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Abstract

Pure phase Li,TiO3 nano-particles were synthesized via hydrothermal reaction using anatase TiO, and LiOH - H,O at 200 °C. No development
of the (002) supercell diffraction peak is exhibited in the XRD pattern. In contrast, by further calcination above 500 °C for 6 h in air, full
development of the (002) supercell diffraction peak is observed. TEM observation and particle size analysis indicate that the general particle size
is around 114 nm. HR-TEM observation and the 2D FFT analysis show that the layered structure corresponding to the LiTi2 layer is clearly
developed. During calcination, additional Li ions diffuse into the supercell, corresponding with the diffusion of Ti ions away from the interslab
into the slab, forming a more stable structure. Lithium insertion, corresponding with dissolution and precipitation mechanism is proposed for the

formation of Li,TiO;.
© 2013 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

In a fusion reactor, the breeder materials play essential role
in producing tritium atoms by lithium transmutation,
6Li+n—>4He+T, where n is neutron and T is tritium. Lithium
based ceramics have been considered as ideal candidate for
tritium breeding in both the helium cooled pebblebed blanket
for DEMO and the ITER testing blanket due to their high
thermal conductivity, as well as satisfactory breeding perfor-
mances [1]. Monoclinic Li,TiO5 is regarded as one of the most
appropriate candidates for the solid tritium breeder materials in
D-T fusion reactors owing to its fairly good tritium release
property at low temperatures between 200 °C and 400 °C and
its lower activation performances [2—4].
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There have been many published reports on the preparation
methods of Li,TiO; particles. Conventionally, Li,TiO5 is
produced by solid state reaction of mixture of Li,CO5; and
TiO, at 900-1100 °C for 10 h to several days [5-7]. In 2009,
Kataoka and co-workers prepared single crystal Li,TiO3 for
determination of the structure by solid state reaction [8]. Other
typical wet chemical methods include the sol-gel method [9],
the combustion synthesis method [10,11], and the polymer
solution method [12].

To our knowledge, up to date, few reports on the synthesis
of Li,TiO3 using microsized TiO, powder as raw materials via
hydrothermal reaction have been published [13]. In this article,
the Li,TiO3 nano-particles were synthesized via hydrothermal
reaction using anatase TiO, and LiOH-H,O at 200 °C for
10 h. No complicated process was needed compared with the
sol-gel method, and the combustion synthesis method,
although the hydrothermal reaction conditions will determine
the final phase. According to our previously published articles
on correlated titanates [14], the structure and formation
mechanism of Li,TiO; was discussed as well.
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2. Experimental procedure
2.1. Preparation

The typical experimental process is given hereby. 1.198 g
(0.015 mol) TiO, powders (Anatase phase, Wako Pure Che-
mical Industries, Ltd., Japan) and 1.259¢g (0.03 mol)
LiOH-H,0 (Wako Pure Chemical Industries, Ltd., Japan)
powders were added into the Teflon lined autoclave (~25 mL)
together with 15 mL distilled water. The mol ratio of
LiOH-H,O to TiO, was fixed to be 2:1 and the LiOH
concentration was 2 mol/L. In order to investigate the forma-
tion mechanism of Li,TiO3, the above mixture was heated at
50 °C, 100 °C, 150°C, 175°C for 1h. Additionally, the
mixture was held at 200 °C for varied lengths of time from
2h to 10 h. The as-prepared particles were dried at 50 °C in
ambient conditions. Then the dried particles were calcined at
500 °C and 600 °C for 6 h in ambient conditions.

In order to understand the effect of distilled water on the
structure evolution of TiO,, the TiO, powders were treated in
pure distilled water at 200 °C for 10h. The as-prepared
powders were dried at 50 °C in ambient conditions for further
characterization.

