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a b s t r a c t

TiO2 with the ramsdelitte-type (R) structure has a potential use as negative electrode for Li-ion battery
due to its high theoretical capacity (335 mAh g−1), a weak irreversible loss during the first cycle and a
low polarization. However due to its metastability, TiO2 (R) has been rarely reported. In the present work
we report on the carbothermal synthesis of some LixTiO2 delithiated R phases (0 < x < 0.57), from TiO2 to
Li2Ti3O7, with ramsdellite-type structure. The variation of the synthesis parameters such as wt% of car-
bonaceous additive and reductive gas flow has conducted to the formation of poor lithiated LixTiO2 phases
eywords:
itanates
amsdellitte
ynthesis
arbonaceous precursor

and Li2TiO3 as additional phase. Their ratio was found to be strongly dependent on the amount of car-
bonaceous precursor. These new LixTiO2(R)/Li2TiO3 composites (with (0 ≤ x ≤ 0.57)) were characterized
by chemical analysis, X-ray diffraction and thermogravimetric analysis and finally by electrochemical
tests. High capacities as well as good cycleability have been reached.

© 2012 Elsevier B.V. All rights reserved.

as flow
i ion battery

. Introduction

Due to a good cycleability, a weak irreversible loss during the
rst cycle and a low polarization the lithiated titanates are good
andidates as negative electrode material of Li-ion batteries. These
aterials are based on the redox couple Ti4+/Ti3+ including a

igh working potential versus lithium (>1.5 V) which improve the
afe conditions of use. In lithiated titanates, titanium is octahe-
rally coordinated by oxygen to build up the three dimensional
ramework of the oxide, leaving empty sites available for lithium
nsertion. For the ramsdellite (R) structure [1], the double columns
f MO6 octahedra (Fig. 1) lead to a rather open framework structure
ith tunnels, which are partly occupied by lithium in the case of

i0.5TiO2 [2], Li2Ti3O7 [3] and lithium-free for TiO2 (R) [2].
The ramsdellite Li2Ti3O7 has been less investigated [4] than the

ther titanates, probably due to (i) the lithium insertion hold up by
he presence of lithium in the structure and (ii) the limitation of the
xidation process due to Ti which is already in its highest oxidation
tate leading to low capacity. To increase in capacity few synthesis

outes have been recently reported for preparing ramsdellite-type
elithiated LixTiO2 phases. Li0.5TiO2 (R) has been obtained by ther-
al treatment of the spinel LiTi2O4 at high temperature [5] and

he lithium free TiO2 (R) has been prepared by complex chemical

∗ Corresponding author. Tel.: +33 467 14 33 35; fax: +33 467 14 33 04.
E-mail address: laure.monconduit@univ-montp2.fr (L. Monconduit).

378-7753/$ – see front matter © 2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2011.12.013
delithiation from ternary compounds like hollandite, ramsdellite or
spinel [6]. Poor lithiated phases have also been obtained by topotac-
tic oxidation in air at room temperature of the lithium titanate
bronze LixTiO2 (x = 0.41, 0.16, 0.14) crystals with the ramsdellite-
type structure with decreased unit cell volumes (vs Li2Ti3O7) [6].

The preparation of the metastable TiO2 (R) phase is still a
challenge since the associated theoretical capacity is 335 mAh g−1

corresponding to the formation of Li1TiO2 and based upon the redox
couple Ti4+ → Ti3+ working has never been reached. Moreover
the reversible lithium insertion in TiO2 (R) follows a topotactical
mechanism which is generally associated with a limited electrode
volume change.

Recently an original carbothermal synthesis route has led to
a partially delithiated Li2−xTi3O7 (R) with x < 2 showing a spe-
cific capacity of 198 mAh g−1 close to the theoretical capacity of
Li2−xTi3O7 [7]. In this previous work we demonstrated the impact of
the nature of the gas during the synthesis on the nature of the com-
posite. Note that a unique low gas flow was used and correlatively
the ramsdellite phase was only partially delithiated.

