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bstract

Several substituted titanates of formula Li4−xMgxTi5−xVxO12 (0 ≤ x ≤ 1) were synthesized (and investigated) as anode materials in rechargeable
ithium batteries. Five samples labeled as S1–S5 were calcined (fired) at 900 ◦C for 10 h in air, and slowly cooled to room temperature in a tube
urnace. The structural properties of the synthesized products have been investigated by X-ray diffraction (XRD), scanning electron microscope
SEM) and Fourier transmission infrared (FTIR). XRD explained that the crystal structures of all samples were monoclinic while S1 and S3 were
exagonal. The morphology of the crystal of S1 was spherical while the other samples were prismatic in shape. SEM investigations explained that
4 had larger grain size diameter of 15–16 �m in comparison with the other samples. S4 sample had the highest conductivity 2.452 × 10−4 S cm−1.

t a voltage plateau located at about 1.55 V (vs. Li +), S4 cell exhibited an initial specific discharge capacity of 198 mAh g−1. The results of cyclic
oltammetry for Li4−xMgxTi5−xVxO12 showed that the electrochemical reaction was based on Ti4+/Ti3+ redox couple at potential range from 1.5 to
.7 V. There is a pair of reversible redox peaks corresponding to the process of Li+ intercalation and de-intercalation in the Li–Ti–O oxides.

2007 Elsevier B.V. All rights reserved.
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. Introduction

In recent years, lithium secondary batteries have been
idely utilized as a power source for mobile electronics; how-

ver, modifications are strictly required to apply this type of
attery to motor vehicles or energy storage purposes. Even
hough the excellent cycle characteristics of lithium titanate
ave been verified for small cells, it exhibits low rate on
ycling as active material in large batteries. The reason is
ue to the extremely small expansion and contraction during
he charge and discharge phases of the battery [1]. Lithium
itanate spinels, in particular Li4Ti5O12, has wide interest
s insertion electrodes for rechargeable lithium-ion cells and

emiconducting materials [2], it was prepared by a solid-
tate reaction of stoichiometric amounts of TiO2 and Li2CO3
r TiO2 and LiOH, by heating at 800–1000 ◦C for 12–24 h
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2–10]. The formal potential of Li insertion is 1.55–1.56 V for
i4Ti5O12 [2–5]. This material accommodates Li with a the-
retical capacity of 175 mAh g−1 based on the mass of the
tarting host material. The very fine particulates of lithium
itanate (average size of 0.7 mm), prepared by Nakahara et
l. [1], showed superior high-rate characteristics, as well as
xcellent cycle characteristics. A high-capacity maintenance
atio of 99% was achieved at 1 ◦C and 25 ◦C after the 100th
ycle.

The spherical Li4Ti5O12 powders with appropriate porosity
ave been synthesized by spray drying process from rutile type
iO2 and with polyvinyl butyral (PVB) as pores forming agent
11]. The oxygen atmosphere is very important to the formation
f spinel type Li4Ti5O12 phase with high specific capacity. All
pecimens showed main discharge platform close to 1.53 V as
ell as a minor one at about 0.68 V. Overtime heat treatment of

he specimens would result in superfluous loss of lithium com-

osition and overgrowth of the particles and therefore reduced
heir capacity.

The cubic structure of Li4Ti5O12 can be described in spinel
otation Li8a[Ti5/3Li1/3]16dO4, in which 75% of the lithium
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ons are located on tetrahedral 8a sites, whereas the remaining
ithium ions titanium ions reside at the 16 octahedral posi-
ions of space group Fd3m-m [6]. Lithium is inserted into the
pinel structure in a two-phase reaction at a constant poten-
ial of approximately 1.5 V versus Li/Li2+. During this reaction
he tetrahedral-site lithium ions are cooperatively displaced into
eighboring 16c octahedral sites to generate the rock salt phase
Li2]16c[Ti5/3Li1/3]16dO4. The [Ti5/3Li1/3]16dO4 spinel frame-
ork is extremely robust and provides a three-dimensional

