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bstract

Electrochemical lithium insertion into two isostructural titanium-based oxides, K2Ti6O13 and Na2Ti6O13 has been investigated. Although the two

ompounds differ mainly from their particle size and cell volume, pronounced differences in the insertion mechanism have been evidenced. They
an accommodate about three Li per formula unit at relatively low potentials (1.5–0.9 V versus Li reference), which qualifies them as potential
lternatives to Li4Ti5O12. The main limitations are their rate capabilities and capacity retention related to large particles and parasitic electrolyte
ecomposition, respectively.

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

Exhaustion of fossil fuel became a perspective which will
urely drive the search for new energy sources and/or the
se of renewable energies. For most of the alternatives (pho-
ovoltaic, wind energy, etc.), such an evolution will be only
redible if highly performing storage systems are developed.
mong the possibilities, Li-ion batteries represent a serious can-
idate in term of volumetric and specific energy density. Besides
he improvement of battery engineering and management, the
hoice of electrode materials is one of the key parameters. Alloy-
ng and conversion reactions are nowadays largely investigated
s alternative commercial negative electrodes. However classi-
al intercalation reactions still lead to interesting systems. For
nstance, Li4Ti5O12 is now one of the best candidates because of
ts “zero strain” lithium insertion process leading to a reversible
apacity of 150–160 mAh g−1 at 1.5 V versus Li+/Li0 [1–3].
mong the very rich structural family of titanium-based oxides,

natase [4], rutile [5–7] and TiO2[B] [8], were also reported with

uite good electrochemical properties for nanosized materials.
or bulk materials, such oxides can reversibly accommodate
bout 0.5 lithium ions per titanium atoms. However, e.g., using
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ano-particles, the capacity can be increased up to nearly 1 mol
f lithium per transition metal [9,10]. Another quite common
haracteristic of titanium-based oxides is their electrochemical
ctivity within the potential range from 2 V to 1 V versus Li+/Li0

epending on the host structure. For instance, reduction of Ti4+

o Ti3+ in an octahedral oxygen environment typically occurs at a
otential between 1.8 V and 1.6 V. Surprisingly, among various
xisting alkali element-based titanium oxides with favourable
tructures for lithium insertion, only Li4Ti5O12 and Li2Ti3O7
11,12] have been reported as electrode materials. Recently we
oved on the study of a sodium hexatitanate, namely Na2Ti6O13

13]. Contrary to our expectations, the presence of sodium in
he pristine material is not detrimental to the electrochemical
roperties and in fact effectively seems to stabilize the struc-
ure during the insertion/deinsertion process. Lithium can be
eversibly inserted at low voltage (between 1 V and 1.5 V) with
capacity of 150 mAh g−1 at C/3. Furthermore, as far as we

now, this is the lowest voltage range reported for the insertion
nto a titanium-based oxide.

In this contribution we report on the microstructural char-
cterisation and electrochemical properties of a material which
s isostructural to Na2Ti6O13, namely potassium hexatitanate

K2Ti6O13), which can also accommodate lithium at such low
oltages. The electrochemical properties and the structural evo-
ution during lithium insertion will be described and discussed
n relation with the sodium hexatitanate Na2Ti6O13.

mailto:Robert.Dominko@ki.si
dx.doi.org/10.1016/j.jpowsour.2007.06.181
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Table 1
Refined lattice parameters of A2Ti6O13 (A = Na, K)

Phase a (Å) b (Å) c (Å) β (◦)

Na2Ti6O13 15.0949(2) 3.7452(8) 9.1693(5) 99.01(1)
K2Ti6O13 15.597(4) 3.7972(5) 9.110(2) 99.80(1)
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Fig. 1. XRD patterns of the prepared Na2Ti6O13 and K2Ti6O13 phases.
. Experimental

Well crystalline K2Ti6O13 samples were obtained by solid-
tate reaction of anatase particles with KOH in slight excess

t

e
t

Fig. 2. SEM micrographs of (a) Na2Ti6O13 and (b) K2Ti6O13 particles; (c) H
Sources 174 (2007) 1172–1176 1173

about 10 mol%). The precursors were grinded manually in
mortar for 20 min and calcined in air at 800 ◦C for 10 h.
a2Ti6O13 sample was prepared from a thermal treatment of
rotonated sodium titanate hydrate (Na,H)-Ti-O nanotubes as
reviously described [13].

Electrochemical characterisation was performed on elec-
rodes prepared by casting and pressing a mixture of 85 wt.%
f active material, 7 wt.% of teflon binder (Aldrich 44,509/6)
nd 8 wt.% of carbon black (Printex XE2, Degussa) on a cop-
er foil. Prior to the test this 0.5 cm2 surface area electrode,
oaded with about 5 mg/cm2, was dried under vacuum at 120 ◦C
or 24 h for comparison, different electrolyte composition were
sed: 1 M LiPF6 in EC:DMC (1:1 ratio by weight), 1 M LiPF6
n EC:PC (1:1 ratio by volume) and 1 M LiClO4 in PC.