In this work, the “in situ” preparation of delithiated LixTiO2 (R)
(0 ≤ x ≤ 0.57) by using carbothermal synthesis is presented. Under
these specific conditions, the stabilization of TiO2 (R) phase was
achieved. The variation of the synthesis parameters such as tem-
perature, gas flow and carbonaceous precursor amount and their

influence on the purity of the as obtained composites are dis-
cussed. These new composite materials are characterized by X-ray
diffraction, chemical and thermogravimetric analysis, as well as
electrochemical measurements.

dx.doi.org/10.1016/j.jpowsour.2011.12.013
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:laure.monconduit@univ-montp2.fr
dx.doi.org/10.1016/j.jpowsour.2011.12.013


A. Soares et al. / Journal of Power S
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. Experimental

.1. Synthesis procedure

Titanate composites have been prepared using a ceramic syn-
hesis route including Li2CO3 (UMICORE, grain size ∼40 �m) and
iO2 (UMICORE, 45% anatase, 55% rutile, grain size ∼20 �m) fol-
owing the reaction (1).

i2CO3 + 3TiO2 → Li2Ti3O7 + CO2 (1)

Sucrose has been added as carbonaceous precursor with differ-
nt percentages of weight (S or S′%) and the as obtained composites
ill be named hereafter S- or S′ samples depending on the gas flow
sed. The reagents were firstly homogeneously ground by plan-
tary ball milling and, then, heated at 980 ◦C for 90 min under
ontrolled atmosphere of Argon/Hydrogen (95/5%) in a furnace
79300 Thermolyne Tube Furnace). 0.5 and 0.05 L min−1 gas flows
ere used (S and S′ samples respectively). At the end of the heating
eriod, the furnace was opened to rapidly cool the sample to room
emperature (the sample under controlled atmosphere during this
tep) in order to stabilize the ramsdellite structure.

.2. Chemical analysis and structure determination

The morphology of the S-samples was studied using a scanning
lectron microscope (Hitachi S-4800).
In order to determinate the amount of carbon in each sample, an
nalysis by combustion was applied. The residual carbon tenor was
valuated by a Flash EA 1112 analyzer based on the Dynamic Flash
ombustion which produced complete combustion of the samples

able 1
-ray refined cell parameters of the different S-samples synthesized under Ar/H2 with va

Ar/H2 output Samples %C % weigh

[JCPDS 00-034-0393] – 0
0.05 LPM S′-0 0.1 0
0.05 LPM S′-15 2.1 15
0.5 LPM S-0 0.3 0
0.5 LPM S-10 2.1 10
0.5 LPM S-15 2.8 15
0.5 LPM S-30 5.5 30
0.5 LPM S-40 9.2 40
0.5 LPM S-50 14.0 50
ources 208 (2012) 440–446 441

followed by an accurate and precise determination of the elemental
gases produced.

The S-samples were analyzed by X-ray diffraction (XRD)
(PHILIPS X’Pert MPD equipped with the X’celerator detector �–2�
diffractometer) by using Cu K� radiation (� = 1.5418 Å) and a nickel
filter. Structural refinements were carried out using the Debye and
Rietveld methods with the Fullprof software suite [8].

Differential thermal analysis (DTA) was used in order to deter-
mine the different phase transformations by using a calorimeter
SETARAM Thermogravimetric Analyzer (France). The measure-
ments were done with 15 mg of the powder sample and data were
collected under air flow between 300 and 1000 K, with heating and
cooling rates of 15 K min−1.

2.3. Electrochemical lithium insertion–deinsertion

SwagelokTM-type cells were assembled in an argon filled glove
box and cycled using a VMP automatic cycling/data recording sys-
tem (Biologic Co, Claix, France) in a potential window between
2.5 V and 1.0 V vs Li+/Li0 and with a cycling rate of C/10 (that is
one lithium per formula unit in 10 h). These cells comprise a Limetal
disc (Sigma–Aldrich) as the counter electrode. A Whatman GF/D
borosilicate glass fiber separator sheet was saturated with a solu-
tion of 1 M LiPF6 in ethylene carbonate (EC), propylene carbonate
(PC), dimethyl carbonate (DMC) (1:1:3 v/v + 1% vinylenecarbonate
(vc)) as the electrolyte. A working electrode was made by mixing
the starting titanate powder with 15% (weight) carbon black.

3. Results and discussion

3.1. Morphological, chemical and structural analyses

Scanning electron microscopy (SEM) images in Fig. 2a and b
show the S- and S′-samples prepared under 0.5 or 0.05 L min−1 of
Ar/H2 flows respectively. S-0- and S′-0-samples present shapeless
crystallized grains of Li2Ti3O7 R phase with a size ranging from 1 to
5 �m whatever the Ar/H2 output used. When the amount of sucrose
is increased in the synthesis from S-0 (S′-0) to S-15 (S′-15), smaller
grains from 100 to 500 nm attributable to C appear mixed with the
more crystallized grains of the R phase. No clear morphology dif-
ferences are underlined between the samples prepared under low
(S′) and high gas flow (S).

Table 1 shows the weight % C after combustion and the refined
cell parameters of different S- and S′-samples prepared under 0.5
or 0.05 L min−1 of Ar/H2 flows.

