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ABSTRACT: Li4Ti5O12 (LTO) has attracted tremendous attention as
a stationary Li-ion battery anode material due to its excellent stability.
However, the poor rate capability caused by the low electrical conductivity
limits its practical use. Previously, Mg-doping in LTO has been used to
improve the electrical conductivity and electrochemical properties, but the
Mg-doped LTO system generally exhibits large anomalies in the electrical
properties and capacities, which limits the reliable mass-production of
engineered LTO. In this study, on the basis of first-principles calculations
and related experiments, we systematically study the effects of charge-com-
pensating point defects of the Mg-doped LTO on the electrical properties.
A combination of first-principles calculations with thermodynamic modeling
shows that high-temperature annealing under reducing conditions could
effectively alter the Mg-doping site from a Ti4+ to Li+ site and increase the
electrical conductivity significantly due to reduced electron effective mass and
increased carrier concentration. Mg-doped LTO annealed under reducing condition exhibits a significantly improved rate capability
compared with that of LTO annealed under air condition. The theoretical-analysis-associated experimental results provide more
general design guidelines for the preparation of doped LTO with the promise of further improvements in performance.

■ INTRODUCTION

Spinel Li4Ti5O12 (LTO) is considered an excellent stationary
energy-storage media because of its almost zero volume change
(<0.2%), long lifecycle, flat charging and discharging voltage
(∼1.55 V versus Li+/Li), and excellent Li-ion mobility.1−7 On
the contrary, its poor rate capability caused by the low electrical
conductivity (10−13 S/cm) has prompted a number of research
efforts to tune the host material.8−24 Among the various mate-
rials engineering processes, metallic element doping is the
most effective and direct method to tune the electrical con-
ductivity.
Among the various metal dopants, Mg2+ has been reported to

improve the charging capacity, stability, and electrical conduc-
tivity of the LTO anode.20−22 In particular, the electrical con-
ductivity of the LTO crystal was enhanced dramatically up
to 1011 times by Mg-doping after annealing at T = 1000 °C
under a He and H2 gas mixture.22 On the contrary, Wang et al.

recently reported that 600 °C annealed Mg-doped LTO under
ambient gas conditions exhibited tiny changes in the electrical
conductivity.20 Such variations of the electrical conductivity and
the related electrochemical properties of doped LTO could origi-
nate either from point-defect formations or by Mg-doping site var-
iations, which is difficult to verify by experimental measurements.
Because LTO has two metallic elements, Li+ and Ti4+, the

Mg2+ dopant in the LTO crystal may occupy both sites or
prefer only one site. If Mg2+ substitutes for both the Li+ and
Ti4+ sites, then charge compensation will be made according to
the following reaction

+ → + +− −x x x3 MgO Li Ti O Li Ti Mg O TiO Li Ox x x4 5 12 4 2 5 3 12 2 2 (s)
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At temperature 700 or 1000 K in ambient O2 partial pressure
(0.21 atm) or under O-rich limit conditions, as shown in Figure 2,
doped Mg is predicted to substitute for both Li and Ti. Then,
because of the formation of charge-compensating pair, MgLi

+

and MgTi
2−, the carrier concentrations are not expected to

increase or decrease. Mg dopant may dominantly occupy either
the Li+ or Ti4+ site of the LTO crystal, under O-rich or O-poor
extreme conditions, in following reactions

+

→ + +−

x

x x

MgO Li Ti O

Li Mg Ti O /2Li O /4Ox x g

4 5 12

4 5 12 2 (s) 2( )

+ +

→ +−

x x

x

MgO Li Ti O /2O

Li Ti Mg O TiOx x

4 5 12 2(g)

4 5 12 2

The former and latter reactions are expected to be dominant
under reducing and oxidizing conditions, respectively. The
annealing process under an extremely reducing or oxidizing
atmosphere for doped oxides can accompany significant
amounts of point defects that affect the electrochemical and
optical properties.25−27 Therefore, it is essential to consider the
formation and the effects of point defects in doped oxide sys-
tems, particularly when a high-temperature annealing process
under extreme conditions is involved. For precise control of the
doping sites and point defects, thermodynamic information,
such as free energy changes by doping and defect formations,
should be obtained and inserted in the thermodynamic models.
However, it is difficult to measure such parameters experi-
mentally. Recently, density functional theory (DFT) has been
employed widely to obtain the energetic parameters for low-
concentration reactions, such as defect formation energies and
doping energies.25,26,28