A laboratory-made three-electrode test cell was used to carry
ut the electrochemical tests. The working and the counter
lithium) electrodes were held apart with two separators (Cel-
ard No. 2402) between which a thin lithium strip reference
lectrode was positioned. The cells were assembled in an
rgon-filled glove box at room temperature. Charge–discharge
urves and cycling voltammograms were recorded using a
MP3 (Biologic Co. Claix, France) potentiostat/galvanostat at

oom temperature in galvanostatic modes and cyclic voltame-
ry (0.02 mV s−1). The cut-off voltages were set to 3 V/1 V and
V/0.9 V versus Li+/Li0 for Na2Ti6O13 and K2Ti6O13, respec-
ively.
The morphology and texture were evaluated using a scanning

lectron microscope (SEM, Supra 35LV) and a high-resolution
ransmission electron microscope with a FEI TECNAI F20

RTEM micrograph of a Na2Ti6O13 particle along the [0 0 1] zone axis.
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from cyclic voltametry (Fig. 3a) and galvanostatic experi-
ments (Fig. 3b). While for Na2Ti6O13 two stages are observed
(the absence of additional phenomenon was checked down to
174 R. Dominko et al. / Journal of P

icroscope. In situ X-ray measurements were obtained in
laboratory-made cell controlled by a Macpile automatic

ycling/data recording system (Biologic SA, Claix, France) and
sing a Bruker D8 diffractometer (Co K�).

. Results and discussion

The sodium hexatitanate (Na2Ti6O13) was obtained by dehy-
ration at 800 ◦C of the protonated sodium titanate (Na,H)-Ti-O
anotubes formed by hydrothermal treatment of a suspension of
iO2 in 10 M NaOH [13]. A pure phase is clearly obtained with
efined cell parameters (space group C2/m) in agreement with
revious reports (Table 1) [14]. On the other hand, the potassium
exatitanate (K2Ti6O13) was prepared by a solid-state process at
he same final temperature (800 ◦C) in air. Sharper X-ray diffrac-
ion peaks are observed indicating that larger crystallite sizes are
ormed. Again, all the peaks were indexed in the space group
2/m [15] with noteworthy larger cell parameters as compared

o the sodium hexatitanate (Fig. 1).

The structure of these materials is formed from corrugated

hains of three edge sharing octahedra assembled in such a way
o form 3 × 1 tunnels along c-axis. The alkali ions are located
nto these tunnels. The main increases in the a and b parame-

ig. 3. Cycling voltametry and galvanostatic curves of the first cycle for sodium
nd potassium hexatitanates. Galvanostatic curves were obtained at current
ensity corresponding to insertion of 1 mol of lithium in 10 h.
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i
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ers thus results from the larger size of potassium compared to
odium ion. Moreover, this highly anisotropic structure, induced
he formation of rod-like particles (Fig. 2a). We can notice a
etter homogeneity (in size and morphology) for the sodium-
ontaining sample and smaller particles compared to K2Ti6O13
Fig. 2b). This illustrates once more the greatest ability to control
article size and morphology by using soft chemistry meth-
ds than ceramic reactions. To determine the orientation of the
article, we performed HRTEM. The obtained pictures and elec-
ron diffraction patterns (Fig. 2c) indicated surprisingly that the
rystals are growing preferentially along the b-direction, that is,
erpendicular to the tunnels direction.

While these two materials are close in term of structure and
exture, we observe some differences in their electrochemical
nd structural evolution. As underlined in the introduction, a
ommon feature is their capability to accommodate lithium
n the potential range 0.9–1.5 V versus Li+/Li0 as observed
.8 V), the K2Ti6O13 analogue exhibits three energetically dif-

ig. 4. (a) Capacity retention for the insertion of lithium into K2Ti6O13 at dif-
erent current densities (C/n correspond to the insertion of 1 mol of lithium
n n hours) and (b) as a function of cycle numbers in the different electrolyte
ompositions at C/5 rate (between 0.9 V and 3 V vs. Li+/Li0).
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ig. 5. PITT measurements (with |Ilim| = C/60 and steps of 10 mV) of lithium
nsertion into K2Ti6O13 phase.

erent stages together with an initial solid solution type voltage
ecrease. Slightly more than three lithium ions can be inserted
nto these two materials, corresponding to capacities of about
50 mAh g−1. This is comparable to the capacity of the popu-
ar Li4Ti5O12 material [2]. In a previous report, we showed that
or Na2Ti6O13, the irreversible capacity observed from the elec-

rochemical curves was related to some side reactions with the
lectrolyte since the reaction was structurally highly reversible
13]. Such irreversibility is also obtained for K2Ti6O13 in the
resent work.

s
l
t
b

ig. 6. Selected XRD patterns obtained during the first reduction of K2Ti6O13 vs. lith
b) first biphasic transition leading to final composition of Li≈1K2Ti6O13 followed by
n (d) second biphasic transition leading to final composition of Li≈3K2Ti6O13.
Sources 174 (2007) 1172–1176 1175

