  

LT- Ni
2+

 

 

 

LT-Cu
2+

 

 

 

LT-Zn
2+

 

5.55  91 95  123  168  161  

5.15 86 90  100  169  244 

5.25  88 91 116  172  319  

4.95  81 85 96 170  204  
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Table 4. Comparison of the electrochemical properties of pure 
lithium titanates composite (Li4Ti5O12/Li2TiO3) at high rates.  

 

 

Sample 
 

Current 

density  

(C) 

Potential 

range   

(V) 

Initial 

capacity 

(mAhg
-1

) 

Capacity 

retention 

(mAhg
-1

) 

References 

 

Li4Ti5O12/ 

Li2TiO3(high 

content) 

 30 0 -3 91 

65 

After 

50 

cycles 

This 

work 

 

 

Li4Ti5O12 

/Li2TiO3 

(very low 

content)    

 

 

 

 Li4Ti5O12 

 

 

 

10 

 

 

 

 

5 

 

 

0-3 

 

 

 

 

0-3 

 

 

113 

 

 

 

 

33 

 

 

 

111 

After 

50 

cycles 

 

31 

After 

10 

cycles 

 

 

 

 

[ 31 ] 

 

 

 

[ 33 ] 

 

Li4Ti5O12 
 

 

30 

 

1-2.5 

 

38 

 

38 

After  

50 

Cycles 

 

 

 

[ 39 ] 

 

 

 

Li4Ti5O12 
 

        

     20 

 

0.8 -2.5 

 

62 

 

37 

After 

50 

cycle 

 

    [ 35 ] 
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Graphical Abstract 

   

 

Pure lithium titanates composite sample is a promising anode for the high 

rate performance of lithium ion batteries  
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