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Abstract— The use of perfect electrode materials increases the demand for lithium ion batteries (LIBs) to spread wide in its application. 
Spinel Li4Ti5O12 (LTO), by virtue of its various characteristic natures proves to be an important anode material. But the disadvantage of low 
conductivity limits its performance. This is overcome by the effect of metal doping. Hence in this paper efforts are made to dope LTO 
nanoparticles (NPs) with Cerium metal ions. The sample is prepared by a simple solvothermal approach employing Ce (NO3)3.6H2O, TiO2 
and LiOH.H2O as raw materials. The samples were prepared with varying concentrations of the Ce dopant. The reaction was followed by 
high temperature calcination. The as-obtained CexLTO nanoparticles were characterized by Powder X-ray diffraction analysis (PXRD), 
Field Emission Scanning Electron Microscopy (FESEM) to determine the crystal structure and morphological features. The electrode 
materials CexLTO formed by the substitution of Ce4+ ions are well crystallized and possess cubic spinel phase. An in-depth analysis on the 
growth of LTO nanoparticles was found from High Resolution Scanning Electron Microscopy (HRTEM) imaging. Energy Dispersive X-ray 
analysis (EDX) spectra analyses the elements present in the electrode material and the presence of vibrational groups are identified from 
Fourier Transform Infrared spectroscopy (FTIR) spectral data. Further electrochemical performance was studied through coin cell 
fabrication and the effect of dopant on the cyclic stability and discharge capacity of the Ce doped LTO is well investigated. The results show 
that Cerium metal ions doped LTO are more conductive compared to undoped LTO and hence could be directly used as efficient anode 
materials for LIBs.  

Index Terms— Anode material, Ce-doping, Electrochemical study, Lithium-ion Batteries, Lithium Titanate nanoparticles, Solvothermal 
method. 

——————————      —————————— 

1 INTRODUCTION                                                                     
ano-sized materials have emerged as attractive to bulk 
materials due to their various advantages of special elec-
tronic and chemical properties, which have aroused in-

creasing interest among the researchers that could be used in 
the emerging field of electrochemical energy storage and 
thereby has also substantially expanded their use in electrodes 
for lithium batteries[1]. Rechargeable lithium-ion batteries 
(LIBs) with a high energy density and long lifetime are re-
garded as promising energy storage and conversion devices 
for application in electric vehicles (EVs) and smart grids. But 
the most commonly used graphite anode materials hinder the 
use of LIBs to deliver high capacity to large scale applications.  
Hence a wide range of alternate anode materials have been 
researched to satisfy the necessary requirements. In this re-
gard Li4Ti5O12 (LTO) is a promising anode material with 
many interesting characteristics like safety, zero-strain inser-
tion behavior and high stability. The LTO anode can accom-
modate up to three lithium ions per formula unit, which al-
lows a theoretical capacity of 175 mA h g-1 in the spinel struc-
ture [2], [3].  
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The LTO electrode also shows a charge/discharge curve at a 
flat operating voltage of 1.55 V vs. Li+/Li. This spinel-LTO is 
cheaper and easier to prepare than other alloy-based anodes, 
and has better electrochemical properties and better safety 
than carbonaceous anodes in LIBs [4], [5].   

Since the oxidation state of Ti in spinel-LTO is the highest 
possible valence (+4), spinel-LTO is considered to be a very 
poor electronic conductor. Hence by doping a cation with a 
higher oxidation state into the tetrahedral 8a Li+ site or at the 
octahedral 16d Ti4+ site in the LTO anode, forces the partial 
transformation of Ti4+ into Ti3+ to generate a mixture 
(Ti3+/Ti4+) as charge compensation and increases the concen-
tration of electrons. Doping with a variety of metal cations 
including Ag⁺, Sn2⁺, K⁺, Mg2⁺, Ca2⁺, Zn2⁺, Al3⁺, Ga3⁺, Cr3⁺, Co3⁺, 
La3⁺, Y3⁺, Zr4⁺, Ru4⁺, Mo4⁺, Mn4⁺, V5⁺, Ta5⁺, Nb5⁺, Sr2⁺ and Cu2⁺ 
into the Li⁺ and Ti4⁺ sites has been carried out and a detailed 
study owing to their structural and electrochemical behavior 
has been investigated earlier [6], [7], [8]. The observed results 
show the enhanced behavior exhibited electrochemically due 
to the substitution of metal ions in the crystal structure of 
LTO.   