At moderate current densities, the amount of lithium ion
eversibly inserted decreases considerably, namely, to 2 Li at
/5 and 1.5 Li at C/2 (Fig. 4a). At this point, we have to empha-

ize again that A2Ti6O13 (A = Na, K) phases are formed from
od-like shape particles with b-axis running along the longest
imension. As the channels also run perpendicular in this direc-
ion, the solid state transport should not be hindered and thus
he limited rate capabilities probably results from the presence
f potassium ions within the tunnels. Similarly to Na2Ti6O13
hase [13], we found that the main capacity fading comes from
he electrochemical phenomena occurring at the lowest poten-
ial (around 0.9–1.2 V), consistent with a possible SEI formation
round these voltages. However, it seems from tests in different
lectrolytes that the capacity fading is slightly lowered using PC
ased electrolytes (Fig. 4b). Further experiments are underway
o coat such materials with a uniform carbon coating trying to
educe such effects [16].

To get a further insight in the insertion/deinsertion mech-
nism of K2Ti6O13, we performed potentiostatic intermittent
itration technique (PITT) and in situ X-ray diffraction mea-
urements during the first reduction.

The voltage evolution observed during the PITT experiment
onfirms the presence of four steps during the lithium insertion
nto K2Ti6O13 (Fig. 5). While the first and third phenomena

eemed to be related to solid solutions domains, the bell-shape
ike current evolution for steps 2 and 4 are clearly linked to
he presence of biphasic transitions. This has been confirmed
y in situ X-ray diffraction measurements. From the pristine

ium: (a) solid solution during insertion of 0.15 mol of lithium per formula unit;
(c) solid solution formation to composition of approximately Li≈2.15K2Ti6O13
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ig. 7. A scheme of the structural changes during lithium insertion into
a2Ti6O13 and K2Ti6O13 phase.

aterial to a composition x = 0.15, a continuous shift of Bragg
eflections towards higher angle values is noticed (Fig. 6a) and
esponsible for the voltage decrease from O.C.V. to about 1.4 V.
urther lithium insertion produces a pseudo-plateau at 1.3 V
step 2), leading to a composition Li≈1K2Ti6O13. During this
tep, we observe the appearance of new reflections confirm-
ng the biphasic transition (Fig. 6b). This finding reveals the
rst important difference in behaviour for the two A2Ti6O13
tructures. Indeed, in the case of Na2Ti6O13 the electrochemical
seudo-plateau at about 1.35 V (corresponding to formation of
i≈1Na2Ti6O13) was related to a solid solution evolution. Differ-
nces are also found at lower voltages (that is, at lithium content
igher than Li≈1A2Ti6O13). While lithium insertion from the
omposition of Li≈1Na2Ti6O13 up to the final Li≈3Na2Ti6O13
roceeds through a single biphasic transition [13], two different
echanisms are evidenced for the potassium hexatitanate. From
i≈1K2Ti6O13 to approximately Li≈2.15K2Ti6O13, a solid solu-

ion is observed causing the increase of cell volume as seen from
ig. 6c. Again, further lithium insertion induces the appearance
f a biphasic transition finished around Li≈3K2Ti6O13 (Fig. 6d).
his final composition corresponds to a new phase Li3K2Ti6O13

Fig. 6). For easier comparison, schemes of the structural evo-
ution for Na2Ti6O13 and K2Ti6O13 have been summarized in
ig. 7.

The two main differences for the materials presented in this
ork are the particle size and the different cell volumes related

o the larger potassium ion as compared to sodium. From previ-
us work, it is possible that the extension of the solid solution
omains up to a composition Li≈1A2Ti6O13 for the sodium-
ased compound is related to the small crystallite size. Indeed,
n the case of titania (anatase [17] or rutile [7]), we showed
uch evolution as the crystallite sized decreased and proposed

relation with capability of nanosized particle to expand (par-

icle breathing) to reduce the strains. On the other hand, the
mpossibility to accommodate such strain in larger particle or on
urther lithium insertion (higher than a limit composition) would

[

[

Sources 174 (2007) 1172–1176

nduce biphasic transitions. Discussion on the insertion mech-
nism beyond this x = 1 composition is difficult at the present
ime and further measurements are requested to determine the
tructures of the formed phase Li≈1K2Ti6O13

. Conclusions

In this paper, we report on the insertion of lithium into potas-
ium hexatitanate, K2Ti6O13, in the potential range between
.5 V and 0.9 V versus metallic lithium. The insertion behaviour
s compared to the sodium analogue (Na2Ti6O13). Despite the
act that both structures are more or less identical, the lithium
nsertion into K2Ti6O13 phase proceeds through four steps
during which two new phases have been evidenced) while
a2Ti6O13 accommodates better the lithium up to x = 1 after
hich a biphasic transition is noticed. Lithium insertion into
oth structures is remarkably reversible with a maximum 3 mol
f lithium accommodated per formula unit, corresponding to
capacity of about 150 mAh g−1. The low operating voltages

bserved make this family of alkali-based hexatitanates viable
s alternative to Li4Ti5O12 as anode material if we are able to
mprove the capacity retention and rate capabilities.
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