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Lithium insertion into hollandite-type TiO2
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Abstract

Hollandite-type TiO compounds, isostructural with a-MnO , have been investigated as insertion electrodes for lithium batteries.2 2
Ž .Parent materials of K Ti O 0-x-2 were treated with concentrated acid to yield TiO products that were essentially free ofx 8 16 2

Ž . Ž .potassium. Lithium can be inserted into the 2=2 tunnels of the TiO structure chemically with n-butyllithium and electrochemically2

to an approximate composition Li TiO . The lithium ions can be easily removed from the lithiated structure by chemical reaction with0.5 2

bromine; cyclic voltammetry indicates that high voltages are required to remove the lithium by electrochemical methods. The poor
electrochemical behavior of hollandite-TiO contrasts strongly with a-MnO electrodes. The superior properties of a-MnO electrodes2 2 2

Ž .are attributed to the presence of oxygen ions, either as H O or Li O, in the 2=2 channels; lithia-stabilized electrodes, 0.15Li O Ø MnO ,2 2 2 2

show good cycling behavior and a rechargeable capacity of approximately 180 mA hrg. q 1999 Elsevier Science S.A. All rights
reserved.
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1. Introduction

Lithium titanium oxides, such as the spinel phase
w x w xLi Ti O 1–3 and the ramsdellite phase Li Ti O 4 ,4 5 12 2 3 7

have been investigated in the past as possible insertion
electrodes for lithium batteries. The spinel phase is of
particular interest because three lithium ions can be in-
serted reversibly into the Li Ti O structure at 1.5 V vs.4 5 12

w xmetallic lithium 1 . Although this electrode shows excel-
lent rechargeability and stability, it has a relatively low

Ž . Žtheoretical capacity 175 mA hrg compared to TiO 3352
.mA hrg . The application of TiO compounds as elec-2

trode materials, such as rutile, anatase and the spinel
ŽLiTi O which reaches a TiO stoichiometry on complete2 4 2

.extraction of lithium , has been limited either by their
inability to accommodate much lithium or by structural

w xinstability to lithium insertionrextraction reactions 5,6 .
TiO with a hollandite-type structure is also known to2

exist; this structure type is normally stabilized by large
w xcations, such as potassium, rubidium 7–9 or thallium ions

w x Ž .10 , in the 2=2 channels of the structure, as in the
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Ž .mineral hollandite Ba Mn O . These large cations re-x 8 16

strict lithium diffusion within the hollandite structure,
thereby limiting their usefulness as insertion electrodes.
The stabilizing cations can be removed from the hollan-

w xdite-TiO structure by acid treatment 11 or by reaction2
w xwith hydrogen peroxide 12 . Recently, it was demon-

strated that an isostructural a-MnO material could be2

synthesized without any stabilizing cation, and that H O or2
Ž .Li O molecules could be introduced into the 2=2 chan-2

w xnels of the structure instead 13 . The lithia-stabilized
w xcompound, a- 0.15 Li O Ø MnO , in particular, has shown2 2

promising electrochemical behavior; it can provide a
rechargeable capacity of approximately 180 mA hrg for
many tens of cycles. We have explored the possibility of
using a hollandite-type TiO structure without any large2

Ž .stabilizing cation within the 2=2 channels in an attempt
to find an electrode with a higher electrochemical capacity
to the spinel Li Ti O .4 5 12

2. Experimental

Ž .Parent K Ti O 1-x-2 samples, alternativelyx 8 16
Ž .K TiO 0.125-y-0.250 , were prepared by heatingy 2
Ž . ŽK CO 99q%, J.T. Baker and rutile-TiO 99.9q%,2 3 2
. w xAldrich at 9608C for 12 h in 6% hydrogen in helium 14 .

Several processing techniques were used to produce sam-
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Ž .Fig. 1. The powder X-ray diffraction patterns of a the parent K Ti Ox 8 16
Ž . Ž . Ž .1- x-2 ; b an acid-treated sample, essentially pure TiO ; c a2

Ž .chemically prepared sample of nominal composition Li TiO ; d , a0.125 2
Ž .more extensively lithiated sample of composition Li TiO ; and e a0.57 2

Ž .delithiated sample after treating sample d with bromine, with nominal
Ž .composition Li TiO 0- y-0.125 .y 2

Ž .ples that were essentially free of potassium: 1 reaction
w x Ž .with aqua-regia at 50–1008C 11 , 2 reaction with hydro-

w x Ž .gen peroxide at 808C 12 , and 3 lithium-ion exchange
using molten lithium nitrate at 260–3408C. Hollandite-type
materials for this investigation were synthesized predomi-

Ž .nantly by method 1 . Lithium was inserted into the hollan-
Ždite structure chemically with 1.6 M n-butyllithium in
.hexane at 258C under argon and electrochemically. Elec-

Žtrochemical insertion was carried out in button cells size

.1225 of the type Lir1 M LiPF in ethylene carbonate:di-6
Ž .methyl carbonate 50:50 rLi TiO . A detailed descriptionx 2

w xof the cell assembly is presented elsewhere 13 . Cells
were discharged and charged at a constant and low rate
Ž .0.02 mArcell . Lithium was extracted from chemically
lithiated TiO samples by reaction with a 2-fold mole2

excess of bromine in chloroform solution at 258C under
nitrogen.