2.2. Characterization

The phase identification of the dried particles was conducted
by the X-ray diffraction analysis. The diffraction patterns were
collected with a Rigaku Ultima IV diffractometer with CukK,
radiation (A=1.540 A). The patterns of the raw TiO, powders
and that hydrothermally treated in distilled water were refined
using the profile fitting tool in the software Jade (Version 5.0).
The crystallite size of both TiO, and Li,TiOj; is calculated
based on the FWHM (full width at half maximum) corre-
sponding to lattice plane (101) of TiO, and lattice plane
(—133) of Li,TiO5 by the Scherrer equation d=KA/f cos 6,
where K is a constant identified as 0.85; 4 is the wavelength of
the X-ray; f is the FWHM; and 6 is half the 20° in the XRD
pattern.

The morphology of the fine particles was observed by
transmission electron microscopy (TEM, H-800, Hitachi Ltd.,
Tokyo, Japan) operated at 200kV and field emission
scanning electron microscopy (FE-SEM, JSM-7600F, JOEL
Ltd. Japan). HR-TEM and SAED of the dried and annealed
powders were conducted by the transmission electron micro-
scopy (HR-TEM, H-9500, Hitachi Ltd., Tokyo, Japan) operated
at 300 kV.

The particle size analysis was conducted in an ultraviolet
laser nano-particle size analyzer (SALD-7100, Shimadzu
Corporation, Japan) with ultrasonic dispersion in distilled
water for 1 h before analysis.

The chemical composition of the powder was determined by
inductively coupled plasma atomic emission spectroscopy
(ICPE-9000, Shimadzu Corporation, Japan). Before measur-
ing, the powder was dissolved in aqua regia.

3. Results and discussion
3.1. Characterization of the raw TiO particles

XRD patterns of the raw anatase TiO, particles and that by
hydrothermal treatment in distilled water at 200 °C for 10 h are
given in Fig. 1(a) and (b), respectively. According to Fig. 1(a),
the raw particles are of well crystallized anatase phase (JCPDS
card no. 21-1272) and the cell type is tetragonal with the space
group I41/amd (No. 141), Z=4. No phase transformation takes
place during hydrothermal treatment in water. However, the
corresponding peak intensity decreases drastically after hydro-
thermal treatment. The parameters and values via refinement
before and after hydrothermal treatment are listed in Table 1.
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Fig. 1. XRD patterns of the TiO, particles, (a) before hydrothermal treatment
and (b) after hydrothermal treatment.

Table 1
Refinement results for the XRD patterns.

Structural formula TiO, (before hydro. tre.) TiO, (after hydro. tre.)

295 K
Tetragonal(I-center)
I41/amd (No. 141)

295K
Tetragonal(I-center)
I41/amd (No. 141)

Temperature

Cell type

Space group
Lattice parameters

a, b (1&) 3.78549(0.000125) 3.77874(0.001395)
c (A) 9.51386(0.000534) 9.50113(0.006334)
vV (A% 136.33 135.67

V4 4 4

Density (g/cm’) 3.8927 3.9118

Maximum 2-theta 80° 80°

Crystallite size 53.8(0.8)nm 36.9(2.0)nm

R 9.88% 19.75%

P
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Fig. 2. TEM images of (a) the raw anatase TiO, particles and (b) that after hydrothermal treatment at 200 °C for 10 h.

The crystallite size before and after hydrothermal treatment is
53.8 nm and 36.9 nm, respectively, indicating the crystallite
size of TiO, drastically decreases by hydrothermal treatment.
Additionally, the R, value increases from 9.88% to 19.75%,
serving as an evidence of the decrease of crystallization
perfection. TEM images of the anatase TiO, particles and that
after hydrothermal treatment at 200 °C for 10 h are given in
Fig. 2(a) and (b), respectively. It is obvious that the particle
size decreases after hydrothermal treatment. Before hydro-
thermal treatment, the particle size is about several microns,
while after hydrothermal treatment that is ranging from 50 nm
to 200 nm, possibly resulting from the dissolving of the TiO,
during hydrothermal treatment. It can be estimated that during
hydrothermal reaction in LiOH solution, TiO, will be dis-
solved more, resulting from the alkaline conditions.

