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ABSTRACT

The formation mechanism of a spinel-type lithium titanate Li4Tis O, with TiO, anatase as raw material,
in both a conventional solid-state reaction (SSR) and a cellulose-assisted glycine-nitrate combus-
tion (cellulose-GN) process are comparatively studied. XRD characterization demonstrates high-purity
LigTisOq, forms at 750°C by the cellulose-GN synthesis, which occurs at a temperature at least 100°C
lower than that via SSR. The solid-phase reaction between TiO; and lithium compounds to form Li-Ti-O
spinel and the phase transition of TiO, from anatase to “inert” rutile phase occur competitively during
both synthesis processes. SEM results suggest that the solid precursor from the cellulose-GN process
has a smaller particle size and a more homogenous mixing of the reactants than that in the SSR.
Temperature-programmed oxidation experiments demonstrate that cellulose thermal pyrolysis creates
a reducing atmosphere, which may facilitate the oxygen-ion diffusion. Both factors facilitate the forma-
tion of Li-Ti-O spinel, while the TiO, anatase transforms to TiO; rutile during the SSR, which has slow
lithium-insertion kinetics. As a result, a high calcination temperature is necessary to obtain a phase-pure
Li4Ti5O1,. Charge-discharge and EIS tests demonstrate the Li;Tis O, obtained by the cellulose-GN pro-
cess shows much better low-temperature electrochemical performance than that obtained by standard
SSR. This improvement attributes to the reduced particle size due to the lower synthesis temperature.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Currently, Li-Ti-O composite oxides have received much atten-
tion because of their versatile phase compositions and numerous
potential applications [1-3]. The phase diagram of the Li-Ti-O
system has been systematically studied by several authors [4-6].
Depending on the molar ratio of lithium to titanium, there are
generally four compounds with defined phase structures seen
in the Li-Ti-O system, i.e., LisTiO4, (a, [, 7y)-phase Li;TiOs,
spinel (Li4Ti5013), and ramsdellite (Li;Ti3O7) [7-9]. Among these,
Li4Tis01, has received particular interest recently because of its
potential application as the anode material in lithium-ion (Li-ion)
batteries.

Li-ion batteries have many advantages over other types of
rechargeable batteries, such as high power and energy densi-
ties, high voltage, no memory effect, no toxic battery materials,
and a low self-discharge rate. As an energy-storage device, the
charge/discharge processes involve lithium intercalation into and
de-intercalation from the electrodes, such that the performance
of Li-ion batteries depends strongly on the electrode properties.
Traditional Li-ion batteries are composed of a LiCoO, layered cath-
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ode and a carbon-based anode [10,11]. These batteries have found
great success in applications in the portable electronics sector. Due
to environmental protection and energy-saving concerns, there
is now an increasing interest in Li-ion batteries for larger-scale
applications; for example, as power sources for hybrid, plug-
in hybrid, and electric vehicles [12]. In these applications, high
charge/discharge rates, long cycling life, and high safety are the
basic requirements. However, the state-of-the-art Li-ion batteries
suffer from a lack of an end-of-charge indicator in their voltage
profile. There are also safety concerns because the low lithium
intercalation voltage of ~100 mV at the carbon anode promotes the
formation of metallic lithium, which can react with the electrolyte
or the highly charged cathode, causing combustion of the organic
electrolyte [13].

Li4Ti5015 is regarded as an ideal anode material for Li-ion bat-
teries with long cycling stability due to the small lattice parameter
variation during the charge and discharge processes [14]. It has a
theoretical capacity of 175mAhg-! and a discharge platform of
about 1.55V versus Li/Li* [15], above the reduction potential of
most electrolyte solvents. Therefore, highly resistant passive films
from the reduction of electrolyte on the electrode surface would be
less likely to form. For the same reason, the formation of metallic
lithium during the discharge process can also be avoided. It is gen-
erally believed that Li4Ti5O1; is a safe anode suitable for high-rate
applications.
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One drawback of Li4Tis 01, may be its poor electrical conductiv-
ity [16]. As a result, anodes made from coarse Li4Tis01, show large
electrode-polarization resistance at high charge/discharge rates. To
circumvent this problem, surface coating with conductive film [17],
doping with multivalent cations to increase the intrinsic electronic
conductivity of the oxide [17], and decreasing the grain size via
advanced synthesis techniques to reduce the diffusion distance and
increase the interfacial surface area [18] have been tried. Tradi-
tionally, Li4TisOq, has been synthesized by a solid-state reaction
at elevated temperatures, i.e., 900-950°C [19,20]. Such high cal-
cination temperatures not only coarsened the powders but also
increased the lithium evaporation rate, such that a poor rate per-
formance was frequently observed.