In this article doping of LTO by Ce4+ ions has been investi-
gated employing solvothermal method. It is expected that the 
direct and fast transformation between Ce (III) and Ce (IV) 
enhances the electronic conductivity of the material. The as-
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synthesized doped LTO nanomaterial is subjected to Powder 
X-ray Diffraction analysis (PXRD), Field Emission Scanning 
Electron Microscopy (FESEM), Energy dispersive X-ray analy-
sis (EDX), High Resolution Transmission Electron Microscopy 
(HRTEM) and Fourier Transform Infrared Spectroscopy (FT-
IR) studies. Further the electrical performance of CexLTO has 
also been evaluated using CR2032 coin type cells. 

2 EXPERIMENTAL METHOD 
2.1 Chemicals 
LiOH.H2O (99.995 % purity), Ce (NO3)3.6H2O (99.8 % purity) 
was purchased from Sigma Aldrich and Alfa Aesar. TiO2 from 
Qualigens Fine chemicals Pvt. Ltd and Ethanol (99.9% AR 
grade) were purchased from Changshu Yangyuan Chemical 
Co., Ltd. These chemicals were used as received without fur-
ther purification and the reactions were performed using de-
ionized water (DI). 

2.2 Synthesis of cerium doped LTO nanoparticles 
LTO nanoparticles (NPs) were doped with Cerium using sol-
vothermal method. The solvents namely ethanol and de-
ionized water were mixed in equal volumes. 1.049 g of Li-
OH.H2O was first dissolved in the solvent mixture. The Ceri-
um precursor was prepared with 0.3, 0.5 and 0.7 M% of Ce 
(NO3)3.6H2O dissolved in de-ionized water. To the dissolved 
LiOH aqueous solution, the above prepared Cerium solution 
was added and stirred. To which, a few grams of TiO2 was 
added finally and stirred for about an hour. The resultant 
white precipitate was transferred to a Teflon-lined stainless 
steel autoclave of 200 ml capacity. The hydrothermal synthesis 
was carried out at 200 °C for 12 h. After naturally cooling the 
autoclave to room temperature, the precipitate was separated 
by centrifugation. The obtained product was washed with DI 
water and ethanol several times, followed by drying and fur-
ther calcination was done at 800 °C. The Ce doped LTO prod-
ucts were denoted as Ce0.3LTO, Ce0.5LTO and Ce0.7LTO corre-
sponding to the doping percentages of Cerium respectively. 
The same procedure was performed without the addition of 
Cerium precursor to obtain undoped LTO NPs 

2.3 Electrochemical Measurement 
The electrochemical performance of CexLTO (x= 0, 0.3, 0.5 and 
0.7 M %) samples were tested in 2032 coin-type cells. Typical-
ly, CexLTO, carbon black, and polyvinylidene fuoride (PVDF) 
with a weight ratio of 8: 1 : 1 were mixed in n-methyl pyrroli-
dinone (NMP) to form a uniform slurry, which was then coat-
ed onto a Cu foil substrate and dried in a vacuum oven at 120 
°C for 12 h. Half-cells were assembled in a glove box using Li 
foil as counter electrode, Celgard 2300 as separator, and a mix-
ture of 1 M LiPF6 in ethylene carbonate and dimethyl car-
bonate (1 : 1 by volume) as electrolyte. The performance of the 
cells was evaluated galvanostatically in the voltage range of 1– 
2.5 V at a current rate of 0.1 C. 