Only few amount of C in the range of 0.1–14% is kept in the
various samples whatever the gas flow used. The refined cell
parameters of both S′-0 and S′-15 prepared under low Ar/H2 flow
(0.05 L min−1) are very close to those of the R reference and with

higher carbonaceous amounts (S -30, 40, 50) the cell parameters are
slightly modified and previously given in a referenced paper.[7]

Fig. 3a shows the X-ray diffraction patterns of the S-samples
prepared under 0.5 L min−1 flow (for clarity the 0.05 L min−1 are not

rious S weight% of sucrose. The weight % of the residual C is also given.

t sucrose a (Å) b (Å) c (Å)

5.018(1) 9.552(1) 2.945(1)
5.001(1) 9.5492(1) 2.945 (1)
4.997(1) 9.496 (1) 2.945(1)
5.017(1) 9.591(1) 2.948(1)
4.954(1) 9.450(1) 2.945(1)
4.917(1) 9.451(1) 2.950(1)
4.854(1) 9.437(1) 2.961(1)
4.835(1) 9.418(1) 2.963(1)
4.854(1) 9.454(2) 2.967(1)
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Fig. 2. SEM images of S-0 and S-15 prepared under (a) 0.5 L min−1 and (b) 0.05 Ar/H2 flow.

Fig. 3. X-ray diffraction patterns of S-samples in the 15–55◦ (2�) range and magnified in the 19.5–21.5 and 42.5–45 (2�) range.
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than T2, because the corresponding LiO4 tetrahedron does not share
faces to any (Li, Ti)O6 framework octahedron. Lithium ions located
in the channels are distributed as follows: 60% over the more stable
so-called T1 and 40% over the less stable so-called T2 site. In the
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ig. 4. (a) Evolution of cell parameters (�a/a, �b/b, �c/c) in % for the S-samples (0 <
he a parameters for LixTiO2 (x = 0.57, 0.14 and 0) reference are reported on the gra

resented in Fig. 3) and that of the standard ramsdellite Li2Ti3O7
a = 5.018 Å, b = 9.552 Å, c = 2.945 Å in Pbnm space group [JCPDS
0-034-0393]) as reference. Fig. 3b presents the magnified plot
19.5 < 2� < 21.5◦) of the XRD pattern of S-samples. The XRD pat-
erns of all samples present Bragg peaks characteristics of the
i2Ti3O7 ramsdellite type phase (R). The peaks attributed to this R
hase are sharp in S-0 indicative of a high crystallinity and become
roader in samples with increasing amount of sucrose in the syn-
hesis indicative of an amorphisation of the sample or a C coating.

ore the amount of the residual C increases (from 0.3 to 14 wt%)
n the sample more the Bragg peaks of the ramsdellite are shifted
owards higher angles. Simultaneously, a broad peak appears at
3.7◦ (2 theta angles) which could be attributed to the [2 0 0]
iffraction plan of the cubic phases Li2TiO3 [JCPDS 00-003-1024].

Fig. 4a gives the variation of the cell parameters of the R phase
given in Table 1) in S-samples as function of the amount of sucrose
dded during the synthesis. More the amount of sucrose added dur-
ng the synthesis (S) increases (more the C content increases in the
amples), more both a and b cell parameters decrease, while the
cell parameter is much less modified. The decrease in the a and
parameters leads to a volume decrease (V). The ramsdellite (R)

ramework consists in TiO6 double rutile chains along the [0 0 1]
irection, which are interconnected through corners in the ab plane
see Fig. 1). In the ramsdellite structure, the channels (parallel to the
axis) are partly occupied by lithium in the case of Li2Ti3O7 [3] and
mpty in the case of TiO2 (R) [7] and consequently a and b parame-
ers decrease with decreasing the lithium content. Fig. 4b presents
he refined a parameter of the S-samples. The comparison with the a
arameters, a = 5.018(1) Å, a = 4.97(1) Å, a = 4.902(1) Å reported for
i2Ti3O7 and LixTiO2 (R) (x = 0.14 and 0) respectively shows that
he lithium content in the R phase decreases with increasing of C
ontent in the S samples suggesting that the C has a structural influ-
nce on the R phase. The a parameters reach a minimum for the
-40 sample (containing 9.2% C). Note that the S-40 sample refined
arameters a = 4.835(2) Å, b = 9.418(1) Å, c = 2.963(1) Å are close to
nd even smaller than those referenced for TiO2 (R) prepared by
oft chemical technique (Pbnm with a = 4.902(1) Å, b = 9.459(1) Å,
= 2.958(1) Å) [2,6].