nterstitial space of face-shared 8a tetrahedral and 16c octahedra
or lithium-ion transport through the crystalline bulk struc-
ure. Although the voltage of Li+/Li4Ti5O12 cell is too low
or Li4Ti5O12 to be an attractive positive electrode, it can be
oupled as a negative electrode with a LiCoO2 or LiMn2O4 pos-
tive electrode to yield 2.5 V lithium-ion cells with significantly
mproved safety features over conventional high voltage (3.5 V)
iyC6/Li1−yCoO2 cells, albeit at the expense of cell voltage and
nergy density.

Among the critical requirements of lithium insertion elec-
rode is that the electrode should have both good electronic
onductivity and good Li+ ion conductivity in order to achieve
ast reaction rates (high power) for the lithium cell [12].
ecause of the insulation properties of Li4Ti5O12 spinel phase,
i7Ti5O12 with mixed Ti4+/Ti3+ valence is produced in order

o induce excellent electronic conductivity at the particle
urface of the spinel electrode and thus allowing the rapid
ransfer of electrons to external circuit. However, it is antic-
pated that the opposite is true when lithium is extracted
rom Li7Ti5O12 electrodes, i.e. the insulating Li4Ti5O12 spinel
hase is formed on the particle surface, thereby limiting the
ate at which electron transfer to the external circuit can
ccur.

Thackeray [13] reported that it is possible to synthe-
ize Li–Ti–O spinel electrodes with mixed Ti4+/Ti3+ valence
nd to enhance the electronic conductivity of these elec-
rodes by varying the Li:Ti ratio along the stoichiometric
i4Ti5O12–LiTi2O4 spinel tie-line of the Li–Ti–O phase dia-
ram. Such a solid solution can be represented by the general
ormula Li1+δTi2−δO4 for the range (0 ≤ δ ≤ 0.33). At δ = 0, the
pinel LiTi2O4 has an average Ti valence of 3.5; this com-
ound is metallic and becomes superconducting at 11 K [14].
owever, it is more difficult to synthesize compounds within

he Li1+δTi2−δO4 spinel system compared to the manganese
i1+δMn2−δO4 system because of the relative instability of
i3+.

Chen et al. [15] studied the electrochemical behavior of Mg-
oped spinel Li4Ti5O12 and reported that the substitution of
ivalent Mg ions for monovalent Li ions in the structure neces-
itates that the difference in charge must be compensated by a
eduction of an equivalent number of Ti cations from Ti4+ to Ti3+.
he substitution increases the conductivity of the [Ti5/3Li1/3]O4
pinel framework from Li4Ti5O12 to LiMgTi5O12, in which the
verage titanium oxidation state is 3.8.
The spinel Li4Ti5O12 showed a voltage plateau at 1.55 V
ersus Li/Li+ and intercalated reversibly 3Li atom per formula
nit giving 175 Ah kg−1 at the afore-mentioned voltage [3].
i4Ti5O12 can also be used as negative electrode of 2 V in
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ithium-ion batteries as it showed good cycling performance and
he change in its cubic unit cell volume is only less than 0.2%
uring charge/discharge processes.

Ariyoshi et al. [16] examined the combination between
i4Ti5O12 (Fd3m-m; a = 8.36 Å) and LiNi0.5Mn1.5O4 (Fd3m-
; a = 8.17 Å) with emphasis on rate-capacity and cycle life.
his cell showed a quite flat operating voltage of 3.2 V versus
i+ with excellent cycleability. Accelerated cycle tests indi-
ated that 83% of the initial capacity was delivered and stored
ven after 1100 cycles. Although the calculated energy den-
ity of a Li[Li1/3 Ti5/3]O4/Li[Ni1/2 Mn3/2]O4 cell was about
50 Wh kg−1or 1000 Wh dm−3 based on the active material
eight or volume, the 3 V lithium-ion battery exhibited posi-

ive characteristic features, such as flatness in operating voltage,
igh-rate capacity and cycle life.