3.2. Phase evolution, morphology observation and particle
size analysis

XRD patterns of the Li,TiO5 particles via hydrothermal
reaction and that calcined at 500 °C and 600 °C for 6 h are given
in Fig. 3. Development of (— 133) diffraction peak is exhibited
in XRD pattern of the as-hydrothermally prepared particles,
suggesting the well ordering of lithium ions and titanium ions in
the slab (the LiTi2 layer), as the formula of a well ordered
Li,TiO5 can be written as Li;yergtan(Li13Ti2/3)s1a602, Where in the
slab lithium ions occupy 1/3 the 4e sites while the titanium ions
occupy 2/3 the other 4e sites [8]. No development of supercell
diffraction peak (002) is exhibited via hydrothermal reaction,
indicating the disordering of the lithium ions in the interslab.
It needs to be addressed that the amorphous like diffraction
pattern around 20° 2-theta degrees is ascribed to the diffraction
of residual LiOH - xH,O (0 <x < 1).
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Fig. 3. XRD patterns of the particles via hydrothermal reaction and that
calcined at 500 °C and 600 °C for 6 h respectively.

Development of the supercell diffraction peak (002) is exhibited
for the particles calcined at 500 °C for 6h, indicating that
additional activation energy is required for ordering of lithium
ions in the interslab. A higher calcination temperature at 600 °C
for 6 h is beneficial to the increase of the (002) peak intensity and
the development of (110) diffraction peak (Fig. 3).
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Fig. 4. TEM image and the particle size analysis result of the particles via hydrothermal reaction (a), and calcined at 500 °C (b), 600 °C (c) for 6 h.
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Fig. 5. FE-SEM micrographs of the Li,TiO3 particles, (a) via hydrothermal reaction; (b) via further calcinations at 500 °C; and (c) via further calcinations at 600 °C.
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Fig. 6. (a) TEM image and SAED pattern (the inserted lower-left) and (b) HR-TEM image and 2DFFT pattern (the inserted upper-left) of the Li,TiO; by
hydrothermal reaction. The inserted graph in the right of (b) gives the illustration of a perfect supercell structure of p-Li,TiOs, structure of which is referenced from

Kataoka et al. [8].

Fig. 7. (a) TEM image, SAED pattern and (b) HR-TEM image, 2DFFT pattern of the Li,TiO5 by further calcination at 600 °C.

TEM images and particle size analysis of the particles via
hydrothermal reaction and those calcined at 500 °C and 600 °C
for 6 h are given in Fig. 4(a—c), correspondingly. From the
morphology and the particle size analysis results, the general
size for the particles synthesized by hydrothermal reaction is
around 114 nm with no obvious increase when calcined at
500 °C and 600 °C.

The morphology of the particles via hydrothermal reaction
and that calcined at 500 °C and 600 °C for 6 h are given in
Fig. 5(a—c), correspondingly. From the micrograph of the
particles via hydrothermal reaction, the mean particle size
ranges from 80 nm to 150 nm. There are smaller particles with
size of about 50 nm as well. From the micrographs of the
particles calcined at 500 °C and 600 °C, no obvious increase of
the particle size is exhibited, indicating that no obvious growth
takes place during calcination.

3.3. Structure from HR-TEM

TEM image and the SAED pattern of the Li,TiO3 via
hydrothermal reaction are given in Fig. 6(a). From the SAED
pattern, the (002) diffraction ring is not exhibited, indicating
the disordering of the atoms in the corresponding lattice plane.