2.4 Characterization techniques 
The as-synthesized CexLTO products were characterized to 
analyze their structural, morphological, spectral and electro-

chemical behavior. The crystal structure, phase and crystallini-
ty of the material was confirmed from Powder X-ray Diffrac-
tion (PXRD) analysis which was recorded with a GE XRD 3003 
TTX-ray diffractometer using monochromatic Nickel filtered 
Cu Kα (λ = 1.5416 Å) radiation in the 2θ range of 10˚ to 70˚. The 
morphology, average size and elemental composition of the 
as-prepared nanoparticles were determined from the CARL 
ZEISS SUPRA 55 Field Emission Scanning Electron Microsco-
py (FE-SEM) that has the attachment of an Energy Dispersive 
X-ray Analyzer (EDX). This was further confirmed from High 
Resolution Transmission Electron Microscopy (HR-TEM) 
analysis done using the JEOL JEM 2100 and the selected area 
diffraction pattern (SAED) was also recorded to examine the 
crystallinity and phase formation of the as-synthesized nano-
particles. The FT-IR spectral analysis was obtained from the 
Perkin Elmer Spectrum RX 1.  The electrochemical behavior 
was also carried out through coin cell fabrication. 
3 RESULTS AND DISCUSSION  

3.1 Powder X-ray diffraction analysis 
The crystal structure of Cerium doped LTO NPs were con-
firmed from Powder X-ray diffraction analysis. Fig. 1 shows 
the diffraction pattern corresponding to both LTO and cerium 
doped LTO with doping concentrations of 0.3, 0.5 and 0.7 M 
%. The diffraction peaks are compared with standard JCPDS 
(26-1198) and indexed to cubic spinel structureFd3 ̅m. The dif-
fraction peaks are indexed to (111), (311), (400), (511) and (440) 
planes for all the three doping values which are the major 
planes of diffraction. There is not much difference in the inten-
sity of (111) and (400) planes indicating the increased growth 
of the nanoparticles along these respective planes. Apart from 
the appearance of very less intense impurity peaks of Li2TiO3 
and LiTiO2, there are no other peaks seen, which clearly indi-
cates that the cerium dopants have entered into the lattice sites 
of LTO without affecting the crystal structure of LTO.  

Fig. 2 shows the expanded XRD plot for (111) peak. A shift 
towards the lower angles is observed with increase in doping 
concentrations when compared to undoped LTO. This indi-
cates the increase in lattice constant due to the ionic radius of 
Ce4+ (0.87 Å) being larger than that of Li+ (0.76 Å) and Ti4+ 
(0.605 Å). The lattice constant a=b=c is calculated to be 8.33 Å, 
8.3505 Å, 8.3783 Å and 8.3499 Å for LTO, Ce0.3LTO, Ce0.5LTO 
and Ce0.7LTO respectively. This increase in lattice constant 
due to the effect of doping could broaden the pathway for Li-
ion diffusion and thus be more conductive to the insertion-
extraction of Li-ions. Also the difference in the ionic radius 
between Ce4+ and Ti4+ creates lattice distortion leading to de-
fects in LTO [9]. 
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3.2 FESEM Analysis 
 
The morphological study of Ce doped LTO was done using 
Field Emission Scanning Electron Microscopy (FESEM). Fig. 3 
depicts the FESEM images of LTO, Ce0.3LTO, Ce0.5LTO and 
Ce0.7LTO corresponding to the different doping concentra-
tions. The Ce modified LTO NPs maintain the same cubic 
morphology and suggests no change in their shape owing to 
the increase in doping values. But at a high doping value of x= 
0.7, the particles seem to have grown bigger and appear as 
bulk [10]. The increase in the calcination temperature from 500 
°C to 800 °C could also lead to the formation of bigger parti-
cles compared to undoped LTO NPs. This is because the sub-
stitution of Ce4+ ions with greater radius for Ti4+ ions has re-
sulted in lattice distortion leading to defects in LTO as ob-
served. 