In this study, DFT calculations and thermodynamic model-
ing were performed to obtain the energies of Mg doping in
different doping sites and the defect formation energies.
Because the electrical conductivity of the oxide material is
affected significantly by the carrier mobility, the electron effec-
tive masses in various paths were calculated. From the DFT
thermodynamics calculations and band analyses, it was found
that reducing annealing on Mg-doped LTO effectively alters the
doping site of Mg and increases the electron carrier concen-
trations and mobility. The experimental results including the
XRD patterns and electrochemical properties are consistent
with the theoretical predictions. This study provides a clear
understanding of Mg-doped LTO and enables an advance in
achieving reliable control of the electrical properties and elec-
trochemical performance as a Li-ion battery anode.

■ COMPUTATIONAL METHODS
The calculations were based on DFT and performed using the
Vienna Ab initio Simulation Package (VASP)29 according to
the projector-augmented wave (PAW) method.30 The gener-
alized gradient approximation (GGA), as parametrized by
Perdew, Burke, and Ernzerhof (PBE), was employed to
describe the exchange-correlation potential in the standard
DFT calculations.31 The Brillouin zone was sampled using a
3 × 3 × 2 Monkhorst−Pack grid in the relaxation and forma-
tion energy calculation.32 K-vectors from the gamma point
to other symmetric points, Z, X, Y, C, D, A, and E, of the
monoclinic Brillouin zone were sampled with 60 points. The
plane-wave energy cutoff for all calculations was set to 500 eV.
For defect calculations, the monoclinic unit cell (Li8Ti10O24)

was extended by 2 × 1 × 1 containing 84 atoms. The defective
atomic structures were prepared by putting a Mg-doping,
defect, or defect complex at Ti(16d), Li(8a), Li(16d), O(32e),
or an interstitial site.
As with many other semiconductor materials, the thermody-

namics of the point defect and impurity concentrations for a
defect in charge stat q were defined as33,34

μ εΔ = ± − + + Δ +E q E E q E V( ) [D ] ( )q
i v

f 0
F (1)

where E[Dq] is the total energy of the LTO supercell con-
taining defects in the charge, q·E0 is the total energy of the
defect-free supercell, and μi is the chemical potential of the
element, i, added to (removed from) the supercell. Ev is the
valence band maximum (VBM) energy of the perfect LTO
supercell, and ΔV is the shift in the VBM in the defective cell
by a point-defect relative to that in the defect-free LTO.
εF means the Fermi level referenced to Ev.
As shown in eq 1, the chemical potential of oxygen μi is

required to describe formation energy ΔEf(q). At equilibrium,
the oxygen chemical potential corresponding to a certain tem-
perature, T, and pressure, P, is given by35

μ μ= T P
1
2

( , )O O2 (2)

where μO2
is the chemical potential of an O2 gas molecule. The

chemical potential is related to the value at standard pressure as
follows

μ μ= ̃ +
⎧⎨⎩

⎛
⎝⎜

⎞
⎠⎟
⎫⎬⎭T P T P k T

P

P
( , )

1
2

( , ) lnO O O
0
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02 2

2

(3)

μ μ= Δ − Δ +T P H T S P( , ) (0 K, )O
0

O
0

2 2 (4)

where ΔH and ΔS are the enthalpy and entropy changes for
molecule between T and 0 K, respectively. They are available
from the thermochemical tables.36

A Hubbard U approximation37 was used to correct d-orbital
splitting of the host Ti ions (Ueff = 4 eV). Because Hubbard U,
however, is not capable of full correction of band gap or the
charge-transition points of the dopant/defect, we extrapolated
the transition point of dopant and defect charges from PBE to

Figure 1. Spinel structure of a LTO unit cell and impurity sites. Two
16d site for titanium and magnesium, 8a lithium site, and 32e oxygen
vacancy site are considered.
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PBE+U to obtain the exact value inexpensively using the
following equation38,39

