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Abstract:

Extra phase-pure Li,TisO;, spinel with particle sizes less than 500 nm was
synthesized by solid state reaction of mechanochemicaly activated mixture of nano anatase
and Li,COjs for a very short annealing time, 4 h at 800 °C. Structural and microstructural
properties, the mechanism of solid state reaction between anatase and Li,CO; as well as
thermal stability of prepared spinel were investigated using XRPD, SEM and TG/DSC
analysis. The mechanism of reaction implies decomposition of Li,CO; below 250 °C,
formation of monoclinic Li,TiO; as intermediate product between 400 and 600 °C and its
transformation to Li,TisO;; between 600-800 °C. The spinel structure is stable up to 1000 °C
when it is decomposed due to Li,O evaporation.

Keywords: X-ray diffraction, Mechanism, Thermal stability, Li,TisO;, Sspinel, Phase-pure

1. Introduction

Lithium titanate, LisTisO1,, was presented in the 1990s as a prospective ‘‘zero-strain’’
Li-insertion material [1-3]. ‘‘Zero-strain’’ insertion of lithium considers that there is a
negligible expansion and contraction of the material during intercalation/elimination of Li"

ions. Li4TisOy; has a spinel structure (space group Fd 3 m, a ~ 8.35 A) that consists of a nearly
cubic closed pack of oxygen atoms with lithium atoms occupying tetrahedral (8a) and
octahedral (16c, 16d) sites, whereas Ti, partly substituted by Li, is placed in the octahedral
16d sites. The overall Li-insertion capacity is limited by the number of free octahedral sites,
but LisTisO, can accommodate 3Li" per unit cell with no change of unit cell parameter a. The
mechanism of Li intercalation into Li;TisO;, can be shown with the following equation:
[Lis]*[LiTis]"*[0,]** + 3Li" + 3¢ [ [Lig]"*[LiTis]"* [012]**

The intercalation/elimination process is based on the phase transition of spinel
structured LisTisO;; to NaCl structured Li;TisOy,, permitting in that manner the reduction of
3Ti*" jons out of 5, which corresponds to the theoretical capacity of 175 Ah kg'.* Detailed
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studies about chemical and electrochemical Li-insertion into LisTisO1, were performed by
Aldon et al. [4] and Ariyoshi et al. [5]. The phase transition occurs without or with a very
small displacement of oxygen atoms from their original positions in the spinel structure. The
negligible structural changes during lithium insertion/extraction make LisTisO;, an advanced
anode material for long-cycle life battery applications. Furthermore, in comparison to natural
graphite, LisTisO;, shows better thermal stability and sharper voltage wave that can serve as
an overcharge/discharge indicator [6]. On the other hand, a phase-pure Li,TisO;,, appropriate
for anode application in Li-ion batteries, is difficult to prepare. The main reason is that
annealing time and temperature are restricted in order to inhibit particles growth and to
maintain good electrochemical properties [7].

Syntheses of LisTisO;, spinel mainly by the sol-gel technique have been studied
extensively [8-10]. Although many authors claim about low temperature sol-gel spinel
synthesis, it was not difficult to notice that prepared samples were not really a phase-pure
until long annealing times (often more than 12 h) at temperatures about or above 800 °C were
applied. Because sol-gel routes could be tedious and often require toxic and/or expensive
reactants, it seems that solid-state reactions are an enhanced approach for synthesis of this
material. Until now, Ohzuku et al. [3] obtained a phase-pure Li;TisOj, by annealing
LiOH-H,0 and anatase powder mixture at 800 °C for 12 h, while Birke et al. [11] synthesized
the spinel from a mixture of Li,CO; and rutile at 850 °C for 24 h. Guerfi et al. were
successfully prepared a phase-pure LisTisO, by heating a ball-milled solid Li,COs—anatase
mixture at 850 °C for 12 h [12]. Abe et al. made efforts to prepare a phase-pure LisTisOy;
from the same mixture using short annealing times (1 — 3 h), but temperature about 950 °C
was necessary to obtain 81 — 88 % phase purity [13]. Wang et al. synthesized LisTisO;, by
high energy ball milling (HEBM) of a mixture containing LiOH-H,O and anatase with
subsequent annealing at 800 °C for 12 h and investigated the influence of milling time on
morphology and electrochemical properties [14]. Although the resulted particles were not
small enough, the effects of mechanical activation are supportive for lowering the annealing
temperature, and HEBM is a very promising way to produce micro- or even nanostructured
Li4TisOy; spinel and similar materials.