 
 
 

 

 

 

 

 

 

 

 

 

3.3 EDX Analysis 
The Energy dispersive X-ray analysis (EDX) spectrum was 
recorded for all the as-synthesized Ce doped LTO nanoparti-
cles. Fig.4 illustrates the EDX spectra corresponding to 
Ce0.3LTO, Ce0.5LTO and Ce0.7LTO. From the spectra, the pres-
ence of titanium and oxygen were detected for the different 
doping concentrations. Added to this, the presence of cerium 
was detected. However, in the case of x= 0.3, its presence is 
not detected due to less doping additive of cerium [10]. But its 
presence is indicated for higher doping values of x= 0.5 and 
0.7. Lithium, being a light metal produces low energy charac-
teristic radiations and hence could not be detected from EDX 
analysis as observed in the case of undoped LTO nanoparti-
cles. Hence requires other techniques like XPS or Li NMR to 
identify the presence of lithium [11]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig.1. XRD pattern of CexLTO NPs corresponding to 
x=0, x=0.3, x=0.5 and x=0.7 

 

 

Fig.2. Diffraction peak of (111) expanded for varying 
concentrations of CexLTO NPs 

 

 

Fig.3. FESEM images of CexLTO NPs for varying 
dopant concentrations 

 

 

 

Fig.4. EDX spectra of CexLTO NPs 
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3.4 HRTEM Analysis 
A detailed study on the morphology and structural features of 
as-prepared CexLTO NPs are observed from High resolution 
transmission electron microscopy (HRTEM). Fig. 5 (a-d) de-
picts the HRTEM images, selected area diffraction pattern 
(SAED) and lattice fringes obtained for various doping con-
centrations. As seen from FESEM analysis, the CexLTO NPs 
are cubic in morphology. Owing to the increased doping val-
ues, the distortion in the shape of NPs is observed. The cerium 
doped LTO nanoparticles appear to be bulkier in size when 
compared to undoped LTO NPs. A clear examination on the 
microstructural information of lattice fringes was also ana-
lyzed. There occurs lattice distortion due to the substitution of 
Ce4+ with larger ionic radius in the site of Ti4+, which has a 
comparatively smaller ionic radius as mentioned in XRD anal-
ysis. The typical selected area electron diffraction (SAED) pat-
terns indicate that the nanoparticles are crystalline in nature. 
The d-spacing values are calculated from SAED analysis and 
compared with their corresponding XRD results and the major 
reflections are indexed to their respective diffraction planes. 
Thus the d-spacing values obtained from XRD and SAED pat-
terns are indexed to the respective planes of (111), (311), (400), 
(511), (440) for Ce0.5LTO and Ce0.7LTO while, Ce0.3LTO show 
major reflections from (111), (311), (400), (440) planes, thereby 
all three patterns confirm the spinel structure of the as-formed 
CexLTO NPs.    

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig.5. (a) HRTEM images, lattice fringes and SAED 
pattern of LTO NPs 

 

 

Fig.5. (b) HRTEM images, lattice fringes and SAED 
pattern of Ce0.3LTO NPs 

 

 

Fig.5. (c) HRTEM images, lattice fringes and SAED 
pattern of Ce0.5LTO NPs 

 

Fig.5. (d) HRTEM images, lattice fringes and SAED 
pattern of Ce0.7LTO NPs 
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3.5 FTIR Analysis 
The FT-IR spectra of the different Ce doped LTO samples are 
shown in Fig. 6. The spectra of all the three CexLTO nanopar-
ticles do not indicate major variation in the doping concentra-
tions. The peak at about 3700 cm-1 indicates the presence of 
hydrogen-bonded O-H stretching in the CexLTO structure 
[12]. The absorption bands in the range 1400- 1500 cm-1 corre-
spond to C=O stretching vibrations. Thus two weak vibrations 
corresponding to the C=O stretching are observed, both seem 
to be nearly similar for Ce0.3LTO, Ce0.5LTO and Ce0.7LTO i.e. 
one appears at about 1496 cm-1 and other at about 1438 cm-1 
respectively [13]. Also the presence of C-O vibrations are con-
firmed from the bands at 1054.03 cm-1, 1052.83 cm-1 and 
1053.13 cm-1 for x= 0.3 , 0.5 and 0.7. The Ti-O vibrations are 
confirmed from the peaks observed between 2200- 2400 cm-1, 
which are weak yet present in the spectra [15]. These bands 
are observed at 2394 cm-1, 2399 cm-1 and 2395 cm-1 correspond-
ing to Ce0.3LTO, Ce0.5LTO and Ce0.7LTO. The bands lying be-
low 600 cm-1 are considered to be due to the vibrations of the 
metal- organic groups, such as Li-O-R or Ti-O-R and Ce-O, 
this authenticates the presence of Cerium in the lattice sites of 
LTO [14]. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

