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ABSTRACT: A comprehensive and comparative exploration
research performed, aiming to elucidate the fundamental
mechanisms of rare-earth (RE) metal-ion doping into Li4Ti5O12
(LTO), reveals the enhanced electrochemical performance of the
nanocrystalline RE-LTO electrodes in high-power Li-ion batteries.
Pristi ne Li4Ti5O12 (LTO) and rare-earth metal-doped
Li4−x/3Ti5−2x/3LnxO12 (RE-LTO with RE = Dy, Ce, Nd, Sm, and
Eu; x ≈ 0.1) nanocrystalline anode materials were synthesized
using a simple mechanochemical method and subsequent
calcination at 850 °C. The X-ray diffraction (XRD) patterns of
pristine and RE-LTO samples exhibit predominant (111)
orientation along with other characteristic peaks corresponding
to cubic spinel lattice. No evidence of RE-doping-induced changes was seen in the crystal structure and phase. The average crystallite
size for pristine and RE-LTO samples varies in the range of 50−40 nm, confirming the formation of nanoscale crystalline materials
and revealing the good efficiency of the ball-milling-assisted process adopted to synthesize nanoscale particles. Raman spectroscopic
analyses of the chemical bonding indicate and further validate the phase structural quality in addition to corroborating with XRD
data for the cubic spinel structure formation. Transmission electron microscopy (TEM) reveals that both pristine and RE-LTO
particles have a similar cubic shape, but RE-LTO particles are better interconnected, which provide a high specific surface area for
enhanced Li+-ion storage. The detailed electrochemical characterization confirms that the RE-LTO electrodes constitute promising
anode materials for high-power Li-ion batteries. The RE-LTO electrodes deliver better discharge capacities (in the range of 172−198
mAh g−1 at 1C rate) than virgin LTO (168 mAh g−1). Among them, Eu-LTO provides the best discharge capacity of 198 mAh g−1 at
a 1C rate. When cycled at a high current rate of 50C, all RE-LTO electrodes show nearly 70% of their initial discharge capacities,
resulting in higher rate capability than virgin LTO (63%). The results discussed in this work unfold the fundamental mechanisms of
RE doping into LTO and demonstrate the enhanced electrochemical performance derived via chemical composition tailoring in RE-
LTO compounds for application in high-power Li-ion batteries.
KEYWORDS: Li4Ti5O12 (LTO), rare-earth metal, doping, Li-ion batteries, high-rate performance

■ INTRODUCTION

Lithium-ion batteries (LIBs) have received significant attention
from the scientific and engineering community in recent years
due to their efficiency as power systems for electrical vehicles
(EVs), hybrid electrical vehicles (HEVs), and grid storage
plants.1−3 Continuously increasing the demand for energy and
environmental problems brought on by the burning of fossil
fuels made LIBs, which are known for high energy density,
power density, and long shelf-life, an attractive choice.1−3 The
efficiency of a Li-ion battery mainly depends on the
performance of both negative (anode) and positive (cathode)
electrode materials. Most marketed LIBs are fabricated with a
graphite-based anode operating at a low lithiation potential
(<0.2 V vs Li+/Li), which causes the growth of a solid
electrolyte interphase (SEI) layer deposited on the electrode
surface. Lowering the available LIB capacity is due to the

irreversible expenditure of both electrons and Li+ ions.4,5

Moreover, during the charge−discharge process, the graphite
anode also suffers from a volume change of 9−13%, spoiling
the electrode architecture, which induces a gradual loss of
interparticle electrical contact and, consequently, leading to
cycle instability.6,7 Therefore, the development of a new anode
material being an alternative to carbonaceous materials is
desirable. Since the early work of Murphy et al.8,9 studying the
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insertion reactions in ternary Li−Ti−O phases and that of
Colbow et al.10 evidencing the galvanostatic charge−discharge
behavior of a Li//Li4Ti5O12 cell, the spinel Li4Ti5O12 (denoted
LTO) is considered one of the most hopeful anode materials
for large-scale application of Li-ion battery. Furthermore, LTO
materials have the ability to be integrated with other emerging
materials to form composites for application in Li-ion
batteries.11
The cubic structure of the LTO can be described using the

spine l notat ion of [Li 3]8 a[LiTi5]16d[O12]32 e (or
[Li]8a[Li1/3Ti5/3]16d[O4]32e) with the Fd3̅m space group. In
such a network, 75% of the Li+ ions are located in tetrahedral
8a sites (A sites in spinel notation), whereas the 25% residual
Li+ ions and all Ti4+ ions occupy the octahedral 16d sites (B
sites), and O2− anions forming a cubic-close-packed array
reside in 32e sites.12,13 The three-dimensional (3D) framework
of 8a−16c−8a provokes the predominant Li+-ion transport
channel due to shortened diffusion distance and the existence
of more available responsive sites. During the discharge process
(intercalation), all Li ions are transferred to 16c sites and the
8a sites become empty. During charging, the deintercalation
occurs as a fully reversible process with the concomitant Ti4+/
Ti3+ redox reaction. During charging and discharging, the 3D
[LiTi5]16d[O12]32e spinel sublattice is extremely robust, thus
showing a lattice parameter variation of less than 0.1%.14,15
LTO exhibits a high potential of about 1.55 V vs Li+/Li with a
plateau-like profile and ultra-long-life time without structural
modification during the lithium insertion/deinsertion proc-
ess.14,16 Though LTO exhibiting a theoretical specific capacity
of 175 mAh g−1 is a promising anode material, its poor intrinsic
transport properties, i.e., electrical conductivity of <10−10 S
cm−1 and lithium-ion diffusion coefficient of ∼10−14 cm2 s−1,
have limited its practical applications.17 To overcome these
issues, several strategies have been rationally employed to
improve the rate performance of LTO by exploiting changes in
chemical composition and/or tuning the morphology.18
Methods reported in the literature include carbon coating,19
carbon composite,20 nanomanufacturing,21 morphology con-
trol,22 and elemental doping (see ref 23 and references
herein).23 Among these, elemental doping is a popular method
to enhance the charge/discharge performance at high current
densities. Cation or anion doping has shown the following
advantages: (i) basically, LTO is an insulating material because
of its empty conduction band (3d orbitals of Ti +4 state) and
wide band gap,24 so doping with a small amount of aliovalent
cations could potentially not disrupt the basic spinel structure
but could affect the local environment of ions in the lattice and
bond strengths and promote the appearance of Ti3+ ions based
on charge compensation mechanism. As doping introduces
lattice defects, the concentration of electrons increases within
the 3d conduction band. (ii) Doping with atoms, a larger ionic
radius could potentially induce a slight lattice expansion, which
might favor the Li+-ion diffusion pathways.25
Metal-ion doping of LTO has been proven to be a helpful

route not only for improving the intrinsic electronic
conductivity but also for enhancing the ionic charge kinetics
that typically results in high reversibility capacity and long
cycle stability. Numerous studies demonstrate the substitution
of various aliovalent elements on tetrahedral [Li]8a sites,
octahedral [Li,Ti]16d sites, and [O]32e sites. The common
dopants located in 8a sites include Na+, K+, Mg2+, Ca2+, La3+,
etc. Dopants in 16d sites are Fe3+, Al3+, Sc3+, Mo6+, Y3+, Nb5+,
Ta5+, Zr4+, etc. Anionic dopants in 32e sites are F− and Br−.

Note that some dopants with small ionic radii can partially
occupy both Li and Ti octahedral sites such as Cr3+ with an
ionic radius ri = 0.615 Å (see the Supporting Information for
more details, Table S1).
Even though the metal-ion doping in LTO is an effective

strategy, only a small number of investigations have so far been
documented in the literature on the electrochemical perform-
ance of lanthanide-doped LTO anodes.26−35 Lanthanides,
commonly referred to as rare-earth (RE) elements, are all
transition metals sharing common properties. In their pure
state, they show characteristics of brightness, metallic nature,
and silvery appearance. Most of the lanthanides can be
available in the stable oxidation states of +3, although +2 and
+4 states are also available. In contrast, lanthanides are f-block
elements because the 4f electron shell is filled. According to
the literature, doping trivalent lanthanide ions (Ln3+) with a
lower valence state than Ti4+ provokes oxygen vacancies in
LTO, which enhance the electrochemical performance.26 Ln3+
doping elements include La3+,26,27 Ce4+,28,29 Sm3+,30 Eu3+,31,32
Gd3+,33,34 and Dy3+.35 Wu and co-workers27 introduced
lanthanide ions such as Gd3+ and La3+ as ionic charge carriers
in the tetrahedral (8a) sites or in the octahedral sites of Ti4+
octahedral (16d) sites creating vacancies of oxygen, which
could improve not only the high-rate performance but also the
long-term cycling stability by enhancing electronic conductiv-
ity of the electrode. Ding et al.35 reported that sol−gel-
synthesized Dy-doped LTO [Li4Ti4.9Dy0.06O12] delivered a
high discharge capacity of 145 mAh g−1 at a current rate of
0.5C with excellent cycling stability. Bai et al.26 reported that
the La-doped LTO (LaxLi4‑xTi5O12) electrode delivered a
discharge capacity of 157 mAh g−1 at 1C with a Coulombic
efficiency close to 100% with excellent structural stability. Yang
et al.36 fabricated a scandium-doped LTO (Li4Ti4.95Sc0.05O12)
using a simple solid-state reaction and showed a discharge
capacity of 230 mAh g−1 in the potential range of 0.0−3.0 V
with excellent rate capability and structural stability. Qin et
al.29 prepared Ce- and La-doped LTO electrodes, which
exhibit a discharge capacity of 147 and 125 mAh g−1,
respectively, at a 1 A g−1 current density with good cycling
stability. Cai et al.32 showed that LTO doped with Eu2+/3+ ions
(Li4+x/2Ti5−x/2EuxO12, x = 0.004) synthesized by a coprecipi-
tation method delivered a discharge capacity of 199 mAh g−1 at
5C rate and maintained 173 mAh g−1 after long-life cycling. Li
e t a l . 3 0 d emon s t r a t e d t h a t Sm - d o p e d LTO
(Li4−x/3Ti5−2x/3SmxO12, x = 0.03) synthesized by solid-state
reaction exhibited a discharge capacity, which exceeds 170
mAh g−1 with good cycling stability. Zhou et al.37 showed that,
among different concentrations of cerium dopant (0.05 ≤ x ≤
0.2) in Li4Ti5−xCexO12, the best performance was obtained for
x = 0.1. This last result prompted us to study the influence of
such an RE-doping level.
In the present study, nanocrystalline LTO and rare-earth