In this work we report the synthesis of extra phase-pure Li;TisO;, via solid state route
by annealing a HEBM activated Li,COs;—anatase mixture for only 4 h at 800 °C. Also, the
influence of TiO, particle size on the reaction, thermal properties and powder morphology of
the products were examined.

2. Experimental

Two powder mixtures with a molar ratio of Li : Ti =4 : 5, distinctive by particle size of
starting TiO,, were studied. The British Drug Houses Ltd. Li,CO; was used as the lithium
source in a combination with micro or nano sized TiO, (anatase). The average particle size of
Fluka micro sized anatase was about 7 [Jm (as measured by the particle size analyzer
Mastersizer 2000), while Aldrich nano anatase was declared by manufacturer as less than 5
nm. The mixtures were treated by HEBM using the SFM—1 High Speed Shimmy Ball Mill
(MTTI Corporation) in stainless steel vials of 250 ml volume for 4 h. Powder (m =10 g) to
balls (d = 13.4 mm) mass ratio was 1:30. The angular velocity of vials was 396 rpm for first 2
h and 550 rpm for second 2 h of milling. The mechanically activated mixtures were
subsequently annealed at 400, 600 and 800 °C for 4 h in air, and spontaneously furnace cooled
to room temperature.

X-ray powder diffraction data (XRPD) were collected on an Ital Structures APD2000
diffractometer, while phase composition of samples was completed using the Powder Cell 2.4
program [15]. The mean crystallite size, <D>, of the initial TiO, nanopowder and milled
samples was estimated by the Scherrer formula [16] from the highest (101) anatase maximum
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at 25.35 °2[1. The peak widths were corrected for instrumental broadening using LaBg as a
standard material. The thermal behavior of the precursor mixture and final products was
studied using an SDT Q600 TGA/DSC instrument (TA Instruments) up to 1200 °C at a
heating rate of 20 °C min ' under a dynamic air atmosphere (flow-rate 100 cm’ min ). The
morphology of powders was investigated by Vega—Tescan VEGA TS 51 30MM scanning
electron microscope.

3. Results And Discussion
3.1 Structural and microstructural properties

Figs. 1 and 2 show the evolution of the spinel Li;TisO,, structure originated from the
HEBM mixtures of Li,CO; with micro (sample mALi) and nano anatase (sample nALi),
respectively. Already after the mechanochemical treatments a slightly different behavior of
the samples, especially regarding crystallinity of anatase phase, was observed (Figs. 1a and
2a). While Li,CO; phase is almost completely amorphized in both cases, the estimated mean
crystallite size, <D>, of anatase phases are: 13, 14 and 30 nm, for the initial nano anatase,
nALi and mALi, respectively. Thus, milling had no significant effect on nano anatase,
probably because the initial size of crystallites was below the limit of possible milling
efficiency for given experimental conditions.
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Fig. 1. XRPD patterns of the mALi sample after: (a) HEBM treatment and annealing at (b)
400 °C, (c) 600 °C, and (d) 800 °C

Microstructural characteristics of as-milled samples are practically identical and only
micrographs of nALi sample are shown in Figs. 3a and 3b. After milling, the powders consist
of irregular agglomerates ranging from 1 to 20 um that are formed from particles of very
different shape and size (from less than 100 nm to about 1 um). This is typical for most
HEBM samples, see, for examples [17-19].
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Fig. 2. XRPD patterns of the nALi sample after: (a) HEBM treatment and annealing at (b)
400 °C, (c) 600 °C, and (d) 800 °C

Fig. 3. SEM of the nALi sample: after milling (a and b) and after annealing at 800 °C
(cand d)

Annealing at 400 °C (Figs. 1b and 2b) resulted in appearance of a Li-containing phase;
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besides, a slight anatase to rutile transition (authenticated by a small rutile peak at 27.4 °[1[]
was observed in the mALi sample. The maxima of Li-containing phase correspond to the
Li4Tis04, spinel (JCPDS card 82-1616), but also to the monoclinic Li,TiO; phase (JCPDS
card 88-0416), and in this stage of the reaction the structure was not enough developed for
reliable concluding. After annealing at 600 °C the shape of peak at 18.3 °2[J and partial
splitting of peak at 43.3 °2[J confirmed the presence of both LisTisO;, and Li,TiO; phase
(Figs. 1c and 2c¢). Similar behavior was already noticed by many authors in related systems
[20-22].

The phase composition of the samples after annealing at 600 °C, Tab. I, show another
dissimilarity between two systems, particularly when contents of monoclinic and spinel phase
are compared. Such behavior indicates different kinetics and/or mechanism of the reactions
depending on particle size of anatase used (vide infra).