Ramsdellite titanates phases (composed of distorted MO6
ctahedra; where M is Ti atom) in the system Li1+xTi2−2xO4
ave been studied by Irvine et al. [17]. These phases had good
lectrochemical insertion behavior and appeared to be potential
i-ion negative materials, similar to the spinel Li4Ti5O12. The

amsdellite phases showed a similar reversible peak at just less
han 1.5 V versus Li/Li+.

The aim of the present work is to improve the electrochemical
ehavior of lithium titanate as anodic material by doping with
ome ratios of magnesium and vanadium. To the best of the
uthorsı̌ knowledge, not too much work has been reported using

he above-mentioned two elements with lithium titanate.

. Experimental

.1. Sample preparation and characterization

The starting reagents, Li2CO3 (S.D. Fine-Chem. Ltd., 99%),
gCO3 (Aldrich, 99%), TiO2 (anatase, BDH, 99.9%) and
H4VO3 (CDH, 99%), were dried overnight prior to use

nd then weighed with stoichiometric ratios in order to get
i4−xMgxTi5−xVxO12; where (0 ≤ x ≤ 1). Five samples labeled
s S1–S5 were prepared taking: x = 0, 0.25, 0.5, 0.75 and 1,
espectively. Powder of the precursor materials were mixed and
round in a mortar with some drops of acetone. The powder
ixture of samples was dried in an oven at 150 ◦C for 1/2 h and
nally fired at 900 ◦C for 10 h in air. Samples S1–S5 were slowly
ooled to room temperature (RT). After that, the samples were
round and fired again at 900 ◦C for 6 h and slowly cooled to
T.

The materials were characterized by X-ray diffraction (XRD)
sing Philips Powder diffractometer with Cu K� radiation. Scan-
ing electron microscopy (SEM) (Hitachi S3000H) was used
o investigate the morphology of the crystals. Infrared absorp-
ion spectra were recorded using a Bruker IFS113 vacuum
TIR interferometer. Samples were ground to fine powders,
ixed approximately 1:300 with KBr, and vacuum pressed into

ranslucent disks. The measurements were carried out in the

ar-infrared region (400–4000 cm−1). Elemental analysis was
erformed by X-ray fluorescence (Philips PW 1410 Spectrom-
ter) and Inductive coupled plasma (ICP Perkin-Elmer Optima
000 DV).



3 l of Power Sources 176 (2008) 332–339

2

r
r
s
w
e
v
m
d
t
b

a
t
d
t
o
o
1
f
a
t
a
9
g
u
m
t
C
L
f

3

3

b
p
r
A
9
t
o
S
V
1
o
w
o
t
t
i
a
σ

F
f

o
i
t
i

3
i

i
e
w
c
p
T
t
s
2
a
u
t
[

I

34 A.Y. Shenouda, K.R. Murali / Journa

.2. Electrochemical measurements

Impedance spectroscopy was carried out in the frequency
ange from 1 MHz to 10 mHz using IM6 Zaher frequency
esponse analyzer. The AC amplitude was 50 mV. The prepared
amples were pressed into pellets at 1 tonnes cm−2 and coated
ith silver paste that acts as current collector. The pellets diam-

ters were in range of 12.5–13.1 mm and also their thickness
aried between 3 and 3.3 mm. Cycle life and cyclic voltammetric
easurements (CV) were performed by using a coin cells 20 mm

iameter comprising the active material electrode (working elec-
rode) and lithium metal foil (Merck, Darmstadt, Germany) as
oth counter and reference electrode.