.2. Differential thermal analysis

Fig. 5 shows the DSC curve of the heating process under air

btained for the Li2Ti3O7 reference, as well as for the S-15 and
-40 samples. The reference sample Li2Ti3O7 gives only a sharp
eak at 770 K characteristic of the orthorhombic- into hexagonal-
i2Ti3O7 phase transition. For the S-15 and S-40 samples, after an
) and (b) a parameter of S-samples as function of wt% sucrose used in the synthesis.

endothermic peak due to desorption of surface water molecules,
two sharp exothermic peaks can be seen at around 530 K and
640 K. The latter has been identified previously as being the trans-
formation of TiO2 (R) into the brookite-type TiO2 [6]. Recently both
structural stability and phase transition of TiO2 (R) upon heating
were investigated by XRD and DSC measurements and the peaks
at 530 K was attributed to a TiO2 ramsdellite-intergrowth phase
transition and that at 640 K to the inter-growth–rutile transition
[9]. This may be associated with the continuous structural changes
from the TiO2 ramsdellite to the TiO2 rutile structure. In conclusion,
the DSC curves confirm that the delithiated TiO2 (R) is the main
phase in the S-15 and S-40 samples.

3.3. Electrochemical performances

3.3.1. Li2Ti3O7 (R)
Fig. 6a shows the galvanostatic curves of the various S-samples.

The curve of the S-0, namely Li2Ti3O7 (R) shows two distinct regions
from 2.5 to 1.5 V and from 1.5 to 1 V. Previous studies have proposed
that Li ions occupy two different kinds of tetrahedral sites in the
tunnel, named T1 and T2 [10,11] with T1 sites more energetic stable
1000900800700600500400300
Temperature (°K)

Fig. 5. Differential thermal analysis (10 ◦C min−1) of S-samples (S-0 (Li2Ti3O7), S-15
and S-40) under air.
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Fig. 6. (a) Galvanostatic curves of S-samples at C/10 cycli

alvanostatic curve, the first part of the discharge from 2.5 and
.5 V corresponds to the insertion of Li in the tetrahedral site in
he center of channels, and the second part from 1.5 to 1 V to the
nsertion of Li the tetrahedral sites sharing a face with the TiO6 of
he network.

.3.2. LixTiO2 (R) (0 ≤ x < 0.57))
In Fig. 6a the galvanostatic curves of the S-samples

0 < S < 50 wt% sucrose) give evidence of the evolution of the
lectrochemical behavior functions of the C content. The number
f Li inserted is ranged from 0.1 to 2.1 Li per Li2Ti3O7 formula unit
or the S-50 to S-15 samples respectively, leading to capacities
anging from 20 to 190 mAh g−1. The derivative curves (Fig. 7)
llow better analysing the electrochemical processes and show
trong modifications between the samples. S-15 and S-40 show
uch more narrow peaks than S-0. The curve of the latter presents
very broad peak centered at 2.1 V and the two peaks at 1.5 V and
.4 V described above (T1 and T2 sites) and previously reported for
i2Ti3O7 (R) [4,7]. The S-15 curve presents several broad peaks in
he [2.5, 1.4 V] region and two peaks at lower potential i.e. 1.35 V
nd 1.3 V and the S-40 curve shows peaks well defined in the [2.5,
.4 V] region and a single sharp peak at 1.27 V. It is noticeable that
he S-40 curve is very similar to that reported for TiO2 (R) [13].
he presence of numerous peaks clearly suggests that complex
lectrochemical processes take place in the 1.0–2.4 V region as
reviously described in the literature for TiO2 (R) [4,13].

The transformation of the galvanostatic curve with increas-
ng of C content is consistent with the progressive delithiation of
he ramsdellite phase already demonstrated by the XRD analysis.

lthough the electrochemical process taking place during the dis-
harge is the reduction of Ti4+ to Ti3+ in all ramsdellite phases (from
i2Ti3O7 to TiO2 (R)), the intercalation processes are unlike due to
tructural differences. In Li2Ti3O7, following the structural model,
e (1Li/10 h) and (b) the capacity retention of S-15 (C/10).

part of the Ti positions are occupied by lithium atoms [12] and part
of the Li occupy tunnel positions, while in the case of LixTiO2 (R) the
tunnels are partly (0.57 < x < 0) or fully (x = 0) empty. In the case of
the series LixTiO2 (0 < x < 0.5) only the T1 tetrahedral site is occupied
by lithium ions up to a maximum of 50% as reported for Li0.5TiO2
[7,8]. The associated electrochemical curves show [13] several pro-
cesses separated by more or less pronounced voltage drops. Lithium
insertion process can be roughly divided into two regions which
are characterized by distinct voltage ranges. Insertion of the first
half of Li ions takes place over a wide voltage window, from 2.5
to 1.4 V, whereas insertion of the second half is achieved at a low
constant voltage from 1.4 to 1.0 V. The first part is assigned to the
maximum site occupation of the site T1 which cannot exceed 50%
due to very short distances between the centers of adjacent face-
sharing LiO4 tetrahedron in the tunnel and the second part to the
occupation of the still empty tetrahedral T2 site. Anyway structural
work remains to be done to clarify the different processes on the
first voltage region 2.5–1.4 V to fully understand the multiple small
steps occurring on discharge.