metal-doped LTO samples (Li4−x/3Ti5−2x/3LnxO12 with x ≈ 0.1
denoted hereafter as RE-LTO) were prepared through a simple
mechanochemical reaction using TiO2, LiCoO3, and RE oxides
(Dy2O3, CeO2, Nd2O3, Sm2O3, and Eu2O3) as raw materials.
The choice to use Ln3+ as a dopant was guided by their unique
electronic properties as they have unique 4f−5d and 4f−4f
electronic transitions compared to other elements that provoke
oxygen vacancies in the doped LTO framework. Pure LTO and
RE-LTO are studied as anode materials for Li-ion batteries. To
the best of our knowledge, the effect of dysprosium and
neodymium as dopants on the electrochemical performance of
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Figure 1. continued
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LTO is still unknown. Moreover, there is no report comparing
the electrochemical properties of Li4Ti5O12 doped with a wide
range of RE metals, such as Dy, Ce, Nd, Sm, and Eu, prepared
under identical conditions, especially with the same morphol-
ogy and the same grain size. Characterizations include X-ray
diffraction (XRD), Raman spectroscopy, scanning electron
microscopy (SEM), transmission electron microscopy (TEM),
energy-dispersive X-ray analysis (EDX), Brunauer−Emmett−
Teller method (BET), and X-ray photoelectron spectroscopy
(XPS). The as-prepared materials were evaluated as anodes for
high-power LIBs using cyclic voltammetry (CV), galvanostatic
charge−discharge (GCD), cycling tests, rate capability, and
electrochemical impedance spectroscopy (EIS). The Eu-doped
LTO demonstrated the highest discharge capacity and high-
rate performance. The mechanism of the ion substitution
occurring in the RE-doped LTO lattice is discussed.

■ EXPERIMENTAL DETAILS

Materials. All of the chemicals were purchased from Sigma-
Aldrich. They were of analytical grade in good working condition and
used without further purification. The chemicals used were TiO2
(titanium(IV) oxide, anatase phase, <25 nm particle size, purity
99.7%), Li2CO3 (lithium carbonate, purity 99.99%), Dy2O3
(dysprosium(III) oxide, purity 99.9%), CeO2 (cerium(IV) oxide,
nanopowders < 50 nm particle size (BET), purity 99.5%), Nd2O3
(neodymium(III) oxide, nanopowders < 100 nm particle size, purity

99.9%), Sm2O3 (samarium(III) oxide, purity 99.9% trace metal basis),
Eu2O3 (europium(III) oxide, purity 99.9%), and Li (lithium granular,
4−10 mesh particle size).

Synthesis of Nanocrystalline RE-LTO Electrodes. RE-LTO
anode materials were prepared via a mechanochemical reaction as
briefly described in the following (Figure S1). Commercial TiO2,
Li2CoO3, and RE metal oxides (Dy2O3, CeO2, Nd2O3, Sm2O3, and
Eu2O3) were mixed together by ball milling at a rotor speed of 450
rpm for 5 h with 0.4 mm ZrO2 beads using ethanol as a dispersant
agent. After drying at 80 °C, the mixture was calcined at 850 °C for 12
h and then grained into fine particles using an agate mortar. A 10%
excess Li was used to compensate for the volatilization of Li during
the calcination process at high temperature. The nominal mole ratio
of RE (x = 0.1) by doping on the Ti site was maintained for all doped
Li4−x/3Ti5−2x/3LnxO12 samples. The pristine LTO was also synthesized
using a similar process without adding RE2O3 oxides.

Material Characterization. Room-temperature crystallographic
characteristics of as-synthesized samples were analyzed by X-ray
diffraction (XRD) with a diffractometer Rigaku, model 2500PC using
the Cu Kα radiation (λ = 0.15406 nm) as the X-ray source. Data were
collected in the 2θ range 10−90° at a scanning rate of 0.02° min−1.
As-collected XRD patterns were refined using the FULLPROF
software (Toolbar Fullprof suit program (3.00), version June-2015).38

The phase identification and morphology of the specimens were
analyzed by high-resolution transmission electron microscopy
(HRTEM) and selected area electron (SAE) diffraction using a
HRTEM−FEI microscope (TECHNAI G2-30 S-twin D905) at an
accelerating voltage of 200 kV. The surface morphology and size of

Figure 1. (a) Crystal structure of spinel Li4Ti5O12. The tetrahedral A site is occupied by Li+, while the octahedral B-site is occupied by 1/6 Li+ and
5/6 Ti4+. Reproduced from ref 7 under the terms of the Creative Commons Attribution 4.0 International License. (b) XRD diagrams of bare LTO
and RE-doped LTO nanopowders recorded using the Cu Kα X-ray source (λ = 0.15406 nm). (c) Zooming in the 2θ range 17.8−18.8° showing the
(111) lattice plane region. Rietveld refinements of (d) bare LTO, (e) Dy-LTO, (f) Ce-LTO, (g) Nd-LTO, (h) Sm-LTO, and (i) Eu-LTO. (j)
Lattice parameter “a” vs ionic radii of dopant elements. (k) Analysis of microstrain from the full width B at half-maximum of the XRD peaks
according to eq 2.
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the particles were investigated by field-emission scanning electron
microscopy (FE-SEM) with a HITACHI S 4700 microscope. In order
to enhance the conductivity of the powdered samples during the SEM
measurements, an ultrathin platinum layer was deposited onto the
surface of the sample by rf-sputtering (E-1030 Ion Sputter, Hitachi,
Japan). The sample composition was examined using an energy-
dispersive X-ray analysis (EDX) instrument attached to the FE-SEM
apparatus. Raman scattering (RS) spectra were collected at room
temperature with a confocal micro-Raman spectrometer (Horiba
Jobin-Yvon HR 800 UV) using an Nd:YAG laser excitation source (λ
= 532 nm) in the backscattering mode in the range of 100−900 cm−1

at a 1 cm−1 spectral resolution. A low laser power, i.e., 0.5%, 0.25 mW,
was utilized to preserve the sample surface. Wavenumber calibration
was performed using a silicon crystal as a reference, which displays a
sharp phonon peak at 520 cm−1. The N2 adsorption−desorption
isotherm measurements were carried out to determine the surface
area and pore diameter/volume from an automatic surface analyzer
(3-Flex, Micrometrics) using Brunauer−Emmett−Teller (BET) and
Barrett−Joyner−Halenda (BJH) calculations. Morphological charac-
terizations were acquired by the field-emission scanning electron
microscope (FE-SEM) (S-4800, Hitachi, Japan). The surface
properties and chemical compositions of as-prepared samples were
examined by X-ray photoelectron spectroscopy (XPS) (K-alpha,
Thermo Scientific) using a monochromatic Al Kα X-ray radiation
(1486.6 eV). The data were collected and processed using the
marketed software Avantage (version 5.932, Thermo Scientific).
Electrochemical Characterization. The electrochemical proper-

ties of fabricated pristine LTO and RE-LTO electrodes were studied
using CR2032-type coin cells. A lithium foil was utilized as the
counter and reference electrodes; 1.0 mol L−1 of LiPF6 in an
EC:DMC aprotic solution (1:1 ratio) was used as an electrolyte. A
porous polypropylene membrane was employed as a separator. The
working electrodes were fabricated by mixing the active material (80
wt %) with acetylene black (10 wt %) and poly(vinylidenefluoride)
(PVDF) (10 wt %) in an N-methyl-2-pyrrolidone (NMP) solvent for
12 h. The uniformly mixed slurry was deposited onto a Cu sheet using
the doctor-blade method followed by drying at 80 °C for 12 h under
vacuum in a furnace before assembling the experimental cell. The
mass loading of the electrodes was 2−3 mg cm−2. The cyclic
voltammetry of all prepared cells was investigated using a CHI-680C
electrochemical workstation (CH Instruments Inc., Austin, Texas).
The charge−discharge and cycle tests were evaluated by the
multichannel battery test system (NEWARE BTS-610, MTI Corp.
Richmond, California) in the voltage range from 1.0 to 2.5 V with
different current densities. The room-temperature AC impedances of
the cells (fully charged) were measured in the frequency range of 1
Hz to 1 MHz using the CHI-680C electrochemical workstation.