Recently, we demonstrated that high rate-performance
Li4Ti5 01, electrode material can be facilely prepared by a cellulose-
assisted combustion synthesis using TiO, anatase as the titanium
source [21]. As compared with the solid-state reaction employing
the same TiO, anatase raw material, the firing temperature for a
phase-pure LigTis 01 was at least 100 °C lower, while the synthesis
time was several times shorter. The reduced synthesis tempera-
ture and decreased calcination time then allowed the synthesis of
Li4Ti501, powders with much less aggregation and a consequently
much higher electrode performance.

Understanding the mechanism of these reactions would be
helpful for further optimizing the synthesis process. It may also
provide guidance in the synthesis of other functional materials. In
this work, a mechanistic study of the synthesis of LizTisOq5 via
the cellulose-assisted combustion technique was systematically
performed. The low-temperature electrochemical performances of
Li4Tis 01, produced by the combustion synthesis and by a conven-
tional solid-phase reaction were compared.

2. Experimental
2.1. Materials synthesis and electrode fabrication

Li4Tis 04, oxide was prepared with TiO, anatase as the starting material by both
the solid-state reaction and the cellulose-assisted glycine-nitrate combustion pro-
cess. The ratio between cellulose to TiO, precursor is ~8g:5g. For details of the
synthesis process, we refer the reader to our previous publication [21].

The electrochemical cycling performance of LisTis 01, powders was carried out
with coin-shaped cells using a metallic lithium film as both the counter and reference
electrodes. The cells had a configuration of Li metal (-)|electrolyte| LisTisO12 (+),
with a liquid electrolyte (1 M solution of LiPFg in ethylene carbonate (EC)-dimethyl
carbonate (DMC) (1:1, v/v). Microporous polypropylene film (Celgard 2400) was
used as the separator. A combination of 85wt.% Li4Tis0¢, with 8 wt.% conductive
carbon Super P (NCM HERSBIT Chemical Co., LTD., China) and 7 wt.% polyvinyli-
dene fluoride (PVDF) binder homogeneously mixed in N-methyl pyrrolidinone
(NMP) were prepared into viscous slurries for efficient deposition. The slurries were
deposited on current collectors of copper foil (10 wm) by a blade, which was pre-
treated by etching with 1 M nitric acid solutions followed by rinsing with water and
then acetone. The electrode was then dried under vacuum at 100°C for 12 h before
electrochemical evaluation. Cell assembly was conducted in a glove box filled with
pure argon.

2.2. Characterization

The phase structures of the synthesized powders were characterized using
an X-ray diffractometer (XRD, ARL X’ TRA) with Cu Ka radiation (A =0.1541 nm).
The experimental diffraction patterns were collected at room temperature by
step-scanning in the range of 10° <20 <80°. The particulate morphology of the
LisTisOq, precursors from the solid-state reaction synthesis and the cellulose-
assisted combustion synthesis were examined using an environmental scanning
electron microscope (ESEM, QUANTA-2000).

The temperature-programmed oxidation (0,-TPO) experiment with the solid
precursor from the cellulose-assisted combustion synthesis was performed as fol-
lows. About 0.1 g of solid precursor was placed into a U-type quartz reactor with
an inner diameter of 3 mm. Then, 10vol.% O,/Ar (for 0,-TPO) at a flow rate of
20 mLmin~! [STP: standard temperature and pressure] was introduced to the reac-
tor. After the gas had been flowing through it at room temperature for 30 min, the
reactor was heated to 950°C at a rate of 10°C min~!. The effluent gas from the reac-
tor was connected to a Hiden QIC-20 Mass spectrometer (MS) for in situ monitoring
of the concentration variations of selected species.