Tab. 1. Phase composition of the samples after annealing at 600 °C

Phase composition / mass %

Sample

Anatase (A)  Rutile (R) Li,TiO; (M)  LisTi504, (S)
mALi 16 20 35 29
nALi 23 19 49 9

Contrary to the four-phases systems obtained at 600 °C, calcination at 800 °C resulted
in formation of the phase-pure LisTisO,, samples (Figs. 1d and 2d). Actually, a careful
analysis and comparison of diffractograms has shown traces of rutile impurity (about 1 mass
%) in the final mALi sample (Fig. 1d). On the other hand, rutile peaks were not observed in
the case of nALi sample (Fig. 2d) demonstrating the presence of an extra phase-pure
Li4Tis0,, spinel and advantage of nano anatase as starting material. The unit cell parameters a
of the prepared spinels calculated by the program LSUCRIPC [23] are: 8.359(1) A for both
prepared samples.

Although single phase samples were prepared by many authors at temperatures about
800 °C, it was necessary to apply long annealing times, so there is a general agreement about
difficulty to obtain phase-pure samples with no traces of anatase or rutile [11,12,24]. In
addition to the obvious effect of nano anatase, a two-stage milling (see Experimental) could
also be of some importance in our procedure, because even in the final mALi sample the
rutile content is almost negligible.

Scanning electron micrographs revealed very different powder morphologies of milled
and annealed samples (Fig. 3). After annealing particles have very similar shape with sizes
less than 500 nm and they form smaller agglomerates. No sintering effects could be observed,
and it was not possible to detect rutile impurities in mALi sample. As noticed by many
authors, LisTis0;, particles could stay relatively small if short annealing times are applied
[13,30]. Also, LisTisO,, with very similar particle sizes have very good electrochemical
properties and some authors suggested that the solid-state method is suitable for the
preparation of anode material with high discharge capacity, excellent good cycling behavior
and rate property [25,26].

3.2. Thermal properties, mechanism and kinetics of reaction

In order to get deeper insight into mechanism of solid state reaction between Li,CO;
and TiO, milled nALi precursor was additionally examined by TG/DSC analysis from room
temperature to 1200 °C (Fig. 4). Generally, the TG/DSC results are in a good agreement with
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previously published studies on LisTis01, precursors prepared by HEBM [27,28] or even by
sol-gel technique [29-31]. The main mass loss of 20.7 % occurs in two highly endothermic
and overlapped steps between room temperature and 500 °C. As shown by inflection point at
250 °C, the accompanied mass losses are 8.4 %, for the first, and 12.3 %, for the second step.
The first step is comparable to the results for mechanochemically activated powder mixtures
that include Li,CO; and can be attributed to the vaporization of air moisture entered during
HEBM [27,28]. However, the mass loss during the second step is smaller than theoretical
value (16.1 mass %) if only escape of CO, from Li,CO; is assumed. This means that
decomposition of Li,CO; starts even bellow 250 °C, which is much lower than 380 °C as
observed for non-activated mixtures containing Li,COs; [28].
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Fig. 4. TG/DSC curves of nALi sample after milling and final nALi spinel

Between 500 and 1000 °C the process continues with a negligible mass loss (about
1 %), but two weak and broad endothermic peaks centered at 582 and 809 °C are visible.
Considering the results of XRPD analysis (Table I), the first peak probably implies formation
of monoclinic Li,TiO; and simultaneous anatase — rutile phase transition. Then the second
peak could represent the ending reaction between Li,TiO; and an excess of TiO, giving the
spinel Li4TisO; phase.

After the reaction is finished at about 800 °C, LisTisOy, is thermally stable up to
approximately 1000 °C, where a small mass loss (0.6 %) indicated a slight evaporation of
Li,O. Similar effect has been noticed by several authors for Li-containing spinel systems,
[32,33] but to our knowledge it was never investigated in detail. Because of that, the nALi
precursor was heated at 1150 °C for 2 h, cooled and analyzed by XRPD, which confirmed the
presence of at least four phases. Two of them predominate: Lijy3Ti34305 (ICSD Collection
Code 202897) and LisTi5s01,, but a minor quantity of rutile was also found. Besides, several
broad XRPD peaks at 3.90, 2.56 and 1.80 A indicated the presence of a low crystalline and
unknown phase(s). Thus, the occurrence of phases with lower Li content, Lij;Ti;43;0s and
rutile, confirms the evaporation of Li,O.