■ RESULTS AND DISCUSSION

Crystal Structure and Phase: XRD and Rietveld
Refinement. X-ray diffraction coupled with Rietveld refine-
ment analyses was performed to determine the structure,
phase, and lattice parameters of pristine LTO and rare-earth
metal-doped LTO samples, including Dy-LTO, Ce-LTO, Nd-
LTO, Sm-LTO, and Eu-LTO compounds, using the Fd3̅m
space group (spinel structure shown in Figure 1a). Figure 1b

presents the XRD data of RE-LTO samples. The appearance of
the peaks and features in XRD patterns indicates that all RE-
LTO compounds have similar characteristics with the basic
structure of Li4Ti5O12 spinel. In addition, no extra diffraction
peaks are detectable, suggesting the high purity of the products
and the successful formation of the spinel framework. The
XRD LTO exhibits the predominant (111) reflection line at 2θ
= 18.43° along with the other characteristic peaks (311),
(400), (331), (333), (440), and (531) at 2θ = 35.62, 43.28,
47.40, 57.26, 62.86, and 66.09°, respectively, which correspond
to the cubic spinel structure (JCPDS card no: 49-0207). The
XRD pattern similarity for RE-LTO materials could be due to
the synthesis procedure using ethanol as a dispersing agent,
preventing the formation of TiO2 impurities, which may arise
from the crystallization of residual amorphous titania surviving
the reaction.39 At a relatively low concentration of RE ions
substituting Ti ions, i.e., x ≈ 0.1 in Li4−x/3Ti5−2x/3LnxO12, the
crystal structure of LTO does not change. It can be noted that
the XRD patterns of the pristine LTO and RE-LTO display
sharp reflection profiles, suggesting a good crystallinity of the
products achieved via sintering at 850 °C for 12 h. However, it
is noteworthy that a slight shift of the (111) reflection occurs
toward lower 2θ angles, i.e., 18.423° for Dy, 18.414° for Ce,
18.401° for Nd, 18.407° for Sm, and 18.381° for Eu as shown
by the XRD plots in Figure 1c. This shift should be attributed
to the partial replacement of Ti4+ ions for RE ions in B sites of
the spinel network. These results are in good agreement with
previous reports in the literature.27−29 To further identify the
structure of RE-LTO samples, we considered their XRD
Rietveld refinements as presented in Figure 1d−i. The best fits
were obtained by introducing RE dopants into the octahedral
16d sites with a reliability of Rwp ≈ 8.2, RB ≈ 5.7, and χ2 ≈ 1.3.
Optimized fits were also obtained by substituting three Ln3+
for every two Ti4+ and one Li+. Note that such structural
refinement is able to maintain charge balance as well,
i n d i c a t i n g t h e s t o i c h i om e t r i c c om p o s i t i o n
Li4−x/3Ti5−2x/3LnxO12. All refinements were obtained consid-
ering the valence state +3 of RE dopants, except for the Eu-
LTO sample, for which the best refinement was done taking
the mixed oxidation state Eu2+/Eu3+ with an almost equal
concentration (x ≈ 0.05) for each species. Therefore, the
introduction of RE elements into the Li4Ti5O12 spinel phase
causes a slight increase of the LTO lattice cubic parameter
from a = 8.3310 Å (bare LTO) to a = 8.3344 Å (Dy-LTO) to
a = 8.3533 Å (Eu-LTO). The standard deviations of these
calculations were ±2 × 10−4 Å. Crystallographic parameters
are listed in Table 1. As expected, the doping of LTO by the
occupancy of the RE element on the Ti (16d) site causes the
transition of a certain amount of Ti4+ to Ti3+ as the charge
compensation results in an increase in the lattice parameter of
LTO because the Ti3+ (0.076 nm) ionic radius is larger than
that of Ti4+ (0.0605 nm). Moreover, the lattice constant and

Table 1. Crystallographic Parameters of Pristine LTO and RE-LTO Powdersa

compound 2θ111 (degree) d111 (nm) cubic parameter (Å) unit cell volume (Å3) composition x(RE) crystallite size (nm)

bare LTO 18.430 0.481(0) 8.3310 578.228 51
Dy-LTO 18.423 0.481(2) 8.3344 578.955 0.095 48
Ce-LTO 18.414 0.481(4) 8.3386 579.793 0.091 44
Nd-LTO 18.401 0.481(8) 8.3445 580.960 0.095 42
Sm-LTO 18.407 0.481(6) 8.3417 580.358 0.097 42
Eu-LTO 18.381 0.482(3) 8.3533 582.879 0.094 41

aThe first column indicates the ionic radii of RE dopant elements. Crystallite sizes (coherent lengths) were calculated using Scherrer’s formula.
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unit cell volume of all doped samples increase. The increase of
lattice parameters matches well with the larger ionic radii of
Ln3+ rare-earth elements with coordination number CN = 6,
i.e., r(Dy3+) = 0.0912 nm, r(Ce3+) = 0.101 nm, r(Ce4+) = 0.87
nm, r(Nd3+) = 0.0983 nm, r(Sm3+) = 0.0958, r(Eu3+) = 0.0947
nm, and r(Eu2+) = 0.117 nm than that of Ti4+ ion (r(Ti4+) =
0.605 nm).40 Thus, results reveal that the RE dopants totally
enter into the B-site (16d) of the spinel framework without
changing the original crystal structure. Doping is expected to
improve the electrochemical performance of the LTO
electrode material due to the changes of lattice parameters
and bond energy. Accordingly, the Eu-doped LTO sample has
the highest lattice parameter and lattice volume of a =
8.3533(3) Å and V = 582.879(7) Å3. Via the Rietveld analysis,
the most possible composition is Li4Ti4.904Eu0.096O12, indicat-
ing that Eu3+ and Eu2+ ions with an average ionic radius of
0.106 nm have been successfully introduced in the lattice
structure of bulk LTO. This result matches well with the work
of Cai et al.32 who reported the coexistence of Eu3+ and Eu2+
ions in Eu-doped LTO, which involves the doping into the 16d
octahedral Li+/Ti4+ sites of LTO, with a charge compensation
Ti4+ + Li+ = Eu3+ + Eu2+. Moreover, the XRD patterns of RE-
doped LTO show no increasing intensity of the (222)
diffraction peak, demonstrating the occupation of 8a
tetrahedral sites by Li rather than a heavier RE element.
Consequently, LTO doped with a lanthanide element
occupy ing the 16d s i t e can be rep l i c a t ed as
Li4−x/2Ti5−x/2LnxO12.
Figure 1j depicts the relationship between the cubic

parameter “a” and the six-coordinate effective ionic radii of
RE dopants, confirming the successful doping process.
Therefore, it is well known that the doping of LTO has
several effects: (i) it causes a slight expansion of the spinel
framework; (ii) the introduction of a foreign element on the Ti
(16d) site can provoke the transition of a corresponding
amount of Ti4+ to Ti3+ as a charge compensation, which also
increases the lattice constant of LTO because Ti3+ (0.076 nm)
is larger than Ti4+ (0.0605 nm). In this work, we considered
that the doping rare-earth elements are located on the
octahedral B sites, i.e., 16d Wyckoff sites of the spinel lattice
(coordination number CN = 6) and mainly exist in the 3+
oxidation state except for Eu and Ce ions, which occur in the
3+/2+ mixed valence state as evidenced by XRD and XPS

experiments. Accordingly, the best Rietveld refinements were
obtained, considering the ionic radius of the rare-earth
elements with CN = 6.40 As shown in Figure 1j, the lattice
parameters of the doped spinel structure follow a Vegard law
with the ionic radius of dopant. The 3+ valence state of
dysprosium has been previously reported by Cai et al.41 Results
of the XRD refinement are consistent with the ionic radius ri =
0.912 Å of Dy3+. Cerium appears with the 3+/4+ mixed
oxidation state. Refinements are optimized when using the
r(Ce3+)/r(Ce4+) = 0.87 Å ratio of 60:40. Neodymium and
samarium occur only with the +3 valence state when located in
the octahedral site (CN = 6); thus, r(Nd3+) = 0.983 Å and
r(Sm3+) = 0.958 Å. Europium has been introduced into the
LTO lattice with two valence states Eu3+ ri = 0.947 Å and Eu2+
ri = 1.17 Å as confirmed by XPS measurements (see below).
Cai et al.32 showed that LTO doped with europium ions
contains the mixed Eu2+/3+ valence state. In the present work,
the ratio Eu3+/Eu2+ is 1:095.
The coherent length Lc (crystallite size) of all samples was

calculated using Scherrer’s formula42

=L
K
cosc (1)

where θ is the diffraction angle, K is a dimensionless shape
factor (0.9 for spherical-like particles), λ is the X-ray
wavelength, and β is the full width at half-maximum
(FWHM) of reflection lines. The average crystallite size has
been estimated by considering the FWHM values of six
predominant reflection peaks in the XRD patterns. The Lc
values thus determined are in the range of 41−51 nm with an
uncertainty of ±1 nm (Table 1). The data (Table 1) also
indicate that the nanoparticles crystallize with almost the same
crystallite size and that the dopant concentration x = 0.1 does
not cause modification of the strain field or stress that could
disturb the grain growth process of RE-LTO. However, the
diffraction peak of the (222) plane observed at ca. 2θ = 37.25°
in the XRD pattern of pristine LTO is determined by the
scattering power of the cations in the 8a sites. As this peak is
not affected by doping, it indicates that the 8a sites are fully
occupied by Li+ ions and that rare-earth metals only occupy
16d sites. Such a substitution in 16d sites provokes the partial
reduction of Ti4+ to Ti3+ and induces a higher intrinsic
electronic conductivity than that of pristine LTO.43 As derived

Figure 2. (a) Raman spectra recorded using the 532 nm laser line as an excitation source. (b) Zooming of the high-frequency region (550−900
cm−1) with Raman band deconvolution.
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from Rietveld refinements, the LTO phase has a gravimetric
density of 3.3 ± 0.1 g cm−3.
Additional information on the structural properties of LTO

samples such as broadening of the diffraction peaks can be a
useful indicator not only for the crystallite size and crystallinity
but also for the homogeneous distribution of the cations within
the spinel structure. The Williamson−Hall equation was used
to determine the microstrain (ε) of the particles44