Ž .The structures of K TiO 0.125-x-0.25 , TiO , andx 2 2

lithiated and delithiated TiO structures were characterized2

by powder X-ray and neutron diffraction methods. X-ray
data were collected on an automated Siemens D-5000
diffractometer with CuK radiation. Neutron diffractiona

data were collected on the General Purpose Powder
Diffractometer at Argonne National Laboratory. Refine-
ment of lattice parameters and individual structures was
undertaken by a Rietveld refinement using the software

w xprogram GSAS 15 .

3. Results and discussion

The powder X-ray diffraction data of various hollan-
Ž .dite-TiO phases are shown in Fig. 1a–e: a the parent2

Ž .K TiO , b an acid-treated sample, essentially pure0.125 2
Ž .TiO , c a chemically prepared sample of nominal com-2

Ž .position Li TiO , d a more extensively lithiated sam-0.125 2
Ž .ple of composition Li TiO , and e a delithiated sample0.57 2

Ž .after treating sample d with bromine, with nominal com-
Ž .position Li TiO 0-y-0.125 . A refinement of they 2

neutron-diffraction data showed that an acid-leached
K TiO sample contained a minimal amount of potassiumx 2
Ž q .-0.02 K per TiO unit , in agreement with a refine-2

Ž . Ž .Fig. 2. The structures of a hollandite-TiO and b a lithiated structure of nominal composition Li TiO . The lithium atoms are open spheres, and the2 0.125 2

TiO units are shaded octahedra.6
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Table 1
Lattice parameters for various hollandite TiO compounds2

3˚ ˚ ˚ ˚Ž . Ž . Ž . Ž . Ž .Compound a A b A c A b 8 Volume A

Ž . Ž . Ž .K TiO 10.1745 5 2.9604 2 306.46 30.125 2
Ž . Ž . Ž . Ž .TiO acid-treated 10.1534 10 2.9602 3 305.18 62

Ž . Ž . Ž .Li Ti O 10.1703 10 2.9597 3 306.14 50.125 8 16
U Ž . Ž . Ž . Ž . Ž .Li TiO 14.174 1 5.436 1 7.230 1 97.85 6 551.8 30.57 2

Ž . Ž . Ž . Ž .TiO Br-oxid 10.1560 9 2.9619 4 305.51 52

U
Proposed monoclinic cell for extensively lithiated hollandite.

ment of the X-ray diffraction data and an energy dispersive
X-ray analysis of the sample. The structure of the TiO2

Ž .phase with empty 2=2 channels is shown in Fig. 2a; it
is stable in air. A neutron diffraction analysis of a sample
with a small amount of inserted lithium, Li TiO ,0.125 2

showed that the lithium ions were disordered over crystal-
Ž .lographically equivalent sites in the 2=2 channels and

coordinated in a distorted tetrahedral arrangement to the
Ž .oxygen ions at the corners of the channels Fig. 2b .

Although it is likely that such structures will have long-
range order, a superstructure or a deviation from the

Ž .tetragonal symmetry of the parent unit cell I4rm could
Ž .not be detected Fig. 1c . A more highly lithiated sample

of composition Li TiO showed monoclinic symmetry0.57 2
Ž .Fig. 1d ; the decrease in symmetry can be attributed to a
structural distortion in response to coulombic interactions

Ž .between the inserted lithium ions in the 2=2 channels,
as shown in Fig. 2b. Highly lithiated samples were unsta-
ble, particularly when exposed to air; this structural insta-
bility has prevented us from undertaking a detailed struc-
tural analysis of these samples by neutron diffraction
methods. Nevertheless, it has been possible to demonstrate

that lithium can be extracted chemically by water-washing
or by treatment with bromine in a nonaqueous solvent
from freshly prepared samples of Li TiO to yield the0.57 2

Ž .original TiO phase Fig. 2b and e .2

Table 1 gives the lattice parameters for the various
hollandite-type phases of this investigation. Upon removal

w xof the potassium cation from the channel, the 110 and
w x w x w x020 peaks gain intensity relative to the 130 and 211
peaks, and become the most intense peaks in the pattern.
Overall, the unit cell is observed to contract in the arb

˚plane by approximately 0.02 A, or 0.2%. The volume
decreases accordingly, by approximately 0.3%. Lithiation
of this empty hollandite framework causes a reversal of the
previous changes in both relative peak intensity and unit
cell volume. This consistency implies that the volume and
lattice shifts are more determined by the slight reduction of
the titanium framework than by the specific cation that
occupies the channel. Note that the unit cell of
Li Ti O is marginally smaller than the potassium0.125 8 16

compound. Further lithiation produces a more dramatic
shift in the pattern as the compound changes to monoclinic
Ž .I2rm symmetry. A likely cause of this shift may be

Fig. 3. The voltage profile of a LirLi TiO cell showing the initial discharge and the poor electrochemical reversibility of the cell on cycling.x 2
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Fig. 4. The structure of lithia-stabilized a-MnO , 0.15Li OØMnO ,2 2 2

showing the lithium ions coordinated to the oxygen ions of the MnO2

framework and the oxygen ion that partially occupies a site in the center
Ž .of the 2=2 channel.

ordering of the lithium cations in the channel due to
cation–cation repulsions. Upon delithiation of this sample
with bromine, the initial hollandite structure is recovered,
with a small amount of LiBr as a by-product of the
reaction.