The best reversible capacity 190 mAh g−1 and the best capac-
ity retention (Fig. 6b) are measured for the S-15 sample while the
capacity dramatically decreases for the samples with C content
greater than 30%.

4. Discussion

The XRD patterns and the DTA of the carbonated samples syn-
thesized with different contents of sucrose under Ar/H2 with low or
high flows have revealed the following: (i) the addition of sucrose in

the precursors mixture under high Ar/H2 flow produces structural
modification of the ramsdellite Li2Ti3O7, (ii) the refined cell param-
eters of the R phase are indicative of a progressive delithiation with
increasing of residual C content; (iii) for an sucrose amount in the
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ynthesis higher than 30% the ramsdellite phase is fully delithiated
nd ascribable to the metastable TiO2 R phase, and (iv) the pro-
ressive delithiation of the R phase is accompanied by the growth
f a secondary phase ascribable to the cubic phase Li2TiO3. It can be
educed that under these specific synthesis conditions a LixTiO2-
/Li2TiO3 composite (i.e. Li poor ramsdellite phase/Li rich cubic
hase) is obtained and that the TiO2 (R) metastable phase which

s difficult to synthesize by other ways [8] is available by these
ynthetic conditions.

Although the electrochemical processes in S-40 is attributable
o TiO2 (R) the specific capacity is far from the theoretical capacity
335 mAh g−1) corresponding to the insertion of 1 lithium per TiO2
R) mole. It can be attributable to the impossibility of Li atoms to
ccupy concomitantly both T1 and T2 sites. Moreover the additional
hase Li2TiO3 formed when the C content increases is inactive vs.
i [14].
Fig. 8 presents both the capacity and the ratio
amsdellite/Li2TiO3 of the S-samples as function of the sucrose
mount in the preparation. The ratio ramsdellite/Li2TiO3 has been
stimated from the surface area peaks of the more intense XRD
as function of the sucrose amount in the S-sample preparations. The ratio
ramsdellite/Li2TiO3 has been estimated from the surface area peaks of the more
intense XRD peaks of each phase R/Li2TiO3.

peaks (at 20◦ and 43◦ for the R and the cubic phase respectively)
of each phase. The best reversible capacity is obtained for the S-10
and S-15 samples (190 mAh g−1) and is higher than the capacity of
the standard (S-0) Li2Ti3O7 phase 154 mAh g−1 (0.55 Li) demon-
strating the benefit of the sucrose addition. For sucrose contents
higher than 30% (residual C is higher than 5 wt% in the samples),
the capacity dramatically fades. It means that the benefit brought
by the increased lithium electrochemical insertion is hampered by
the formation of Li2TiO3 inactive phase vs. lithium. As shown on
Fig. 8, the best compromise between the formation of delithiated
R phase with high theoretical capacity and the formation of the
inactive Li2TiO3 is reached for a sucrose addition ranging from 10
to 30 wt%. Finally very interesting performances were obtained for
the 15-sample with a 190 mAh g−1 capacity and a good capacity
retention on cycling.

5. Conclusion

These original carbothermal synthesis allowed stabilizing the
TiO2 (R) metastable phase which is difficult to obtain by other
ways and which presents very attractive theoretical capacity
(335 mAh g−1). By increasing the sucrose content in the precursor’s
mixture it is possible to progressively decrease the lithium amount
in the LixTiO2 (R). This trend is accompanied by the formation of a
phase richer in Li and Ti, Li2TiO3. Unfortunately this latter is inac-
tive vs. Li in the battery and a compromise between the amount of
delithiated R phase with high theoretical capacity and the amount
of the inactive Li2TiO3 is needed. By tailoring the percentage of car-
bonaceous additive, the nature of gas and the gas flow during the
synthesis, we have succeed in the preparation of a titanate compos-
ite electrode providing high capacity. Needless to say investigations
are now needed (i) to know the complete structure and composi-
tion in Li, C, O of the modified ramsdellite phase by both neutron
diffraction and X-ray absorption investigations, (ii) to identify the
location and nature of carbon and (iii) to deeply understand the
electrochemical processes.
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