= +B K Lcos ( / ) 4 sinhkl hkl hklc (2)

where λ is the X-ray wavelength, K is the shape factor, Bhkl is
the line broadening of a Bragg reflection (hkl), and Lc is the
effective crystallite size. The microstrain is estimated from the
slope of the plot Bhkl cos θhkl vs (4 sin θhkl), and the intersection
with the vertical axis provides the crystallite size. The Bhkl value
used here is the instrumental corrected one. From Figure 1k,
the microstrain appears to be 1.1 × 10−3 rd similarly for all RE-
doped samples. This low value is consistent with 5.04 × 10−3

rd for LiMn2O4 and 2.79 × 10−3 rd for LiNi0.5Mn1.5O4 spinel
lattices,45 pointing out the reduced local deformation of the
structure in LTO.
Chemical Bonding: Raman Spectroscopy. Raman

spectroscopy is a useful tool to probe the short-range order
in solid-state materials.46−48 The Raman signal collection is

essentially from the reflection of the beam off the sample
surface of compounds that strongly absorb visible light, which
is the case for all electrode materials used in Li-ion batteries,
i.e., carbons, silicon, transition-metal oxides, polyphosphates,
etc.46−50 Raman spectra of pristine and RE-doped LTO are
presented in Figure 2a. In the spectral range of 100−900 cm−1,
all spectra show bands at 232, 267, 357, 421, 670, and 754
cm−1. The group factor analysis, therefore, predicts five
Raman-allowed phonon modes (A1g + Eg + 3F2g) for the
cubic spinel Li[Li1/3Ti5/3]O4 lattice with the O7

h factor
group.49,51 All of the Raman bands present in the spectra of
pristine LTO and RE-doped LTO samples confirm the spinel
structure. In the Raman spectrum of Li4Ti5O12 spinel, the
Raman bands in the 700−550 cm−1 region are known to be
ascribable to Ti−O stretches in “TiO6” octahedra, whereas, Li
being located in “LiO4” tetrahedral, the frequencies of the Li−
O stretches are known to lie within the 400−550 cm−1 range.
In the Raman spectrum of LTO, the strongest band at 670
cm−1 with a shoulder at 754 cm−1 is ascribed to the A1g

1 and A1g
2

Ti−O stretching vibrations in TiO6 octahedra. The bands at
232 (F2g1 ), 267 (F2g2 ), and 357 (F2g3 ) cm−1 are assigned to the
bending vibrations of O−Ti−O bonds of the TiO6 octahedra,
with the contribution originating from the Li−O vibrations for
the band at 267 cm−1 due to the partial location of Li ions in
16d sites (0.1667 occupancy). The second intensive band

Figure 3. EDS patterns of pristine LTO (a) and RE-LTO samples: Dy-LTO (b), Ce-LTO (c), Nd-LTO (d), Sm-LTO (e), and Eu-LTO (f).
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located at 421 cm−1 is assigned to the Eg stretching vibrational
mode of Li−O ionic bonds located in LiO4 tetrahedra.50 A
careful analysis of the high-frequency spectral range by band
deconvolution (Figure 2b) shows that the Raman A1g

2 band to
the Ti−O vibration has a slight red shift from 745 to 754 cm−1,
indicating that the doped ions successfully incorporated into
the spinel LTO structure. It implies that partial doping of RE
ions is doped at octahedral 16d sites occupied by Ti ions in the
bare LTO. It is noticed that all Raman spectra, i.e., pristine
LTO and RE-doped LTO, are similar, inferring that the
quantity of RE dopant x = 0.1 does not degrade the spinel
structure of LTO, which is consistent with XRD results. It
should also be concluded from Raman measurements that
LTO samples are free of TiO2 anatase-like impurity,51 which
could be detected by Raman bands at 513, 403, and 143 cm−1,
and no traces of lanthanide oxides (Dy2O3, CeO2, Nd2O3,
Sm2O3, and Eu2O3) are detected.
Elemental Composition: Energy-Dispersive X-ray

Spectroscopy. The chemical composition of the bare and
RE-doped LTO samples was characterized by energy-
dispersive X-ray spectroscopy (EDS), where the energy of
the X-rays emitted is the characteristic of the atom from which
the emission occurs.47,48 The EDS data of RE-LTO samples
are presented in Figure 3a−f. The elemental analysis exhibits
the O Kα and Ti Kα elemental peaks appearing at energies of
0.515 and 4.65 keV, along with the Lα characteristics of rare-
earth metal dopants at 6.55, 4.97, 5.35, 5.71, and 5.81 keV for
Dy, Ce, Nd, Sm, and Eu, respectively. The peak of the lithium
element cannot appear in the EDS spectrum because it has a
very low emission energy.52 The observed atomic percentages
of Ti, O, and RE elements of the RE-doped LTO are reported
in Table 2. The composition of all RE-doped samples is in

good agreement with the nominal composition x ≈ 0.1
obtained via Rietveld refinements of XRD patterns. The phase
purity is evidenced by the unique fingerprint of Ti, O, and RE
elements without any impurity.
Morphology and Microstructure: SEM and HRTEM.

To further investigate the doping effects of RE metal ions on
the phase formation and morphology of as-prepared LTO,
SEM, TEM, selected area electron diffraction (SAED), and
HRTEM measurements were conducted. SEM images are
shown in Figure 4a−f. All samples appear as homogeneous
faceted-like particles with uniformly distributed submicromet-
ric size. It can be seen that these grains display a smooth
surface with well-defined edges and corners. Note that the
doping by Ln elements does not alter the particle morphology.
However, after RE doping, the average particle size decreases
slightly and the grains appear better interconnected. The
estimated grain size for RE-doped LTO samples (LRE)
decreases from ∼120 to ∼50 nm, in the order LDy > LCe >

LNd > LSm > LEu. The interconnected grains could be
advantageous over nanosized particles, which helped to
enhance electrochemical charge-transfer/Li+-ion storage.
The morphology and internal crystal structure of the as-

prepared nanopowders were further characterized by TEM,
SAED, and HRTEM. Images of pristine LTO and RE-doped
LTO (Dy-, Ce-, Nd-, Sm-, and Eu-LTO) are shown in Figure
5a−r, respectively. The detailed microstructure of pristine
LTO shown by the low-magnification TEM bright-field image
(Figure 5a) reveals the existence of well-dispersed and
uniformly distributed particles with cubical shapes. The
particles are in the nanoscale dimensions. Figure 5b displays
SAED patterns of pristine LTO, which clearly present clear and
bright spots and correspond to (111), (311), and (400)
diffraction spots, indicating a high crystallinity of the material
in good agreement with XRD data. These results agree well
with the XRD data displayed in Figure 1. The HRTEM image
(Figure 5c) confirms the well-resolved lattice of pristine LTO
with fringes at an interplanar distance of 0.47 nm
corresponding to the (111) plane. It can be observed that all
of the bright-field low-magnification TEM images show clear
cubical-shaped particles and some are interconnected with a
modified shape to some extent due to the doping effect. TEM
images of all RE-doped LTO samples show that particles are
homogeneously distributed with an average particle size
(LTEM) range of 58−43 nm. Using the standard analytical
procedures,46 the average particle size was estimated from the
plot of the particle size distribution (PSD) obtained from
analysis of the TEM images. Graphs are shown in Figure S2,
and LTEM values are presented in Table S2, where the values
obtained are compared with Lc values. Note that the average
particle size obtained from PSD decreases from 58 to 43 nm
after doping in the order LDy > LCe > LNd > LSm > LEu, the Eu-
LTO sample having the narrower PSD compared with others.
It is attributed to the effect of the respective RE ion with
different ionic radii, which can cause internal strain slowing
down the growth of particles. The same tendency has also been
observed in the XRD measurements. Minor variation in the
values estimated from XRD and TEM is obvious due to the
reason that the former analysis depends on several factors and
statistical approaches.46 However, while the trend of the size
reduction is clear, the difference in the values is marginal from
the Dy-LTO sample to the Eu-LTO sample (Table S2) due to
the fact that the uncertainty for the PSD analysis is ±3 nm. On
the other hand, the XRD and TEM analyses demonstrate that
the reduced crystallite size at the nanoscale (Lc ≤ 50 nm) can
be easily obtained via a mechanochemical reaction using
ethanol as a dispersant agent. A significant decrease in the
particle size is observed with the increase of the ionic radius of
dopant. Particles for Dy-LTO and Eu-LTO have LTEM values
of 58 and 43 nm, respectively. Moreover, the particle
distribution of the RE-doped LTO is smaller than that of
pristine LTO with identical particle connection. This can be
attributed to the synthesis method used and to the
introduction of heterogeneous RE atoms in the host matrix,
which may hinder the sintering between the primary particles.
The anomalous decrease in the structural disorder of doped
LTO was also revealed by Song et al.53 The remarkable
increase in the interatomic distance in the Ti−O bond is
believed to straighten the Ti−O−Ti bond and the oxygen
sublattice. The TEM images of all RE-doped LTO materials
show that the primary particles are weakly interconnected and
assembled into secondary particles. This weak interconnected

Table 2. Elemental Composition (Atomic Percentage) of
Pristine LTO and RE-LTO Powders

content (atom %)

compound Ti O RE metal

LTO 29.38 70.62
Dy-LTO 29.06 70.50 1.74
Ce-LTO 28.64 69.89 1.75
Nd-LTO 28.90 69.96 1.34
Sm-LTO 29.33 70.90 1.77
Eu-LTO 28.98 70.66 1.46
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structure can provide additional space to store Li+-ion storage,
which can improve the specific capacity. In addition,
nanoparticles promote Li+-ion insertion/extraction due to
shortened diffusion paths and the interconnected architecture
at the nanoscale can guarantee the stability of the host
structure.54 With respect to HRTEM analysis, it is significant
that doping can effectively limit the growth and reduce the
aggregation of the submicron LTO grains. The SAED patterns
of RE-doped LTO samples show a combination of bright
spots, indicating that the synthesized products are well
crystallized with nanoscale particles. HRTEM images pre-
sented in Figure 5 provide more detailed structural
information. These images show clearly the crystalline fringes
of LTO with an interplanar spacing of 0.47 nm, which agree
well with the (111) planes of the spinel structure. A careful
examination of HRTEM images reveals the absence of a
coating layer at the particle edge, confirming the successful
insertion of RE dopants into the LTO network when x = 0.1.
This is unlike some literature, which reported the formation of
a thin coating layer of rare-earth oxide on the grain surface.55
From TEM images (Figure 5), one can estimate the size of
primary particles, LTEM, which are the assembly of crystallites.
Values of Lc and LTEM are listed in Table S2 for comparison.