From previous discussion the following mechanism of the formation of LiyTisO; in the
investigated system can be assumed. The overall process starts with decomposition of the
amorphous Li,CO; well below 250 °C:

LizCO3 e d leO + COz(g) (1)
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which is immediately followed by a very slow formation of a Li-containing, very likely the
monoclinic Li,TiOs, phase. Between 400 and 600 °C two major reactions are:

TiO; (anatase) — TiO; (rutile) 2)
and
Li,O + TiO, — Li,TiO3 3)
where Ti0, is either anatase or rutile TiO, modification. Above 600 °C the main reaction is:
2 L12T103 + 3 TIOZ d Li4Ti5012 (4)
and it is completed at about 800 °C. Of course, a direct reaction:
2 leO + 5 T102 e d Li4Ti5012 (5)

should not be neglected. However, from data given in Table I this reaction does not look very
probable, especially in the case of nALi sample. Therefore, the monoclinic Li,TiO5 is a very
important intermediate in the solid state synthesis of LisTisO,.

Finally, above 1000 °C Li4Ti50,, slowly decomposes according to equation:

Li4Ti5012 d leO(g) + Li2.03Ti3A43Og + TIOZ + unknown phase (6)

When the phase composition of samples after annealing at 600 °C (Table I) is taken into
account, it can be concluded that reaction 4 and/or 5 starts under 600 °C, and it is much faster
in the case of mALi sample. At the same time, in the 400-600 °C range reaction 3
predominates in the case of nALi sample. Together with the fact that the rutile to anatase ratio
is higher in the mALi sample (1.25 versus 0.82, for mALi and nALi sample, respectively),
this can give a tentative explanation why traces of rutile are found in the final mALi sample.
Namely, rutile has a much lower reactivity with lithium than anatase, particularly when it is
not nanosized [34,35]. That means that formation of rutile requires higher temperature (or
longer time) of calcination, so an earlier formation of rutile when micro anatase is used
probably is the essential factor for different behavior of these two systems. A higher reactivity
of nano anatase with lithium (comparing to micro anatase) retards anatase to rutile
transformation giving the privilege to lithiation at temperatures higher than 600 °C.

4. Conclusions

Extra phase-pure Li;TisO,, spinel was synthesized by solid state reaction of anatase and
lithium carbonate for a very short annealing time, 4 h at 800 °C. The mechanism of the
reaction implies decomposition of Li,CO; to Li,O and CO, below 250 °C, formation of the
monoclinic Li,TiO; phase between 400 and 600 °C and its further reaction with TiO, to form
Li4TisO, in the range 600—800 °C. Of course, a parallel direct reaction between Li,O and
TiO; should not be denied.

Phase purity of LisTisO;, generally depends on the kinetic of anatase to rutile
transformation hence rutile is less reactive with lithium. When nano anatase is used as
reactant its transformation to rutile occurs at higher temperature than in mALi sample, leading
to extra pure phase LisTisO;, after shorter annealing time than usual. Two step HEBM
treatment is probably important factor leading to the spinel phase purity, since even in final
mALi sample the impurities content was almost negligible.

Prepared spinels have particle sizes of less than 500 nm due to short annealing time and
are stable to about 1000 °C when a slight Li,O evaporation is occurred, during which spinel
structure decomposes into several phases with lower Li content and rutile.
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Caopicaj: Dazno wucm cnunen Liy Tis0;; ca eenununom wecmuya marwom 00 500 nm dodbujen
Jje peakyujom y uspcmom cmary u3 cmexuomempujcke cmeute nanoarnamaca (TiO,) u Li;CO;
Koja je npemxo0HO aKMUusUpana mexaoxemujckum nocmynkom. Peakyuja y uspcmom cmarby
y nomnyHocmu ce 3aepuiasa 3a camo 4 yaca na memnepamypu 00 800 °C. V3 nomoh XRPD,
SEM u TG/DSC ananuse ucnumaue ¢y CmpyKmypHe u MUKpOCMpYKmypHe KapaKxmepucmuxe
Odobujenoe cnumnena, mexanusam peaxyuje usmehy amamaca u Li;CO; kao u mepmuuxa
cmabunnocm LiyTisOp,. Peaxyuja 3anouurwe pasznacarwem Li,CO; na memnepamypama
Huocum 00 250 °C. Haxon moea, na memnepamypama uzmely 400 u 600 °C dorasu 0o
dopmuparwa monoxnunuunoe LirTiO; xao unmepmeoujaproe npou3eooa, 00K CHUHEI,
Li, Ti5s0;, nacmaje y unmepsany 00 600 oo 800 °C. Cnunen je cmadunan oo 1000 °C, a 3amum
oonasu 00 we208oe2 pasnazarba ycied ucnapasarsa LirO.

Kwyune peuu: cnunen, Li,TisO;, penocencka ougparyuja, mexanuzam peaxyuje, mepmuyrd
cmabunHocm