ϵ ′ = ϵ ′ + Δϵ
Δ

−+ +q q q q
E

E E( / ) ( / ) ( )U
g

UPBE exp
g
PBE

(5)

with

Δϵ
Δ

=
ϵ ′ − ϵ ′

−

+

+

⎛
⎝
⎜⎜

⎞
⎠
⎟⎟E

q q q q
E E

( / ) ( / )U

U

PBE PBE

g
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g
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(6)

The effective mass of the carrier electron, me*, was calculated
according to the dispersion relation

* = ℏ
−⎛

⎝⎜
⎞
⎠⎟m

d E k
dk

( )
e

2
2

2

1

(7)

where ℏ is Planck’s constant, k is the wave vector, and E is the
energy of an electron at wave vector, k. The fitting range 1

10
k

was chosen.

■ EXPERIMENTAL METHODS
Magnesium-doped LTO was prepared using a solid-state method.
Mg(OH)2 (Aldrich, 99%), TiO2 (anatase, Aldrich, 99.6%), and
LiOH·H2O (Aldrich, 98%) precursors with stoichiometric ratios
were mixed by planetary ball-milling with methanol medium to
obtain the Mg0.25Li3.75Ti5O12 powder. The slurry was dried at
120 °C for 1 h and then heated to either 750 or 950 °C in
either air or a reducing atmosphere (50% hydrogen in
nitrogen) for 9 h. The resulting powders were characterized
by X-ray diffraction (XRD, X-pert MPD, Panalytical). Coin-
type half cells were fabricated to evaluate the rate capability
of Mg-doped LTO synthesized at different temperatures and
atmospheres. The electrode slurry was prepared by mixing

Figure 2. Calculated Mg-doping formation energies for PO2
= 0.2 atm, O-rich, and O-poor limits at (a) 700 and (b) 1000 K as functions of the Fermi

level in LTO. The slopes of each line are the charge states of the Mg-dopant and defects. The green arrows in the secondary image indicate the
formation energy of MgLi

0 (bottom) and intersection of MgLi−MgTi pair (top), respectively.
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Mg-doped LTO, carbon black, and polyvinylidene fluoride
(PVDF) as an active material, a conducting agent, and a binder
with a weight ratio of 80:10:10, respectively, in n-methyl pyrro-
lidone (NMP) as a solvent. The slurry was cast onto copper foil
using a micrometer film applicator. The coin-type half cell
consisted of a Mg-doped LTO electrode as the working elec-
trode, lithium metal as the counter electrode, and 1 M LiPF6 in
ethylene carbonate/dimethyl carbonate (EC/DMC, 1:1 vol %,
Soulbrain, S. Korea) as the electrolyte. The electrochemical
properties of the cells were tested with a cut-off voltage
between 1.0 and 2.5 V at various current rates using a battery
tester (SE-18603, Famtech).

■ RESULTS AND DISCUSSION

Figure 1 presents the labels for the lattice sites with the crystal
structure of LTO. To construct the Mg-doped LTO system,
Li+ ions in the 16d and 8a sites and Ti4+ ions in the 16d site were
substituted with an Mg atom. This also includes VO

2+ at 32e
and Mg2+ at the interstitial site, 16c. In modeling the Mg-doped
LTO system, the formation of oxygen vacancies and interstitial-
doping of Mg in the LTO crystal were considered because the
substitution of Mg2+ for Ti4+, MgTi

2−, can be charge-compensated
by the formation of oxygen vacancies at the adjacent site.
In particular, n-type defects, TiLi, Tii, Lii, or VO, increase the
electrical conductivity of pristine LTO up to 8.1 × 10−6 S/cm
by generating an electron carrier.18 On the contrary, the high-
est recorded electrical conductivity of the Mg-doped LTO
(10−2 S/cm) is much higher than that of pristine LTO annealed
under reducing conditions (8.1 × 10−6 S/cm).18,22 Therefore,
the impacts of the Mg-dopant in LTO are dominant over those
of native point defects in pristine LTO.
Figure 2 presents the calculated Mg-doping energies as func-

tions of the Fermi level. At T = 700 K (Figure 2a), O-rich and

ambient conditions produce both MgTi
2− and MgLi

1+ (16d)
with the Fermi level at 1.2 and 1.9 eV, respectively.
At T = 700 K under O-poor conditions, the charge-neutral