Surface Physical Characteristics and Porosity: BET.
The BET specific surface area (SBET) and pore size distribution
of pristine and Eu-LTO samples were determined by N2
adsorption−desorption isotherms conducted at 77 K in liquid
nitrogen and are shown in Figure 6a,b. A Langmuir type-IV
isotherm with a clear hysteresis loop56 can be observed in the
relative pressure (P/P0) range of 0.6−1.0 for pristine LTO and
0.8−1.0 for Eu-LTO, which demonstrates the mesoporous (2−
50 nm) nature of both samples. The adsorption increases
gradually at small relative pressure for both samples, indicating
the existence of the mesoporous nature. The porosity of the
Eu-LTO framework appears to be higher than that of bare
LTO due to the change of particle interconnection upon Eu
doping. The estimated SBET of both samples is found to be
15.67 and 30.83 m2 g−1, respectively. The highest surface of
Eu-LTO can provide a large number of active sites caused by
enhancement of the electrochemical performance. The pore
size distribution of pristine LTO and Eu-LTO samples was
calculated using desorption isotherm by the Barret−Joyner−
Halenda (BJH) method as shown in the insets of Figure 6a,b.
The average pore diameter of pristine LTO and Eu-LTO is
calculated to be 17.3 and 12.5 nm with a pore volume of
0.0984 and 0.126 cm3 g−1, respectively. The adsorption in the

Figure 4. SEM images of pristine LTO (a) and RE-LTO samples: Dy-LTO (b), Ce-LTO (c), Nd-LTO (d), Sm-LTO (e), and Eu-LTO (f).
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smaller relative pressure range may be related to the outer
surface area of nanoparticles of both samples. The mesoporous

feature, large surface area, and sufficient pore volume of both
LTO and Eu-LTO samples support the conclusion that the

Figure 5. TEM image, SAED pattern, and HRTEM image of pristine LTO (a−c) and RE-LTO samples: Dy-LTO (d−f), Ce-LTO (g−i), Nd-LTO
(j−l), Sm-LTO (m−o), and Eu-LTO (p−r). The HRTEM images show clearly the crystalline fringes of LTO with an interplanar spacing of 0.47
nm corresponding to the (111) planes of the spinel structure.
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nanoscale particles not only shorten the diffusion paths for
lithium ions but also provide a buffering space to
accommodate the volume change during the charge−discharge
process. From BET data, the equivalent particle size of samples
can also be estimated and compared with values obtained from
TEM images. The average diameter (in nm) of particles was
calculated using the relation57

=L
dS
6000

BET
BET (3)

where SBET is the specific surface area (in m2 g−1) measured by
BET experiments and d is the gravimetric density. Using d =
3.3 g cm−3 for LTO in eq 3, the LBET results reported in Table
3 match well with the particle sizes LTEM deduced from TEM
experiments.

Surface Chemistry and Chemical Valence States: XPS.
The surface chemistry and oxidation states of elements of
pristine LTO and Eu-doped LTO samples were assessed using
X-ray photoelectron spectroscopy using a monochromatic Al
Kα X-ray radiation (1486.6 eV). Results are presented in
Figure 7a−h. The survey spectra in Figure 7a validate the
existence of Ti, O, and Li in bare LTO. Moreover, the element
Eu is also detected in the sample Li4Ti4.906Eu0.094O12. Figure
7b−d shows the high-resolution XPS spectra of O 1s, Ti 3d,
and Li 1s core levels for pristine LTO, respectively, while those
for O 1s, Ti 3d, Li 1s, and Eu 3d of the Eu-doped LTO sample
are presented in Figure 7e−h. In Figure 7b,e, both samples
exhibit the typical set of the spin−orbit doublet of Ti 2p3/2 and
Ti 2p1/2 with binding energies (BE) at 459.4 and 465.2 eV for
undoped LTO and at BE of 458.4 and 464.1 eV for Eu-LTO,
respectively, which matches well with the valence state +4 of Ti
ions in LTO.58 Note that the BE values of doped LTO are
approximately 1.0 and 1.1 lower than in bare LTO. A similar
tendency has been observed for Tb3+-doped LTO.59 The peak
separation between these doublets (Δ2p = 2p1/2−2p3/2) is 5.8

and 5.7 eV for LTO and Eu-LTO, respectively, which is also
consistent with the Ti4+ oxidation state. In addition, the
spectral deconvolution of the Ti 2p region of Eu-doped LTO
(Figure 7e) reveals two components at 457.0 and 463.0 eV
characteristic of Ti 2p3/2 and Ti 2p1/2 core level binding
energies of Ti3+ ions. These values compared well with those of
LTO materials doped with Ce+ and Sm3+ (Table S3). Thus,
after RE doping, the Ti4+/Ti3+ ratio is 1:0.25, a value derived
from the corresponding areas of the fitted Ti 2p3/2 and Ti 2p1/2
peak regions. This relative content is in good agreement with
the value 22.8% after Ce3+ doping (x = 0.15).60 It is well
known that the reduction of Ti4+ ions to Ti3+ ones is
accompanied by the creation of oxygen defects Vo-Ti3+ sites for
charge compensation as expressed by the chemical relation
referring to trivalent-ion doping Ln3+32

+ + ++ • •VLn Ln e
1
2
O (g)3 doping

Ti O 2 (4)

++ • +Ti e Ti4 3 (5)

Based on eq 4, the substitution of Ln3+ for Ti4+ generates
Ti4+ vacancy (LnTi• ) and O2− vacancy (VO″) in the LTO
framework. The generated oxygen vacancy (VO) induces the
partial reduction of Ti4+ to Ti3+ for charge balance (eq 5). This
mechanism results in an increase of the electronic conductivity,
which is mainly attributed to an increase of the electron−hole
concentration.61 In the region of the O 1s binding energies for
pristine LTO (Figure 7c), the XPS band at a BE of 532.1 eV is
related to the Ti−O bonding in the spinel lattice. Its
counterpart in Eu-doped LTO is more complex, showing the
main peak at 532.5 eV associated with a weaker band at 530.8
eV attributed to the adsorbed species such as LiOH or Li2O on
the sample surface.41,58 Figure 7d,g shows the typical peak of
the Li 1s core level at BE of 54.9 and 55.3 eV for pristine LTO
and Eu-LTO samples, respectively, which are values matching
well with those of the literature.62 The XPS spectra of the Eu-
LTO sample (Figure 7h) show the Eu 3d core level signals
observed in the BE range of 1120−1180 eV, confirming the
europium doping. It can be noticed that the Eu 3d region
infers the coexistence of Eu3+ and Eu2+ ions in the LTO lattice.
The behavior can be attributed to the reducing atmosphere,
which leads to an easy partial reduction of Eu3+ to Eu2+. The
two sets of spin−orbit components 3d3/2 and 3d5/2 appear at
BE of 1156.2 and 1126.5 eV for Eu2+ and at 1165.3 and 1134.8
eV for Eu3+, respectively. There is another evidence that a
small portion of octahedral 16d Ti4+/Li+ sites may be partial

Figure 6. Nitrogen adsorption−desorption isotherms of (a) bare LTO and (b) Li4Ti4.906Eu0.094O12 nanopowders. The inset displays the
corresponding DFT pore size distribution.

Table 3. BET Specific Surface Area, Pore Diameter, Pore
Volume, and Calculated Average Particle Size from BET
Data (LBET) Using Equation 2 and LTEM from TEM Images

sample
SBET

(m2 g−1)

pore
diameter
(nm)

pore volume
(cm3 g−1)

LBET
(nm)

LTEM
(nm)

bare LTO 15.67 17.3 0.0984 113 58 ± 3
Eu-LTO 30.83 12.5 0.126 57 43 ± 3

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.3c00175
ACS Appl. Mater. Interfaces 2023, 15, 20925−20945

20935

https://pubs.acs.org/doi/suppl/10.1021/acsami.3c00175/suppl_file/am3c00175_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.3c00175?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c00175?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c00175?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c00175?fig=fig6&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.3c00175?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


reduction of Eu3+ to Eu2+ that matched well with previous
reports.63,64 From Figure 7h, it is also evident that the fitted

surface areas under the Eu 3d3/2 peaks are almost similar for
Eu3+ and Eu2+, indicating that europium has been introduced

Figure 7. XPS analyses of LTO-based powders. (a) Survey spectrum of pristine LTO and Eu-LTO. (b−d) High-resolution spectra of Ti 2p, O 1s,
and Li 1s for bare LTO and (e−h) high-resolution spectra of Ti 2p, O 1s, Li 1s, and Eu 3d for Eu-LTO.
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in the LTO lattice with a Eu3+/Eu2+ ratio of 1:0.95, implying a
valence state close to +2.5. Additionally, doping with such a
mixed valence state can influence the environment of the Ti
site, which results in an enhanced electron−hole concen-
tration.
Electrochemical Properties and Performance Evalua-

tion. The electrochemical properties and battery performance
of LTO and RE-LTO electrodes were determined by lithium
half-cell measurements using cyclic voltammetry (CV),
galvanostatic charge−discharge (GCD), long-life cycling
tests, and electrochemical impedance spectroscopy (EIS). To
study the reproducibility of the electrochemical tests, several
cells were tested in parallel with the same doping content. The
results showed that the relative standard deviation (RSD) of
the measurements was about 2%, indicating that the stability of
cells was satisfactory. Kinetics of Li+ ions in LTO frameworks
were determined via CV and EIS experiments.
Cyclic Voltammetry. Figure 8a presents the cyclic

voltammetry curves of pristine LTO and RE-LTO carried
out at a scan rate of 0.5 mV s−1 in the potential range of 1.0−
2.5 V vs Li+/Li. As shown in Figure 8a, the cyclic
voltammograms of all electrodes have a similar narrowed
sharp shape for all electrodes, indicating that the moderate
amount of RE dopants (x ≈ 0.1) does not disturb the
electrochemical response of the LTO active material.35 These
voltammograms display one set of well-defined and redox
peaks with anodic and cathodic current peaks attributed to the
typical two-phase reaction of the Ti4+/Ti3+ redox couple
corresponding to the lithium insertion/extraction in/from the
LTO spinel framework,65 and no other signals are visible. The
sharper and well-defined splitting of redox peaks means that

the RE-doped LTO is well crystallized and impurity-free,
which is in accordance with XRD results. Moreover, the RE
doping does not affect the redox reaction nor does it modify
the reversibility of the Li+-ion intercalation. Anodic (Ipa) and
cathodic (Ipc) peaks for RE-doped LTO electrodes are more
intense than that of pristine LTO, and the intensities of redox
peaks for RE-LTO electrodes increase in the sequence Ip‑Dy <
Ip‑Ce < Ip‑Nd < Ip‑Sm < Ip‑Eu. This is the result of better reaction
kinetics and lower resistance of electrodes after doping. The
different peak intensities denote that RE elements are
successfully doped into Ti4+ sites inducing a change in the
intrinsic electrical properties of the LTO electrodes by
increasing the electron−hole concentration. Individual nor-
malized voltammograms in Figure S3 and data listed in Table 4
show that the anodic and cathodic peak potentials Epa/Epc vs
Li+/Li are observed in the range of 1.66−1.69 and 1.48−1.53

Figure 8. (a) Cyclic voltammograms of bare LTO and RE-doped LTO electrode materials recorded at a scan rate of 0.5 mV s−1 in the potential
range of 1.0−2.5 V vs Li+/Li. (b) Cyclic voltammogram of the Eu-LTO electrode recorded at different scan rates from 0.05 to 10 mV s−1. (c) Log Ip
vs log scan rate for the Eu-LTO electrode. (d) Potential separation ΔEp = Epa − Epc vs log scan rate for the Eu-LTO electrode.