HR-TEM image and the corresponding 2DFFT pattern are
given in Fig. 6(b). From the HR-TEM image, the layered
structure with an average interplanar distance of 0.4805 nm is
clearly developed, which corresponds to that of the LiTi2 slab
along the ¢ axis. The inserted 2DFFT pattern of the HR-TEM
confirms the layered structure along the c¢ axis. It is interesting
that in the interslab of pure Li layer, transferred periodic
pattern is exhibited. The structure inferred from this transferred
periodic pattern is not perpendicular to LiTi2 slab, thus has to
be ascribed to that in the interslab of the pure Li layer. As the
white dots in the lattice fringe by HR-TEM are the [TiO6]
units, thus the periodic structure in the Li layer contains Ti
ions, which possibly results from the residual Ti ions in the Li
interslab. In other words, in the interslab of the supercell
formed via hydrothermal reaction, there are some residual Ti
ions, which is also the possible reason for the collapse of (002)
supercell reflection peak. The Li/Ti ratio is 1.48 by ICP-AES,
indicating the structure of Li,TiO5 via hydrothermal reaction is
Li deficient.

It needs to be addressed that the structure of the Li,TiO5 via
hydrothermal treatment is also reasonable the cubic phase. As
claimed recently by Lamman and co-workers [13], a cubic
phase Li;TiOj3 is formed by hydrothermal reaction using TiO,
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Fig. 9. Crystallite size evolution of the TiO, and Li,TiO5 particles, (a) at varied reaction temperatures and (b) at varied lengths of hydrothermal reaction time.

and LiOH. By the structure refinement of the patterns of
neutron diffraction, a cubic phase with space group Fm-3m is
determined, in which the Li ions and Ti ions occupy the 4a
wickoff sites. By further calcinations at above 300 °C,
transformation from cubic into monoclinic takes place, form-
ing a more stable structure.

TEM image and the SAED pattern of the Li,TiO5 calcined
at 600 °C in air for 6 h are given in Fig. 7(a). Compared with
the SAED pattern in Fig. 6(a), the (002) diffraction ring is

exhibited, indicating the ordering of the atoms in the corre-
sponding lattice plane. From the HR-TEM image in Fig. 7(b),
the layered structure with an average interplanar distance of
0.4468 nm which corresponds to that of the LiTi2 layer along
the ¢ axis is clearly developed. The inserted 2DFFT pattern of
the HR-TEM confirms the layered structure along the ¢ aixs. In
contrast, in the interslab of pure Li layer, no transferred
periodic pattern is exhibited, indicating that almost no residual
Ti ions are in the LilLi2 layer. Ti ions may have diffused away
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Fig. 10. FE-SEM micrographs of the Li,TiO5 particles at 200 °C for varied lengths of time, (a) 1 h; (b)2 h; (c)4 h; and (d)10 h.

from the interslab into the slab, occupying the vacancies or
substituting the Li ions, forming the final monoclinic Li,TiOs.
The Li/Ti ratio is determined as 1.998 by ICP-AES, which
confirms that additional Li ions have diffused into the supercell
during calcination.

3.4. Formation mechanism of Li;TiO3

According to the extensive experimental results, a preferred
development of (— 133) diffraction peak (for the monoclinic
phase) is always exhibited in the XRD patterns of the particles
via hydrothermal reaction, indicating a preferred well ordering
of the atoms in this lattice plane. For a perfect structure of
Li,TiO3, in the (—133) lattice plane, two titanium ions
together with one lithium ion in the 4e wickoff sites are
ordered in the slab. As the starting particles are anatase TiO,,
the insertion of lithium ions into the cell is reasonable during
hydrothermal reaction. According to the research by Tielens
et al., the preferred site for occupation of lithium during
insertion is the empty distorted octahedron centered at 4b
special positions [15]. Once the insertion takes place, the basic
structure of (— 133) lattice plane is formed. However, in this
structure unit, abundant lithium ions are introduced and the
[LiOg_,OH,] and [TiOg_,OH,] (0 <a, b < 6) octahedra are
not well ordered. According to our previous research, the
octahedra can undergo distortion and re-adjustment providing
the adding of OH™ during hydrothermal reaction or in water
vapor at higher temperature [14].

XRD patterns of the particles in the heating process from
room temperature to 200 °C and that held at 200 °C for varied
lengths of time are shown in Fig. 8(a) and (b), respectively.