dopant MgLi
0 (16d) can be favorable because the formation

energies of charge neutral states of MgLi
0 (16d) and MgLi

0(8a) are
under the intersection of the pinned point of the MgLi1+(16d)
and MgTi

2− pair. Moreover, the relation between concentration,
C, and formation energy, ΔEf, follow the Boltzmann distribu-
tion; the concentration ratio, Ci/Cj, was evaluated using the
formula, exp{−(ΔEi

f − ΔEjf)/kBT}. The formation energy dif-
ferences between MgLi

0 (16d) and pinned point of the MgLi
1+

(16d) and MgTi
2− pair was ∼0.08 eV. From the energy dif-

ference, the concentration of the charge-neutral MgLi
0 (16d)

was estimated to be 3.8 times greater than the concentration
of the charged pair, MgLi

1+ (16d) and MgTi
2. The effects of

charged defects cannot be ignored because the concentra-
tion difference between the charge neutral defect, MgLi

0 (16d),
and charged defects is small. Owing to the energy differ-
ence of 0.07 eV between charged pair of MgLi

1+ (16d) and
MgTi

2 to charge-neutral MgLi
0 (16d), the concentration ratio is

3.1 × 10−1.
At T = 1000 K (Figure 2b), O-rich and ambient pressure

conditions induce similar behaviors as the case of T = 700 K
(Figure 2a), that is, equivalent defect formation energies and
same defect combination, 2MgLi

+ + MgTi
2−. Under O-poor

conditions, however, the concentration of charged defects is
low compared with that of charge-neutral defects. The concen-
tration ratio of a charged pair of MgLi

1+ (16d) and MgTi
2 to

charge-neutral MgLi
0 (16d) was calculated to be ∼2.4 × 10−2

due to the larger energy difference, 0.32 eV, between a pair of
MgLi

1+ (16d) and MgTi
2− and MgLi

0 (16d). The formation of
oxygen vacancies in an LTO crystal under extremely reducing
conditions is an important consideration. The dopant-defect
complex (Mg−VO) has a higher formation energy than neutral

Table 1. Point-Defect Formation Energies in LTO with Fermi Level Corresponding to VBM and CBM for 700 K under O-Rich
Atmosphere and 1000K under O-Poor Atmosphere

formation energy (eV)

O-rich (ΔμO = 0 eV) O-poor (ΔμO = 3.6 eV)

defect charge on defect (e) VBM CBM VBM CBM

native defect VO 0 5.27 5.27 1.67 1.67
+1 2.52 6.32 −1.08 2.72
+2 −0.17 7.43 −3.77 3.83

VLi (8a) 0 2.42 2.42 4.22 4.22
−1 2.42 −1.38 4.22 0.42

VLi (16d) 0 1.97 1.97 3.77 3.77
−1 2.01 −1.79 3.81 0.01

VTi 0 4.36 4.36 11.56 11.56
−1 4.22 0.42 11.42 7.62
−2 4.09 −3.51 11.29 3.69
−3 3.97 −7.43 11.17 −0.23
−4 3.92 −11.28 11.12 −4.08

Mg impurity MgTi 0 1.94 1.94 5.54 5.54
−1 1.80 −2.00 5.40 1.60
−2 1.88 −5.72 5.48 −2.12

MgLi (8a) 0 2.28 2.28 0.48 0.48
+1 −0.36 3.44 −2.16 1.64

MgLi (16d) 0 2.24 2.24 0.44 0.44
+1 −0.36 3.44 −2.16 1.64

Mgi (16c) 0 5.01 5.01 1.41 1.41
+1 8.85 12.65 5.25 9.05
+2 12.49 20.09 8.89 16.49
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Mg-substitution for Li. Therefore, the high-temperature annealing
under extreme reducing condition will make Mg-doping dom-
inantly formed as MgLi

0 (16d).
The calculated defect formation energies values with Fermi

level at VBM and CBM are listed in Table 1 with oxygen
chemical potential values corresponding to 700 K O-rich
(ΔμO = 0 eV) and 1000 K O-poor conditions (ΔμO = −3.6 eV).
In Figure 3, partial density of states (PDOS) of pristine, defec-
tive, and doped LTO supercells are presented. LTO supercells
with charged native point defects, VO