Table 4. Cyclic Voltammetry Results for Pristine LTO and
RE-Doped LTO Electrodesa

electrode
anodic
Epa (V)

cathodic
Epc (V)

ΔEp
(V)

DLi‑red+

(cm2 s−1)
DLi‑ox+

(cm2 s−1)

LTO 1.69 1.48 0.21 5.0 × 10−13 5.4 × 10−13

Dy-LTO 1.67 1.49 0.18 5.6 × 10−12 7.7 × 10−12

Ce-LTO 1.67 1.51 0.16 7.1 × 10−12 8.3 × 10−12

Nd-LTO 1.67 1.52 0.15 9.7 × 10−12 8.8 × 10−12

Sm-LTO 1.66 1.52 0.14 1.1 × 10−11 9.4 × 10−12

Eu-LTO 1.66 1.53 0.13 2.8 × 10−11 1.1 × 10−11

aAnodic Epa and cathodic Epc potentials, potential differences ΔEp
measured at a scan rate of 0.5 mV s−1, and Li-ion diffusion coefficients
of reduction (DLi+-red) and oxidation (DLi+-ox) processes.
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V, respectively. Generally, the potential separation ΔEp = Epa −
Epc between the anodic and cathodic peak currents in the CV

curves reflects the degree of polarization of the electrode. As
shown in Figure 8a, ΔEp varies from 0.21 V in bare LTO to

Figure 9. Galvanostatic tests for bare LTO and RE-doped LTO electrode materials investigated in Li half-cells at ambient temperature. (A) Initial
galvanostatic charge−discharge profiles recorded at 1C rate in the potential range of 1.0−2.5 V vs Li+/Li. (B) Magnification of the GCD profiles
showing the electrode polarization phenomena in the potential between 1.525 and 1.600 V. (C) GCD profiles of the EU-LTO electrode cycled at
various C-rates. (D−I) Specific discharge capacity and Coulombic efficiency vs cycle number of electrodes tested at 1C rate. (D) Bare LTO, (E)
Dy-LTO, (F) Ce-LTO, (G) Nd-LTO, (H) Sm-LTO, and (I) Eu-LTO. (J) Rate capability of bare LTO and RE-LTO electrodes tested from 1C to
50C rate. (K) Modified Peukert plots for LTO and Eu-LTO electrodes tested in the potential range of 1.0−2.5 V vs Li+/Li.
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0.13 V in Eu-LTO in the order ΔEp‑LTO > ΔEp‑Dy‑LTO >
ΔEp‑Ce‑LTO > ΔEp‑Nd‑LTO > ΔEp‑Sm‑LTO > ΔEp‑Eu‑LTO, indicating
the decreasing degree of polarization of the RE-doped
electrodes due to the higher electrical conductivity that can
be associated with the influence of particle size and inherent
properties of electrode materials after doping, i.e., interactions
between electronic states of Ti and RE dopants. Thus, the
results and CV characterization indicate faster kinetics for the
RE-doped electrodes. As expected, when RE ions enter the
LTO lattice, the slight increase of the elementary cell volume
induces an expansion of the channels for Li-ion insertion and
extraction, which improves the rate performance of LTO.
The high-rate performance of Li//LTO half-cells signifi-

cantly depends on their kinetic origin, which was investigated
by CV characterizations in detail. Figure 8b presents the CV
curves of the Li//Eu-LTO half-cell at varied scan rates from
0.05 to 10 mV s−1 in a voltage window from 1.0 to 2.5 V
(Figure S4). The peak currents (Ip) and scan rates (ν) have a
relationship expressed by eq 666

=Ip (6)

which can be rewritten as

= +Ilog( ) log( ) log( )p (7)

where β represents the slope of log(Ip) vs log(ν) curve, being
often in a range of 0.5−1. The electrochemical reaction is
controlled by ionic diffusion when β = 0.5, while a
pseudocapacitance behavior dominates the charge/discharge
process when β = 1. By fitting the plots of log(Ip) vs log(ν)
(Figure 8c), the calculated β values of anodic and cathodic
peaks are 0.48 and 0.51, respectively, suggesting that the
electrochemical reaction of Li//LTO cells is a pure diffusion-
controlled mechanism. This characteristic is believed to be
responsible for the high-rate performance of LTO as the RE
doping in the LTO crystal lattice can effectively increase the
intrinsic electronic conductivity or Li+-ion diffusion. However,
as shown in Figure 8c, Li+-ion transport across the LTO
network is faster during the oxidation (anodic) reaction than
during reduction (cathodic) due to the occurrence of the two-
phase mechanism and poor ionic conductivity of the fully
reduced Li7Ti5O12 phase. This phenomenon corresponds to
higher apparent chemical diffusion coefficients for the
oxidation process (Table 4). Another interesting characteristic
of LTO materials can be viewed by the plot of the peak
potential Ep vs log(ν) as shown in Figure 8d. Due to electrode
polarization, an increasing scan rate results in a higher peak
current and increased anodic/cathodic peak separation.
Moreover, the peak potentials correlate well with log(ν) and
resulted in a straight line, allowing for the estimation of redox
reversibility for the RE-doped LTO electrodes.
The apparent chemical diffusion coefficients, DLi, of Li ions

into bare LTO and RE-doped LTO frameworks were
calculated using the Randles−Sevick equation67

=i kn AC Dp
3/2

0 Li
1/2 1/2

(8)

where ip is the anodic peak current (A) from CV plots, k = 2.69
× 105 is the constant expressed in C mol−1 V−1/2, A is the
effective surface area of the anode (cm2), n is the number of
electrons for Li+ transferred, Co is the molar concentration of
Li ions in LTO (4.37 × 10−3 mol cm−3), DLi is the chemical
diffusion coefficient of Li ions, and ν is the scan rate (0.05 mV
s−1). By using eq 8 and equations obtained from linear

functions of Ip vs ν1/2, the apparent diffusion coefficient of Li+
ions for reduction reactions of LTO materials was calculated
and is listed in Table 4. Values of DLi are in the range of 10−13

to 10−11 cm2 s−1. The bare LTO electrode exhibits a diffusion
coefficient of 5.4 × 10−13 cm2 s−1, which matches well with
values of the literature.68,69 For example, Deng and co-
workers68 reported a DLi value of ∼5 × 10−12 cm2 s−1 for LTO
microspheres. The Li-ion diffusion coefficients of RE-doped
LTO are higher than that of bare LTO, in agreement with the
CV characterizations; not only does the smaller particle size
and slight lattice expansion favor lithium paths but the
increased electrical properties are beneficial to better kinetics
in the doped LTO material. The Eu-LTO electrode exhibits
the highest diffusion coefficient (1.1 × 10−11 cm2 s−1)
compared to other RE-doped materials (Table 4), with the
same amount of conductive additive loading. This phenomen-
on is attributed to the larger elementary lattice volume when
introducing both Eu3+ and Eu2+ dopants into the spinel
structure.

Galvanostatic Charge−Discharge (GCD) Characteristics.
Figure 9A shows the initial discharge/charge profiles (potential
vs specific capacity curves) of the GCD tests at 1C rate for
pristine LTO and RE-LTO electrodes at an ambient
temperature. A flat and long potential plateau of around
1.55−1.58 V can be observed for pristine LTO. This feature is
characteristic of the two-phase Ti4+/Ti3+ redox reaction
corresponding to the Li-ion insertion/extraction in the LTO
framework. Initial specific discharge capacities of pristine LTO
and RE-doped LTO are in the range of 168−198 mAh g−1