It is obvious that when the autoclave is heated to 175 °C, only
residual trace TiO, is exhibited; and the diffraction peak
(—133) of Li,TiO; emerges from 100 °C, indicating the
formation of Li,TiO5. From Fig. 8(b), pure phase Li,TiO; is
formed at 200 °C.

The crystallite size evolution of the raw TiO, and the Li, TiO3
particles from room temperature to 200 °C and that held at
200 °C for varied lengths of time are shown in Fig. 9(a) and (b),
respectively. From Fig. 9(a), the crystallite size of TiO, decreases
from 53.8 nm at 50 °C to 38 nm at 150 °C, and only trace TiO,
can be observed at 175 °C, which indicates that most of the TiO,
has been transformed into Li,TiO3, during which the decrease of
the TiO, crystallite size confirms the dissolution of the raw TiO,.
It is interesting that in pure water, the crystallite size of TiO,
decreases to 36.9 nm at 200 °C for 10 h, while it decreases to
38 nm at 150 °C for only 1 h in LiOH solution, which confirms
the estimation discussed in Section 3.1. On the other hand, an
obvious increase of the crystallite size of the Li,TiO3; from
21.9 nm at 100 °C to 27.4 nm at 150 °C, and to 32 nm at 200 °C
is exhibited, confirming the reasonable insertion of lithium ions
into the TiO, and the coarsening of Li,TiO5 crystallite during
hydrothermal reaction.

From Fig. 9(b), during the hydrothermal reaction at 200 °C, a
previous decrease of the crystallite size before 4h and an
obvious increase from 4h to 10h are clearly exhibited. The
ongoing hydrothermal reaction will induce the dissolution and
precipitation process of the crystal growth. Two possible
processes can take place, one of which is that isolated
[TiOg_,(OH),] octahedra reconstruct and precipitate on the
stable Li,TiO5 nuclei, the other of which is that [TiOg_ ,(OH),]
octahedra clusters undergo adjustment and precipitate on the
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Li,TiO3 nuclei stably formed. The latter is preferred and is the
so-called in-situ crystallization or solid state epitaxial crystal-
lization [16-18].

Fig. 10 shows the FE-SEM micrographs of the Li,TiO3
particles at 200 °C for 1 h, 2 h, 4 h, and 10 h. Small particles
with diameters less than 40 nm are formed when reacted for
4 h compared with that for 2 h. With time increasing, these
small particles grow larger, which can be served as another
evidence for the formation mechanism of Li,TiO; to be
dissolution and precipitation.

4. Conclusions

Li,TiO3 nano-particles were synthesized via hydrothermal
reaction using microsized anatase TiO, and LiOH with
stoichiometric Li/Ti ratio and LiOH concentration of 2 mol/L.
5 Conclusions are drawn as follows:

(1) The crystallite size of TiO, obviously decreases from
53.8nm to 36.9 nm after hydrothermal treatment in
distilled water, indicating that the dissolution takes place.

(2) No development of the (002) supercell diffraction peaks in
the XRD pattern is exhibited by hydrothermal reaction. In
contrast, full development is exhibited by calcination
above 500 °C for 6 h in air.

(3) The general particle size is about 114 nm, and no obvious
increase in particle size is observed during further
calcinations.

(4) HR-TEM analysis shows that the layered structure corre-
sponding to that of the LiTi2 layer along the ¢ axis is
clearly developed. After calcination, the ordering of the
atoms in the lattice plane is confirmed by the exhibition of
(002) diffraction ring in the SAED pattern and additional
Li ions diffuse into the supercell, corresponding with the
diffusion of Ti ions away from the interslab into the slab.

(5) Lithium ions insertion into TiO, corresponding with the
dissolution of TiO, takes place during the hydrothermal
reaction and for the formation of Li,TiO5, the
[LiOg_ ,OH,] and [TiO¢_;OH,] (0 <a, b < 6) octahedra
adjust with ongoing dissolution and precipitation for the
crystal growth.
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