3.5 Electrochemical Characterization 
The electrochemical performance of CexLTO nanoparticles 
was evaluated using CR2032 coin-type cells. Fig.7 illustrates 
the cycling behavior of Ce doped Li4Ti5O12 nanoparticles ob-
tained between 0 and 2.5 V (vs. Li/Li+) at a C-rate of 0.1 C, 
was measured for 50 cycles. The lithiation and delithiation 
mechanism of Ce0.5LTO, Ce0.7LTO can be well understood 
from the charging/ discharging curves. Clear plateaus are 
found at about 1.54 V and 1.6 V for Ce0.5 which lies nearly 
close to the theoretical two-phase reversible transition voltage 
plateau of 1.55 V versus Li+/Li, implying good electro-activity 
of the sample at relatively low current density [16]. Whereas in 
the case of Ce0.7, the voltage plateaus are not flat, and the cor-
responding potentials are found as 1.52 V and 1.66 V respec-
tively [17]. 

As shown, an initial discharge capacity of 143.99 mAh g-1 
for Ce0.5 and 74.64 mAh g-1 for Ce0.7 was delivered by the 
Li4Ti5O12 electrodes. In the case of Ce0.5LTO, a slight reduc-
tion in the discharge capacity was observed after the first cy-
cle. However the Ce0.5LTO electrode continues to maintain the 
capacity value at 117.71 mAh g-1 even at the end of 50th cycle. 
But whereas, in the case of Ce0.7LTO, the discharge capacity 
falls below the initial value in the subsequent cycles and 
reaches a very low value of 31.78 mAh g-1. Thus in this case, 
with increase in the doping content the capacity decreases. 
This occurs because as the content of dopants increase the mo-
lecular weight of LTO increases and thus its theoretical capaci-
ty decreases [18]. However their reversible reaction mecha-
nism continues for all the 50 cycles unlike LTO where the elec-
trochemical behavior ends within few cycles. It is notable that 
both the specific capacity values are lesser than the theoretical 
capacity (175 mAh g-1). Hence comparing the behavior of Ce 
doped LTO NPs with LTO NPs, it is clear that Ce0.5LTO shows 
better capacity than undoped LTO, while Ce0.7LTO exhibits 
poor capacity. 

These features indicate that Ce0.5 doped LTO are more sta-
ble than LTO and show better electrochemical performance 
when compared to LTO. Hence it can be authenticated that 
doping Cerium particularly with x= 0.5 has enhanced the elec-
trochemical performance and cyclic behavior of Li4Ti5O12 
NPs. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
  

Fig.6. FT-IR spectra of CexLTO NPs 
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4. Conclusion 
Spinel Li4Ti5O12 nanoparticles doped with Cerium 

metal ions have been successfully prepared by a facile, tem-
plate free solvothermal method. Ce4+ ions are doped in the 
lattice site of titanium without changing the cubic crystal 
structure of LTO. The morphological aspect of the as-prepared 
CexLTO nanoparticles was identified from FESEM characteri-
zation technique, which was further confirmed from the anal-
ysis of HRTEM imaging. With increase in doping content, the 
nanoparticles appear bigger with their shape slightly distort-
ed. Also CexLTO nanoparticles are found to be more conduc-
tive as observed from electrochemical analysis. They are also 

found to exhibit a reversible system. The doping content of x= 
0.5 gives more stability and better discharge capacity to the 
material. 
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