(Table S4), the high capacity being delivered by the Eu-LTO
electrode. As expected for the LTO anode materials, the
voltage of a Li//Li4+xTi5O12 cell changes abruptly at the end of
discharge and charge, which is characteristic of a two-phase
system. It is well known that during discharge, lithium
insertion causes a first-order displacement of the tetrahedrally
coordinated Li ions (8a sites) in the Li[Li1/3Ti5/3]O4
framework into octahedral 16c sites generating the ordered
rock-salt phase Li2[Li1/3Ti5/3]O4 (Li7Ti5O12); thus, in the
cutoff potential of 1.0−2.5 V vs Li+/Li, the potential plateau
involves the coexistence of the Li8a[Li1/3Ti5/3]16d[O4]32e and
[□]8a[Li2]16c[Li1/3Ti5/3]16d[O4]32e phases with the simulta-
neous redox reaction of Ti4+/Ti3+.65 Similar charge−discharge
profiles were observed for RE-LTO electrode materials,
indicating that RE ions successfully doped in the LTO, in
good agreement with voltammetry results. Thus, a Li4+xTi5O12
spinel anode provides very sharp end-of-charge and end-of-
discharge indicators, which is useful for controlling cell
operation and preventing overcharge abuse and overdischarge.
The zooming plots of GCD curves in the potential range of
1.52−1.60 V (Figure 9B) show clearly that the cell polarization
decreases when RE dopants are inserted in the LTO matrix.
The difference between charge and discharge plateau
potentials is 24.7 and 15.8 mV for bare LTO and Eu-LTO
electrodes, respectively. The obvious difference in the redox
potentials can be ascribed to the increased effective
conductivity of Ti4+/Ti3+ mixed states and better lithium
diffusivity. Figure 9C shows the GCD profiles of the Eu-LTO
electrode cycled at various C-rates from 1C to 50C. These
charge−discharge curves display the excellent stability of the
spinel electrode, revealing a small decrease of the specific
discharge capacity at high current densities. Figure 9D−I
presents the cyclability curves and the Coulombic efficiency vs
cycle number of electrodes tested at 1C rate over 100 cycles for
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bare LTO (D), Dy-LTO (E), Ce-LTO (F), Nd-LTO (G), Sm-
LTO (H), and Eu-LTO (I). From the data, long-term stability
is evident for RE-LTO electrodes. The Li//Eu-LTO cell tested
at 1C rate delivers an initial specific discharge capacity of 198
mAh g−1 and displays a capacity retention of 99% and a
Coulombic efficiency of 99.92% after 100 cycles. It should be
noted that the specific capacity of all RE-LTO electrodes,
except Dy-LTO, is higher than the theoretical value for LTO
(175 mAh g−1). Such a result has also been evidenced by Cai
and co-workers.41 The additional discharge capacity is not only
due to the increasing amount of Ti ions transferred from Ti4+
to Ti3+ by the doping of RE ions for charge balance but also
due to the mesoporous nature of RE-doped electrodes, which
provides extra space Li+-ion storage. On the other hand, the
introduction of foreign ions into the spinel matrix can create a
defective mesoporous lattice with oxygen vacancies and Ti3+−
O2−−Ti4+ pairs, which are features enabling us to improve the
storage capacity and rate performance.53 While the bare LTO
electrode exhibits a capacity fading of 12 mAh g−1 over 100
cycles or ΔQd = 0.12 mAh g−1 per cycle (Figure 9D), a
remarkably small drop in specific discharge capacity is
observed for RE-doped electrodes with ΔQd value almost
equal to zero for Eu-LTO after 100 cycles (Figure 9I). This
excellent cyclic stability is due to the mesoporous morphology
of the electrode material, which can easily accommodate the
inserted Li ions and to the decreasing electrode impedance.
Using the Nernst−Einstein equation, the electrical conductiv-
ity can be estimated from the Li-ion diffusion coefficient

= nZe
k T

D
2

B
Li

(9)

where kB is the Boltzmann constant, n is the number of carriers
in unit volume, Z is the valence of charge carrier, and e is the
elementary charge. Combining the Li concentration of 4.37 ×
10−3 mol cm−3 determined from the lattice parameter of 8.331
Å for LTO at room temperature with the DLi values measured
(Table 4), σ can be calculated to be approximately 9 × 10−9

and 2 × 10−7 S cm−1 for bare LTO and Eu-LTO, respectively.
These values match well with those found for pure LTO and
nitrogen-modified LTO materials.70
Rate capability tests of the spinel samples were carried out at

different discharge rates (1C, 2C, 5C, 10C, 20C, and 50C) in
the voltage window of 1.0−2.5 V vs Li+/Li. Results for LTO
and RE-LTO electrodes are shown in Figure 9J, and values
(with an uncertainty of ±1 mAh g−1) are listed in Table S4. At
a high discharge rate of 50C, Dy-, Ce-, Nd-, Sm-, and Eu-
doped LTO electrodes exhibit a capacity retention of 68, 69,
69, 71, and 74%, respectively, which are higher than 63% for
pristine LTO. The Eu-LTO electrode possesses higher rate
capability than bare LTO and other RE-LTO materials. The
superior rate performance of Eu-LTO was confirmed by the
improvement in specific surface area (mesoporous electrode)
and higher apparent diffusion rate of Li ions. The Eu-LTO
electrode shows specific discharge capacities of 198, 180, and
148 mAh g−1 at 1C, 10C, and 50C current densities (1C = 175
mA g−1 for LTO). Note that after the test at 50 C, the
electrode regains its initial capacity when returning to 1C. The
specific discharge capacities vs C-rate for the bare LTO and Eu-
LTO electrodes tested in the potential range of 1.0−2.5 V vs
Li+/Li are compared in the modified Peukert plots (Figure
9K). Based on these results, the discharge capacity (Qd) vs C-
rate can be expressed using an empirical equation of the form

Qd = Qo − α log(C), where α is the decay parameter. The best
fit (reliability parameter R2 = 0.99) is obtained for Qo equals
168 and 202 mAh g−1 and α = 36.8 and 26.8 over the interval
1−50C for bare LTO and Eu-LTO electrodes, respectively.
Figure 10 provides a comparison of the electrochemical

properties of bare LTO and RE-LTO electrodes, i.e., specific
discharge capacity, Coulombic efficiency, and capacity
retention after cycling over 100 times.
Finally, it seems that the dopant concentration x = 0.1

chosen in this work does not affect the change of cell
parameters during the charging/discharging process. The
change in the cell parameters is almost negligible in this
case, which is clearly demonstrated in the Coulombic efficiency
and cycling tests. In the present study, equal or more than
LTO theoretical capacity values are obtained for all doped
electrodes. It should be noted that the specific capacity of all
RE-LTO electrodes, except Dy-LTO, is higher than the
theoretical value for LTO (175 mAh g−1). Such a result has
also been evidenced by Cai and co-workers.41 The additional
discharge capacity is not only due to the increasing amount of
Ti ions transferred from Ti4+ to Ti3+ by doping of RE ions for
charge balance but also due to the mesoporous nature of RE-
doped electrodes, which provides extra space for Li+-ion
storage. Moreover, RE doping in the LTO crystal lattice can
effectively increase the intrinsic electronic conductivity. The
introduction of foreign ions into the spinel matrix can create a
defective mesoporous lattice with oxygen vacancies and Ti3+−
O2−−Ti4+ pairs, which are features that enable us to improve
storage capacity and rate performance. On the other hand,
LTO or [Li3]8a[Li1Ti5]16d[□]16c[O12]32e possesses a spinel
structure with the Fd3̅m space group. It is widely accepted that
the lithiation mechanism takes 3Li+ per formula unit to form
[□]8a[Li1Ti5]16d[Li6]16c[O12]32e. Accordingly, the theoretical
capacity of LTO is calculated to be 175 mAh g−1. Its operating
potential is in the range of 1.0−2.5 V vs Li+/Li. However, the
process of Li+ intercalation into the Li4Ti5O12 to form
Li7Ti5O12 only reduces 60% of the Ti4+ in the crystal to the
Ti3+. Assuming full utilization of the Ti3+/Ti4+ redox, the
Li7Ti5O12 can take an additional 2 Li+ to form Li9Ti5O12 when
cycled in the potential range of 0.01−2.5 V vs Li+/Li. As also

Figure 10. Comparative 3D plot between specific discharge capacity,
Coulombic efficiency, and capacity retention of LTO-based electro-
des.
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evident from the structural point of view, there are additional
vacancies to host up to 3 extra Li+ at the 8a sites per unit cell to
form Li9Ti5O12 or even Li10Ti5O12. Therefore, another strategy
is to use more Ti3+/Ti4+ redox sites and be able to absorb 2 Li+
ions during the charge-discharge process in order to increase
the discharge capacity over the LTO's initial theoretical
capacity.
Electrochemical Impedance Spectroscopy (EIS). The EIS

measurements were performed to obtain insight into the origin
of the different electrochemical performances of RE-LTO
materials and corroborate the conductivity of investigated
electrodes. The Nyquist plots were carried out over the
frequency range from 1 Hz to 1 MHz for the pristine LTO and
RE-doped LTO electrodes in the fully charged state for the
initial cycle. Experimental results shown in Figures 11a and S6
can be decomposed into three contributions that can be
modeled by the Randles equivalent circuit shown in Figure S5.
(i) The uncompensated ohmic/solution resistance of the cell
(Rs) is determined from the intercept of the high-frequency
part of the Nyquist plot with the Z′-axis (horizontal axis), (ii)
the charge-transfer impedance (Rct, CPEdl) at the electrode/
electrolyte interface in which CPEdl is the double-layer
constant phase element is calculated by a fit of the depressed
semicircle in the intermediate-frequency region, and (iii) the
Warburg impedance (Zw) attributed to the diffusion-controlled
regime of Li+ ions through the bulk electrode corresponds to
the EIS response in the low-frequency range, i.e., inclined
line.58 Details of the EIS analyses are given in the Supporting
Information. Values of the Randles’ circuit elements obtained
from the Nyquist curve fitting (χ2 = 4.8) are listed in Table 5.
It is shown that values of Rs are very low (8 ± 1 Ω) for both
electrodes, which indicates that the ohmic polarization due to
the electrolyte is negligible. The Rct value for the bare LTO
electrode (139 Ω) is found to be much higher than that of RE-
doped LTO electrodes. Meanwhile, Eu-LTO has the smallest

Rct among the samples, implying the highest fast charge-
transfer rate. It reveals that the RE doping is effective in
increasing electrode conductivity and improving Li+ and e−

transfer efficiencies, which largely contributes to the rate
performance. To account for the improved electrochemical
performance of both electrodes, the DLi was evaluated from
EIS spectra. Randles plots Z′ vs ω−1/2, as well as the Warburg
factor (σw, eq S5) representing the mass-controlled process, are
illustrated in Figure 11b. The apparent chemical diffusion
coefficients can be calculated according to eq 1071

=D R T
A n C2Li

2 2

2 4
Li
2 2 (10)

Using a concentration of Li+ ions of 4.37 × 10−3 mol cm−3 in
LTO and an effective working area determined by BET
measurements, the DLi values are in the range from 5.5 × 10−14

cm2 s−1 for bare LTO to 7.1 × 10−13 cm2 s−1 for Eu-LTO
(Table 5). Eu-LTO has a much faster Li+ diffusion coefficient
than other RE-doped LTOs, which is in good agreement with
the previous structural and morphological analyses. In
summary, the europium-modified mesoporous Li4Ti5O12
enhances the Li+ diffusion coefficient and reduces polarization
during the charge−discharge process. It is worth noting that
the apparent chemical diffusion coefficients of Li ions in the
LTO spinel framework estimated by CV and EIS techniques
are not self-consistent, i.e., DLi evaluated from the EIS method
is smaller than that from cyclic voltammetry. The applicability
of the EIS technique for determining DLi in a two-phase
structured electrode is only accurate if the attraction
interactions among the insertion sites are moderate. Thus,
the difference between DLi values is attributed to the high
dependence of DLi on the dE/dx values for the EIS method.
The dE/dx values are not accurately determined due to the
voltage plateau feature of the two-phase transition reaction
Li4Ti5O12 → Li7Ti5O12. Such discrepancies have also been

Figure 11. (a) Nyquist plot of bare LTO cell and RE-doped LTO electrodes. The inset shows the equivalent circuit used for EIS fitting. (b)
Warburg plots Z′ vs ω−1/2.