The charge-discharge characteristics of the cells were recorded at different rates
over the potential range of 1.0-3.0V using a NEWARE BTS-5V50 mA computer-
controlled battery test station within the temperature range of —20 to 30°C.
Complex impedance measurements of the electrode at 20% depth-of-discharge were
carried out at various temperatures using a Princeton Applied Research PARSTAT
2273 advanced electrochemical system over the single cell at of fully charged, fully
discharged or discharging states. A perturbation of 10 mV was applied and data were
collected under PC control at the applied frequency range of 100 mHz to 1 MHz.

3. Results and discussion

Previously, we have demonstrated that a calcination temper-
ature of 850°C and a prolonged calcination time of 17h was
necessary to obtain a phase-pure spinel-type LisTi5O15 by the con-
ventional solid-state reaction using TiO, anatase and Li;COs as the
reactants. However, by adopting the cellulose-assisted combustion
technique with the same TiO, anatase as a titanium source, further
calcination of the solid precursor at 750 °C for 5 hresulted in the for-
mation of high-purity Li4TisO15 [21]. To obtain information needed
to interpret the reduced-temperature synthesis of Li4Tis O1; via the
cellulose-assisted combustion technique, the solid precursors from
both synthesis processes were calcined at various temperatures in
air and the resulting powders were subjected to phase-composition
analysis.

Fig. 1 shows the XRD patterns of the solid precursor from the
cellulose-assisted combustion synthesis and the products obtained
by further calcination of the precursor at 400, 500, 600, 700 and
750°C for 5h in air. Some Bragg diffraction peaks of weak inten-
sity, assigned to the spinel-type LixTiO,.y, phase, along with the
diffraction peaks of the main anatase TiO, phase were observed
in the XRD patterns of the solid precursor. However, no lithium-
related phase was detected, suggesting an amorphous structure of
the lithium compounds in the solid precursor. Previously, we have
demonstrated that auto-combustion could instantly create a high
temperature, which promoted the phase reaction between TiO, and
the Li-related phase by incorporating Li* into the TiO- lattice with
the formation of a spinel-type LixTiO5./, composite oxide [21]. The
weak diffraction peak intensities suggest the poor crystallinity of
the formed LixTiOy.x/, phase. The peak intensity of the spinel phase
progressively increased relative to the anatase phase with the cal-
cination temperature. At 700 °C, the peak intensity of the anatase
phase was substantially reduced as the spinel phase became the
dominant phase. The rutile phase, although at weak peak intensity,
was also sometimes observed between 400 and 700 °C. After the
calcination at 750°C, only the spinel phase was detected, suggest-
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Fig. 1. X-ray diffraction patterns of the solid precursor of Li4 Tis O+, for the cellulose-
assisted combustion synthesis obtained by auto-combustion and the powder
products from further calcination of the solid precursor at various temperatures
for 5 hin air. (O): spinel LisTis 012, (*): rutile TiO,, (+): anatase TiO,.
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Fig. 2. X-ray diffraction patterns of the samples prepared by the cellulose-assisted
combustion process after calcination at 750 °C for different times.

ing the successful formation of a phase-pure Li4TisO1, composite
oxide. To determine the effect of calcination time on phase forma-
tion, the solid precursor was calcined at 750 °C for different periods.
As shown in Fig. 2, the oxide displayed the main phase structure of
spinel, although a trace amount of TiO, rutile was still observed at
very weak peak intensity. Such a trace of impurity phase was later
found out to have negligible effect on the electrode performance.
This suggests the Li4TisO1, composite oxide can be facilely formed
by calcination of the solid precursor at 750°C, agreeing well with
our previous observation.