Ž .The electrochemical discharge curve Fig. 3 indicates
that at low current rate, lithium is inserted into the TiO2

structure in two single-phase processes between 2.0 and
1.0 V; the capacity that is delivered on the initial discharge
Ž .;160 mA hrg corresponds to a discharged electrode
composition Li TiO , which is in reasonably good0.45 2

agreement with the composition Li TiO obtained chem-0.57 2
Ž 0 .ically with n-butyllithium E f1.0 V vs. Li . Of particu-

Žlar note is the point of inflection at 1.42 V marked in Fig.
. Ž3 with an arrow in the electrochemical curve at approxi-

.mately 30% depth of discharge , which seems to corre-
spond to the transition of the tetragonal unit cell to mono-
clinic symmetry that occurs during chemical lithiation. The
composition of the electrode at this inflection point is
Li TiO . With the small amount of residual potassium in0.15 2

the structure, this composition corresponds to the typical
Ž .amount of stabilizing cation that is found in the 2=2

channels of hollandite-TiO structures, such as K Ti O2 x 8 16
Ž .1-x-2 . Although lithium can be extracted chemically

Ž .from lithiated TiO structures with bromine Fig. 1e , it is2

not possible to easily extract the lithium by electrochemi-
cal methods, as is evident by the relatively small capacity

Žthat could be recovered on charging the cell to 2.0 V 15
. Ž .mA hrg Fig. 3 . Cyclic voltammetry experiments have

confirmed the reduction process at 1.42 V, but also indi-
cate a second process at 0.6 V, which is not yet under-
stood. An oxidative sweep to 2.8 V, has shown, however,

w xthat both processes are essentially irreversible 16 .
The poor rechargeability of hollandite-TiO electrodes2

contrasts strongly with the behavior of isostructural a-

w xMnO electrodes 13 . In the manganese oxide system, the2

hollandite structure is also stabilized by large cations in the
Ž . Ž .2 = 2 channels, as in Ba Mn O hollandite orx 8 16

Ž .K Mn O cryptomelane in which x has a value typi-x 8 16

cally between 1 and 2. However, unlike hollandite-TiO ,2
Ž .the a-MnO structure can be stabilized by water H O or2 2

Ž .lithia Li O molecules in the channels. In these stabilized2

structures, the negatively charged oxygen ion resides close
to the site normally occupied by stabilizing cations; this
site also corresponds to an oxygen vacancy in a defect

w xclose-packed oxygen array 13 . Lithium insertion into
lithia-stabilized a-MnO electrodes, notably 0.15Li O Ø2 2

MnO , occurs far more readily than it does in the titanium2

analog because the inserted lithium ions can be coordi-
nated to both the oxygen ions of the a-MnO framework2

Ž .and to the oxygen ion at the center of the 2=2 channels,
thus minimizing the coulombic repulsion between the
lithium ions. The lithia-stabilized a-MnO structure, shown2

in Fig. 4, thus provides a more energetically favorable
pathway for lithium than hollandite-type TiO structures.2

The voltage profile of the 20th cycle of a typical
Lir0.15Li O Ø MnO cell is shown in Fig. 5a, for compar-2 2

ison; the discharge profile is similar to that of a LirTiO2
Ž .cell Fig. 3 . However, the Lir0.15Li O Ø MnO cell ex-2 2

hibits good cycling behavior, as shown by the capacity vs.

Ž .Fig. 5. a The voltage profile of a Lir0.15Li OØMnO cell at the 23rd2 2
Ž .cycle and b a plot of capacity vs. cycle number for the first 55 cycles.
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Ž .cycle number plot Fig. 5b ; the 0.15Li O Ø MnO elec-2 2

trode delivers a capacity of 182 mA hrg after 50 cycles.

4. Conclusions

A hollandite-type TiO structure has been investigated2

as an insertion electrode material for lithium batteries. This
TiO structure is anhydrous and, unlike isostructural a-2

MnO materials, does not contain water molecules within2
Ž .the 2=2 channels of the structure. The absence of

oxygen within the central cavity limits the amount of
lithium that can be accommodated within the structure.
The inserted lithium ions are strongly bound, in distorted
tetrahedral coordination, to the oxygen ions of the frame-

Ž .work at the corners of the 2=2 channels, making it
difficult to extract the lithium electrochemically from the
electrode structure in lithium cells. Hollandite-TiO mate-2

rials, therefore, appear to have limited use as insertion
electrodes for lithium batteries.
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