Li4−xMgxTi5−xVxO12 synthesized powders, black carbon
nd PTFE were mixed in a weight ratio of 85:10:5, respectively
o fabricate composite working electrode in n-methyl pyrroli-
one (NMP) solvent to form homogeneous slurry. The slurry was
hen spread onto an Al foil sheet. The coated sheet was dried in an
ven at 120 ◦C for 12 h. The sheet was then pressed at a pressure
f 1500 kg cm−2. After that it was cut into circular electrodes of
4 mm diameter. The active material loading was about 2–3 mg
or each individual electrode. The cells were assembled in an
rgon filled glove box (Mbraun, Unilab, Germany). The separa-
or was made up of a circular porous polypropylene soaked in
1M LiClO4 dissolved in a propylene carbonate (PC) (Fluka,

9%). All potentials were recorded versus Li/Li+ electrode. The
alvanostatic charging–discharging measurements were carried
sing current densities 0.20 and 0.15 mA cm−2, respectively. CV
easurements were carried out using scan rate 0.1 mV s−1 and

he potential windows were 1 and 3 V versus Li/Li+ electrode.
V measurements were carried out with a Potentiostat, Auto-
ab. The test cells incorporating the above components were

abricated inside a glove box filled with dry argon.

. Results and discussion

.1. IR analysis

Fig. 1a shows the FTIR spectra of the samples prepared
y slow cooling between 400 and 900 cm−1. There are broad
eaks in the range of 625–630 cm−1. This type of peaks rep-
esents symmetric stretching vibration of Ti–O bond [18,19].
s shown in Fig. 1b, S2–S5 samples have small peaks at 960,
80, 990 and 1010 cm−1, respectively. These peaks correspond
o stretching vibration V O bond [20,21]. So, the bond lengths
f V O decrease with increase of vanadium ratio. Therefore,
4 and S5 have V O bond type similar to the same one in
2O5 (995–1020 cm−1) [21]. Third type of peaks appears at
040, 1060, 1090 and 1100 cm−1 for S2–S5, respectively. It is
bserved that increasing the ratios of V and Mg increase the
ave numbers of these peaks. Also, the absorption intensities
f peaks as illustrated in Fig. 1 increase from S1 to S4 and after
hat decrease with S5. This behavior reflexes the higher crys-

allinity of S4 than the other samples as observed in the SEM
nvestigations [19]. Fig. 2a shows Raman spectra of S1. There
re main three absorption peaks at 250, 440 and 680 cm−1 for
TiO, νasyTiO and νsyTiO, respectively [22]. Similar peaks are

c
f
S
t

ig. 1. FTIR spectra of the Li4−xMgxTi5−xVxO12; x = 0, 0.25, 0.5, 0.75 and 1
or S1–S5, respectively.

bserved for S4 beside the V–O–V asymmetric stretch as shown
n Fig. 2b. In general, it is noticed that the vibration modes of
hese peaks correspond to octahedral group MO6 lattice located
n the molecular structure [18].

.2. Structural characterization and morphological
nvestigation

The crystal structure and phase composition of the five spec-
mens were investigated by XRD as shown in Fig. 3. Table 1
xplained the unit cell parameters of the samples using soft-
are analysis with the XRD patterns. S1 and S3 have hexagonal

rystal structure. The other samples are monoclinic. The XRD
attern of S1, Li–Ti–O ternary phase prepared from Li2CO3 and
iO2 (anatase) does not contain a peak at 2θ = 25◦ characteristic

o TiO2. This indicates that TiO2 has been fully consumed in the
olid-state reaction [23]. The presence of weak [2 2 0] peaks at
θ ∼30.18◦ as observed in S2–S5 samples are for Li3MgTi5O12
s reported by some authors [15]. Also, c/a value and cell vol-
me of S4 is higher in comparison with the other samples. So,
he insertion and de-insertion of Li ions are easier for this sample
24].

Fig. 4 shows the morphological changes in the crystals shape.
t is apparent that S1 has spherical shape. The other samples

onsist of prismatic particles. The average crystal size increases
rom S1 to S4, respectively and after that decreases towards
5. The average grain size diameter of the crystals is illus-

rated in Fig. 5. S1 has average grain size of ∼1.5 �m while
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ig. 2. Raman spectra of (a) S1 (Li4Ti5O12) and (b) S4 (Li3.25Mg0.75

0.75Ti4.75O12).