As for the solid-state reaction employing TiO, anatase and
Li;CO3 as the raw materials, large differences in phase-formation
behavior were observed. Fig. 3 shows the XRD patterns of the pow-
der products from calcination at various temperatures in air for 5 h
of the solid precursor made by the solid-state reaction. The solid
precursor showed a physical mixture of TiO, anatase and Li,COs3,
indicating no phase reaction happened during the grinding process.
After calcination at 500 °C for 5 h, there was only a minor amount of
spinel phase formed, and the sample mainly displayed an anatase
phase. At a calcination temperature of 700 °C, the TiO, rutile phase
appeared with high diffraction peak intensity, while the peak inten-
sity of the TiO, anatase phase was reduced substantially. It suggests
the TiO, anatase was transformed into the rutile phase during the
calcination at this temperature. At 850 °C, the rutile phase was still
present at notable peak intensity, although the main spinel phase
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Fig. 3. X-ray diffraction patterns of the samples prepared by solid-state reaction
after calcination at various temperatures in air for 5h. (O): spinel Li4TisO12, (*):
rutile TiO,, (+): anatase TiO,, (*): Li;COs.
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Fig. 4. X-ray diffraction patterns of the samples prepared by solid-state reaction
after calcination at 750 °C for various times. (O): spinel LigTis 012, (*): rutile TiO.

had formed. Phase-pure Li4TisO1, was formed only after calcina-
tion at 950°C for 5h. To demonstrate whether the failure in the
synthesis of phase-pure LisTisO1, at reduced temperature from
the solid-state reaction product was due to insufficient calcination
time, the solid precursor was calcined at 750 °C for different times.
As showninFig. 4, although the relative intensity of the spinel phase
with respect to the TiO, rutile phase increased with increasing cal-
cination time, a considerable amount of TiO, rutile phase was still
present even after a calcination time as long as 100 h. This reveals
the sluggish nature of the solid-state reaction in the formation of
Li4Ti501, and suggests that simply increasing the calcination time
is not a practical way to synthesize LizTi5O15.

It is well known that TiO, can take several crystalline structures,
with the TiO, rutile being the most stable one. The TiO, anatase is
metastable; the thermal treatment could induce the phase trans-
formation of TiO, anatase to the more thermodynamically stable
TiO, rutile phase [22]. To explain the appearance of the TiO, rutile
phase during the calcination process via the solid-state reaction
with TiO, anatase as the raw material, the TiO, anatase was cal-
cined at various temperatures for 5 h and the oxides obtained were
then subjected to phase-composition analysis. Fig. 5 shows the XRD
patterns of TiO, anatase after calcination at 300-850°C in air for
5h. At 700 °C or lower, no obvious phase transition of TiO, anatase
to TiO; rutile was observed. Such a phase transition was still negli-
gible at 750 °C, but greatly promoted at 800 °C. In connection with
the results in Fig. 3, the phase-transition temperature of TiO, from
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Fig. 5. XRD patterns of TiO, after heat treatment at various temperatures in air
for 5h.
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anatase to rutile was somewhat lowered for the Li;CO3; and TiO,
mixture. In the prior literature, it has been observed that the phase-
transition temperature can be reduced via cation-doping of TiO,
anatase [23]. Recently, M. Zukalova et al. also mentioned that P-
doping would reduce the thermal stability of anatase TiO, [24].
These imply that the solid-state reaction between Li;CO3 and TiO,
during the calcination process likely promoted the phase transition
of TiO, from anatase to rutile.

The solid-phase reaction involves cation and anion diffusion. For
the synthesis of Li4Tis 015 from TiO, and Li; CO3, the overall reaction
can be expressed as:

5TiO3 +2LiCO3 — LisTisOq2 +2C0x1

TiO, and Li;CO3 have melting points of 1640°C and 723°C,
respectively. Furthermore, Li* has a much higher diffusivity than
Ti%*. This suggests that LiCO3 is much more active than TiO, at
intermediate temperature ranges. As a result, the formation of
Li4TisOq, attributed to reactive lithium carbonate reacting with
stable titanium dioxide.