2+, MgLi
1+(8a), MgLi

1+(16d),
and MgTi

2−, do not induce in-gap levels and make the LTO
system have Fermi energy at VBM. On the contrary, Fermi
energies of LTO with MgLi

0 (16d) and MgLi
0 (8a) are around

the CBM edge. Under O-poor condition, MgLi
0 becomes the

sole dominant defect. Because MgLi
0 shifts the Fermi energy in

the range of flat formation energy near CBM and the 3s orbital
electron occupy the energy levels near CBM, the probability
that electron from MgLi

0 is excited to conduction band of LTO
becomes much higher compared with 2MgLi

+-MgTi2− pair for-
mation. Therefore, it is desirable to induce high concentra-
tion of Mg substitution for Li in charge neutrality (MgLi

0) to
improve the electrical conductivity of LTO via heat treatment
under reducing conditions.

Figure 4a presents the Brillouin zone of the LTO super cell
structure, which was employed for band structure calculations.
The Z(1, 0, 0.3) and D(1, 0, 1) directions are regarded as the
fastest electron conduction paths due to the smallest effective
masses. The MgLi

0 (16d) and MgLi
1+ (16d) defects in LTO

make negligible changes in the electron effective masses. In the
Z direction, MgLi

1+ (16d) and MgLi
0 (16d) in LTO slightly

reduce electron effective masses compared with pristine LTO.
Figure 4b and Table 2 show that the anisotropic effective
masses belong to three directions, Z, D, and A, for different
impurity states. Conventionally, to increase the free electron
carrier concentration of an oxide, reduction on pristine system
is used frequently. The formation of VO

2+ increases the effective
mass of electron in most all of the considered directions by
38 to 65%. In direction A, MgLi

0(16d) and MgLi
1+(16d) were

found to reduce the electron effective mass by 14 and 16%,
from that of pristine LTO, respectively. Reduced electron
effective masses by the formation of MgLi can contribute to the
enhancement of electron carrier transports. Changes in the car-
rier effective masses by a few tens of percentage can signifi-
cantly affect efficiencies of solar energy conversion applica-
tions,28,40 where carrier concentrations are not very important.
However, for electrical conductivity of a battery anode, the

Figure 3. PDOS projected onto Li, Ti, O, and Mg atoms for pristine and considered impurities. The dotted line represents the Fermi energy.
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increment of electron carrier concentration by MgLi
0 in LTO

makes a dominant change. In other words, the effect of electron
effective mass reduction is a minority factor for battery perfor-
mance of Mg-doped LTO crystal. Therefore, the alteration of
the Mg-substitution site to Li (MgLi

0) is expected to give an
important contribution to the electrical conductivity of LTO
by the thermal excitation of electron carrier to conduction
band. Accordingly, better battery performance is expected with
a Mg-doped LTO anode annealed under reducing conditions,
that is, oxygen-poor atmospheres or higher temperatures.
Mg-doped LTO powders were synthesized at 750 and 950 °C

under air or reducing atmospheres, and their electrochem-
ical properties were evaluated to determine the relationship
between the synthesis conditions and types of defect as well
as the electrical conductivity and demonstrate the theoretical
predictions and suggestions. Figure 5a shows the XRD patterns
of resulting Mg-doped LTO powders. Typical XRD patterns of
LTO were observed in Mg-doped LTO powders regardless of
the synthesis conditions. On the contrary, both Mg-doped LTO