Table 5. Values of the Randles Circuit Elements Obtained from EIS Analyses of Pristine LTO and RE-LTO Electrodesa

electrode Rs (Ω) Rct (Ω) CPEdl‑T CPEdl‑p Ωw (Ω s−1/2) DLi
+ (cm2 s−1)

LTO 9 139 1.7 × 10−6 0.58 176 5.5 × 10−14

Dy-LTO 7 125 7.1 × 10−5 0.55 117 1.2 × 10−13

Ce-LTO 7 94 7.5 × 10−5 0.55 82 2.5 × 10−13

Nd-LTO 9 82 6.8 × 10−5 0.56 157 6.9 × 10−14

Sm-LTO 8 46 6.3 × 10−5 0.54 175 5.4 × 10−14

Eu-LTO 8 21 5.8 × 10−5 0.53 49 7.1 × 10−13

aThe uncertainty of the DLi
+ values is estimated to be 4.8%.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.3c00175
ACS Appl. Mater. Interfaces 2023, 15, 20925−20945

20941

https://pubs.acs.org/doi/suppl/10.1021/acsami.3c00175/suppl_file/am3c00175_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.3c00175/suppl_file/am3c00175_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.3c00175/suppl_file/am3c00175_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.3c00175/suppl_file/am3c00175_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.3c00175/suppl_file/am3c00175_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.3c00175?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c00175?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c00175?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c00175?fig=fig11&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.3c00175?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


reported in the case of LiFePO4.
72 Nevertheless, the same

trend is observed for both techniques, i.e., DLi increases in the
order LTO < Nd-LTO < Ce-LTO < Nd-LTO < Sm-LTO <
Eu-LTO. In Table S5, Li-ion kinetics in RE-doped LTO
electrodes are compared with those in the literature. Apparent
diffusion coefficients were evaluated from conductivity
measurements, electrochemical impedance spectroscopy, and
cyclic voltammetry. It is noteworthy that some very high values
of DLi (∼10−8 cm2 s−1) could be due to the use of a geometric
electrode surface instead of BET surface area, which is more
accurate for a porous electrode.
Comparison with Lanthanide-Doped LTO. On the basis

of the aforementioned results and analyses, comparative data of
RE-doped LTO samples prepared via different methods giving
excellent electrochemical performances are compiled in Table
6. It is well understood that three parameters, i.e., morphology,

particle size, and doping concentration, play significant roles in
the electrochemical properties of LTO materials operating as
anodes in lithium cells. The differences come not only from the
synthesis method itself but also from the temperature and
duration of the postannealing treatment. The doping
concentration must alter/influence the morphology, particle
size, cell parameter, and, consequently, the electrochemical
performance of the electrode. Nucleation-growth process being
a thermodynamic issue, the difference in the LTO crystal-
lization is due to the change in the enthalpy of formation upon
doping. Generally, the enthalpy of formation becomes less
negative when increasing the dopant content from undoped. In
the SEM images of RE-doped LTO, the grain size has

decreased and particles exhibit a smooth surface. After doping
with metal ions, the interconnected particles can be observed.
The synthesis procedure is subjected at 850 °C, and the
doping can modify the primary particles forming secondary
interconnected particles. This interconnected structure can
provide a high surface area to accommodate Li+ ions during
the charge−discharge process, enhancing the discharge
capacities, rate capability, and cyclic stability. It can be
observed from the TEM images that the grain sizes are also
decreased after doping from Dy to Eu. It is attributed to the
effect of the respective RE ion with different ionic radii, which
can cause internal strain slowing down the growth of particles.
Thus, the particle nanoscaling shortens the Li+-ion diffusion
path and enlarges the electrode/electrolyte contact area
involving excellent electrochemical properties.
Among the various forms of RE-doped LTO mesoporous

structures including Ce-LTO nanosheets (∼40 to 200 nm),28
Sm-LTO irregular particles (∼800 nm) are synthesized by
solid-state reaction,30 Dy-LTO nanoflowers prepared by
hydrothermal reaction,41 and spindle-shaped Ce-LTO par-
ticles.37 As shown in Table 6, the discharge capacity at high C-
rates of the RE-doped LTO anodes synthesized via
mechanochemical reaction evidences obvious advantages
(∼115, 122, 126, 135, and 148 mAh g−1 at 50C rate for
Dy-, Ce-, Nd-, Sm-, and Eu-doped LTO, respectively) over
previous values reported for lanthanide-doped LTO electrodes.

■ SUMMARY AND CONCLUSIONS

In this work, five Li4Ti5O12 samples were doped with rare-earth
metals (lanthanides) forming Li4−x/3Ti5−2x/3LnxO12 com-
pounds with similar morphology and particle size whose
electrical and electrochemical properties can be easily
compared with good accuracy. A facile and effective
mechanochemical synthesis with a subsequent calcination at
850 °C for 12 h has been developed to prepare pristine
Li4Ti5O12 and rare-earth metal (lanthanides)-doped
Li4−x/3Ti5−2x/3LnxO12 samples. The ball-milling process is an
attractive method for the large-scale production of ultrafine,
pure, and highly crystalline LTO materials. At a doping level of
x = 0.1, structural analyses, i.e., X-ray diffraction and Raman
spectroscopy, demonstrate that the LTO spinel crystal phase
was retained without any changes in its structure/phase.
Results demonstrate that RE doping increases the crystallo-
graphic parameters of the LTO framework and improves its
structural stability. Raman spectra for as-prepared samples
confirmed the formation of phase-pure LTO. The surface
morphological studies reveal the homogeneous distribution of
primary particles. Thus, the ball-milling method allows the
unique mesoporous morphology with a high specific surface
area of ∼30 m2 g−1 and a submicron particle size in the range
of 40−60 nm. The porosity of the RE-LTO samples appeared
to be higher than that of bare LTO due to the change of
particle interconnection upon RE doping, which can facilitate
open channels for Li+-ion storage leading to high electro-
chemical performance. The RE-doped LTO electrodes
delivered specific discharge capacities between 172 and 198
mAh g−1 when cycled at a 1C rate with a potential cutoff of
1.0−2.5 V vs Li+/Li. The excess of specific discharge capacity
(Qd higher than 168 mAh g−1 for LTO) is attributed to the
increasing amount of Ti ions transferred from Ti4+ to Ti3+ by
RE doping (charge balance) and to the mesoporous nature of
RE-doped electrodes, which provides extra space Li+-ion
storage. On the other hand, the introduction of foreign ions

Table 6. Comparison of the Electrochemical Performance of
Ln3+-Doped LTO Electrode Materialsa

dopant synthesisb
particle

size (μm)

specific
capacity

(mAh g−1) cycles refs

0.1 Ce SSR
(850 °C/20 h)

1−2 90@10C 50 73

0.1 Sm SSR
(850 °C/12 h)

0.8 90@5C 100 30

0.1 Dy HTT
(500 °C/3 h)

0.016c 132@0.2C 5 71

0.1 Dy HTT
(600 °C/5 h)

0.6 × 0.3 141@20C 1000 41

0.15 Ce SGM
(850 °C/12 h)

0.5 143@3C 500 60

0.1 Ce SGM
(800 °C/18 h)

0.04−0.2 129@20C 600 62

0.1 Ce SSR
(800 °C/12 h)

∼1 136@2C 100 37

0.01 Eu BMT
(800 °C/7 h)

100@5C 120 32

0.1 Dy MCR
(850 °C/12 h)

0.049 115@50C 100 this
work

0.1 Ce MCR
(850 °C/12 h)

0.047 122@50C 100 this
work

0.1 Nd MCR
(850 °C/12 h)

0.045 126@50C 100 this
work

0.1 Sm MCR
(850 °C/12 h)

0.044 135@50C 100 this
work

0.1 Eu MCR
(850 °C/12 h)

0.043 148@50C 100 this
work

aTemperature and duration of the final calcination step are given in
parentheses. bAbbreviations: SSR, solid-state reaction; HTT, hydro-
thermal technique; SGM, sol−gel method; BMT, ball-milling
technique; MCR, mechanochemical reaction. cCrystallite size.
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into the spinel matrix can create a defective mesoporous lattice
with oxygen vacancies and Ti3+−O2−−Ti4+ pairs, which are
features that enable us to improve storage capacity and rate
performance. Among all electrodes, Eu-doped LTO showed
the best electrochemical performance with a specific discharge
capacity of 198 mAh g−1 and a Coulombic efficiency < 99%
when tested at a 1C current rate over 100 cycles. This
electrode retained 148 mAh g−1 (74% of its initial capacity) at
50C. Furthermore, RE-doped LTO materials, prepared by
adding a few percent of lanthanide, have been shown to be
used as anodes with high efficiency without the need for
expensive carbon coating treatment.
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