4 has larger grain size diameter of 15–16 �m than the other
amples.

.3. Electrochemical measurements

Results from impedance spectra measurements for the pre-
ared samples materials are shown in Fig. 6. The impedance
pectra are composed of one semicircle at higher frequen-
ies followed by linear part at lower frequency end. The bulk
esistivities of the sample pellets (rb) have the obtained val-

5 4 4 3
es: 6.841 × 10 , 3.665 × 10 , 2.108 × 10 , 4.065 × 10 and
.90 × 104 �cm for S1–S5, respectively. It is observed that S4
as the lowest resistivity value and consequently, it has higher
onductivity: 2.46 × 10−4 S cm−1.

c
h
o

able 1
nit cell parameters of the samples

ample unit cell parameters (Å)

a b c

1 11.054 11.054 10.415
2 8.6959 10.1130 7.9404
3 9.603 9.603 9.605
4 12.501 6.324 14.808
5 10.019 9.908 11.361
ig. 3. X-ray diffraction patterns of Li4−xMgxTi5−xVxO12 prepared at 900 C:
a) x = 0, 0.25 and 0.5 and (b) x = 0.75 and 1.

The impedance spectra of the cells showed an intercept at
igh frequency, followed by a semicircle in the high-middle
requency region, and a straight line in the low frequency
egion Fig. 7. The intercept impedance on the Zreal axis rep-
esents the ohmic resistance, which consists of the resistance
f the electrolyte and electrode. The high-frequency region of
he semicircle represents the migration of the Li+ ions at the
lectrode/electrolyte interface through the solid electrolyte inter-
ace (SEI) layer, whereas the middle frequency range of the
emicircle corresponds to the charge-transfer process. The low
requency region of the straight line is attributed to the diffusion
f the lithium ions into the bulk of the electrode material or so-

alled Warburg diffusion. The cells resistances with S4 and S5
ad lower values of about 80 �. Therefore, higher conductivity
f S4 could be attributed to the addition of Mg and V ions [25].

c/a ratio Cell angle, � (◦) Cell volume (Å3)

0.9421 Hexagonal 1102.1
0.7981 90.374 610.32
1.0002 Hexagonal 885.7501
1.1845 93.57 1170.66
1.1339 96.61 1125.6
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Fig. 4. SEM of Li4−xMgxVxTi5−x

w
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Fig. 5. Average grain size of samples Li4−xMgxVxTi5−xO12; 0 ≤ x ≤ 1.

o
i
L
i

O12 compounds; 0 ≤ x ≤ 1.

AC impedance spectra were fitted using an equivalent circuit,
hich is shown in Fig. 8. A constant phase element CPE was
laced to represent the double layer capacitance and passivation
lm capacitance. The parameters of the equivalent circuit are
hown in Table 2. It is revealed that the exchange current densi-
ies (i0 = RT/nFRct) of S4 and S5 cells are higher than the other
nes. The resistance of the combination of the electrolyte and
lectrode (Re) is almost similar for the different prepared elec-
rodes. This is because the electrodes were prepared by adding a
onductive carbon black agent, which induces good conductivity

f the electrode. The doped electrode with Mg and V exhib-
ted much lower charge-transfer resistance than that of the bare
i4Ti5O12, indicating that the doping by these two elements

ncreased significantly the electrical conductivity of Li4Ti5O12.



A.Y. Shenouda, K.R. Murali / Journal of Power Sources 176 (2008) 332–339 337

Fig. 6. EIS of (a) S4 and (b) S5 material pellets.

Fig. 7. EIS of S1–S5 cells.

Fig. 8. Equivalent circuit used for fitting the experimental AC impedance data.