powders synthesized at 750 °C under air and reducing atmos-
pheres exhibited both anatase and rutile phases of TiO2 due to
the low reaction temperature. Compared with the Mg-doped
LTO powders synthesized at 750 °C, significant development
of the peaks related to TiO2 (rutile) was observed because the
high reaction temperature induces the transformation from the
anatase phase to the rutile phase, which also indicates that
Mg dopants occupy the Ti4+ site and Li 16d site. On the contrary,
only the XRD peaks related to LTO were observed in the
Mg-doped LTO powders synthesized at 950 °C under a reduc-
ing atmosphere, which implies the successful Mg-substitutions
for Li at the 16d and 8a sites. The electrochemical properties
of Mg-doped LTO powders synthesized at 950 °C in air
(hereafter denoted LTO 950A) and reducing atmospheres
(hereafter denoted LTO 950H) were characterized. (Figure 5b).
The LTO 950H electrode showed a much higher reversible
capacity (126 mAh/g) compared with that of the LTO 950A
electrode (95 mAh/g) at a 0.2 C current rate. The low revers-
ible capacity of the LTO 950A electrode might be due to the
presence of a rutile phase of TiO2 and the poor crystal structure
resulting from the Mg-substitutions for the Ti4+ site. Fur-
thermore, the LTO 950H electrode showed improved rate
capability compared with the LTO 950A LTO electrode. For
example, the LTO 950H electrode delivers a specific capacity of
62 mAh/g at the 15C rate, which is ∼50% compared with that
of the 0.2C rate. In the case of the LTO 950A electrode, it only

Figure 4. (a) Brillouin zone of Li4Ti5O12 super cell (monoclinic crystal
structure) with high-symmetry k-points. The green arrows indicate the
k-vector of gamma point to Z(1, 0, 0.3), D(1, 0, 1), and A(1, 1, 0.3)
(b) Effective mass of the carrier electron on the conduction band. The
K-vectors from the gamma point to the symmetric points, Z(1, 0, 0.3),
D(1, 0, 1), and A(1, 1, 0.3) are considered.

Table 2. Effective Masses Relative Value of the Electron
Mass m*e/me and Relative Ratio Relative Ratio to the
Effective Mass of Pristine LTO ((m*e/m*epristine)%)

a

doping type Z (1, 0, 0.3) D (1, 0, 1) A (1, 1, 0.3)

pristine 1.01 (100%) 1.02 (100%) 1.36 (100%)
VO

2+ 1.44 (143%) 1.41 (138%) 2.25 (165%)
MgTi

2− 1.16 (115%) 1.19 (117%) 1.73 (127%)
MgLi

1+ (8a) 1.07 (106%) 1.12 (110%) 1.38 (101%)
MgLi

1+ (16d) 1.00 (99%) 1.04 (101%) 1.17 (86%)
MgLi

0 (8a) 1.07 (106%) 1.14 (112%) 1.33 (97%)
MgLi

0 (16d) 1.00 (99%) 1.05 (103%) 1.14 (84%)
Mgi

2+ 1.17 (116%) 1.28 (125%) 1.38 (101%)
aThis corresponds to Figure 4.

Figure 5. (a) XRD patterns of Mg-doped LTO synthesized at 750 °C
under air (i) and hydrogen (ii) and Mg-doped LTO synthesized at
950 °C in air (iii) and hydrogen (iv). (b) Rate capabilities of both the
LTO 950H and LTO 950A electrodes at various current densities.
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showed a specific capacity of 42% at a 15C rate. The improve-
ment in rate capability of the LTO 950H contributed the
enhanced electrical conductivity. These XRD results and elec-
trochemical properties clearly show that the synthesis condi-
tions, particularly the temperature and reaction atmosphere, for
doped LTO preparation play important roles, which strongly
supports the theoretical analysis.

■ CONCLUSIONS
The energetics of Mg-doping sites and point defects and their
effects on the electrical conductivities of LTO anode materials
were studied systematically using DFT calculations. A combina-
tion of DFT total energy calculations and thermodynamic
modeling showed that reducing annealing conditions for
Mg-doped LTO can alter the Mg-doping sites from the paired
substitutions in Li+ and Ti4+ sites in negative and positive
charge states, MgLi

+, and to predominant charge-neutral sub-
stitution of Mg for Li, MgLi

0. The theoretical predictions were
supported by the experimental results: H2-annealed, Mg-doped
LTO showed a significantly improved rate capability com-
pared with that of the air-annealed sample. The alteration
of the Mg-doping site from paired substitution to dominant
Li-substitution was also verified by XRD. These results suggest
an effective route toward efficient and reliable anode material
processing and prove that doping sites can be altered via heat-
treatment conditions and give significant impacts in the
electrical conductivity and C rate of LTO anode.
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