Table 2
Impedance parameters of the S1–S5 cells

Sample Re (�) Rct (�) i0 (mA cm−2)

S1 28 104 2.56 × 10−3

S2 25 104 2.56 × 10−3

S3 22 2740 9.36 × 10−3

S
S

T
r

c
s
s
T
t
c
b
i
a

L

p
s

i
l
v

4 18.97 81 0.316
5 25.83 81 0.316

herefore, the Mg and V doping can facilitate the charge-transfer
eaction of Li4Ti5O12 electrodes.

The 1st cyclic voltammograms are recorded in Fig. 9. The
urves show one cathodic peak located at ∼1.5 (vs. Li+) corre-
ponding to the voltage flat of the first discharge process at the
ame voltage. This is the process of Li insertion in Li4Ti5O12.
here are also other anodic peaks at 1.7 V (vs. Li+) correspond

o the voltage flat of the first charge process. This is the pro-
ess of Li+ ion de-intercalation from Li4Ti5O12. It is typical
ehavior for two-phase reaction during Li+ ion extraction and
nsertion process. The corresponding electrochemical processes
re:

i4Ti5O12 + 3Li+ + 3e− → Li7Ti5O12 E = 1.5 V (1)

The electrochemical reaction based on Ti4+/Ti3+ redox cou-
le is a reversible redox reaction. Similar results are reported by
ome authors [18,26,27].
Fig. 10 shows the initial specific charge and discharge capac-
ties of cells prepared using samples S1–S5 as cathode and
ithium metal as anode in the voltage range between 1 and 3 V
ersus Li+. During the discharge, the voltage drops quickly down

Fig. 9. Cyclic voltammograms of S1–S5 cell, scan rate; 10−4 V s−1.
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ig. 10. First specific charge and discharge capacity of Li4−xMgxTi5−xVxO12

amples.

o below 2 V and decreases as the reaction proceeds until the
oltage reaches ∼1.55 V (vs. Li). After which the voltage pro-
le has an extremely flat operating voltage at about 1.55 V. A
ery flat charge curve at about 1.6 V (vs. Li) can be observed.
his suggests a two-phase reaction based on the Ti4+/Ti3+ redox
ouple [4,18,26]. S4 cell delivered an initial specific discharge
apacity 198 mAh g−1, while the other samples delivered lower
alues. The obtained specific discharge capacity of S4 cell is
igher than the ones reported by Chen et al. [15] for Li4Ti5O12
nd Li3MgTi5O12 (175 and 169 mAh g−1, respectively). They
xplained that the lower capacity delivered by Li3MgTi5O12
lectrodes was due to the higher concentrations of Mg2+. Also,
he unit cell parameters of S1 and S4 as shown in Table 1 were
reater than that reported of the cubic spinel crystal structure
i4Ti5O12 (8.358–8.364 Å) [15,22,26,28]. Therefore, the inser-

ion and de-insertion of Li+ ions have more mobility in S1
nd S4 rather than the cubic spinel one. Thus, increasing of
he Li+ ions mobility improves the specific discharge capac-
ty.

Cycling performance of the samples is shown in Fig. 11. The
rst specific discharge capacity of S4 was 198 and 187 mAh g−1

fter 25 cycles but there was a stability in the capacity for the
ther cycles. The other samples had the same behavior but with

ower capacities. Approximately, these samples are stable in
heir capacities after 60 cycles.

ig. 11. Cycling performance of Li/Li4−xMgxTi5−xVxO12; 0 ≤ x ≤ 1 cells.
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[
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. Conclusion

Anode materials Li4−xMgxTi5−xVxO12; where (0 ≤ x ≤ 1)
or lithium batteries have been easily synthesized by
olid-state reaction. The addition of Mg and V ions
mprove the conductivity of the material as observed in S4
Li3.25Mg0.75Ti4.25V0.25O12). The higher value of c/a param-
ter in S4 facilitates the insertion and de-insertion of the Li ions
n the crystal lattice. S4 cell showed higher electrical conduc-
ivity, specific discharge capacity and cycle life than the other
ells.
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