During the synthesis, the following reactions could happen com-
petitively:

TiO; (anatase) + Li,CO3 — LigTi5Oq3 +CO2 1 (1)
TiO, (anatase) — TiO, (rutile) (2)
TiO, (rutile) + Li;CO3 — LigTi5sOq3 +CO51 3)

Since the TiO, anatase more easily incorporates lithium than
TiO, rutile, the transition of TiO, from anatase to rutile phase would
greatly suppress the formation of Li4Ti;O1;. The appearance of a
considerable amount of TiO, rutile during the calcination process
thus in part explains the high calcination temperature and pro-
longed calcination time required for the synthesis of Li4TisO1, by
the solid-state reaction.

Concerning the much smaller amount of TiO, rutile formed dur-
ing the calcination via the cellulose-assisted combustion synthesis
as compared to that in the solid-state reaction process, although a
LiNOs3 solution was applied as the raw material in the combustion
synthesis, the lithium also converted to a solid compound after the
auto-combustion. During the auto-combustion process, the high
combustion temperature promoted the phase reaction between
TiOy and lithium with the formation of spinel LixTiOp.x; phase
while the phase transition of TiO, anatase to TiO, rutile was not
induced due to the short combustion time. This is an important
cause for the reduced synthesis temperature of spinel Li4Tis O via
the combustion technique. During the following calcination pro-
cess, the reaction between TiO, anatase and the lithium compound
can also be treated as a solid-phase reaction.

It is well known that solid-state reactions start at the interface
of the reactants. The higher the interfacial area of the reactants,
the higher reaction rate should be. Fig. 6 shows the SEM images of
the precursors of the solid-state reaction and one from the auto-
combustion of the cellulose-assisted combustion synthesis. For the
precursor from the solid-state reaction, large separated grains were
observed, while the raw materials are mixed much more homoge-
neously and the particles are finer in size in the solid precursor
from the cellulose-assisted combustion synthesis, which greatly
promoted the phase reaction between TiO, and lithium to form
the target compound, LizTi5O15.

Previously, we demonstrated that a reducing atmosphere could
be created during the auto-combustion process due to the insuf-
ficient combustion of the organic during the synthesis [22]. The
gray color of the solid precursor suggests there were still con-
siderable organic residuals right after the auto combustion. An
0,-TPO experiment was then conducted on the solid precursor
to investigate the oxidation process therein. Fig. 7 shows the gas

Fig. 6. SEM photos of (a): the precursor from the solid-state reaction of Li;CO3; and
anatase TiOy; (b): the solid precursor from the cellulose-GN combustion process.

composition of the effluent gas during the 0,-TPO process. Dur-
ing this process, a considerable amount of the reducing species CO
was formed, which created a reducing atmosphere around the reac-
tants. Consequently, the TiO, was likely reduced to TiO,_g during
the high-temperature calcination process. The solid-state reac-
tion between TiO, and lithium compound to form LizTisO15 also
involves oxide-ion diffusion. Thereby, the formation of LizTi5O15
via the solid-state reaction is also closely related to the oxygen-
ion conductivity of the TiO,. Indeed, it has been reported that TiO,
has a certain level of ionic conductivity at elevated temperature
[25-27]. Similar to many composite oxides [28,29], oxygen vacan-
cies form the oxygen-ion diffusion path. In a recent literature, Y.
Wang et al. reported that by reducing the surface Ti (IV) to Ti (III) of
TiO,, the surface conductivity was improved and the Li-ion diffu-
sion path was shortened during the synthesis process of LizTi5012
[30]. This implies the reaction rate between TiO; and a lithium com-

Singal intensity
O
Q
o

NO and NO,

T T T T -
100 300 500 700 900950 isotherm 950
Temperature (°C)

Fig. 7. 0,-TPO profiles of the precursor of cellulose-GN combustion process.
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Fig. 8. Mechanism illustration of the solid-state reaction and cellulose-GN processes for LisTis 01, synthesis.

pound should be promoted under a reducing atmosphere, which
promoted the formation of Li4Ti5O1, spinel phase at a lower tem-
perature.

In view of the reaction mechanisms of the solid-state process
and cellulose-assisted combustion process with XRD, SEM and TPO
results, mechanism illustrations of reaction process are proposed
and illustrated in Fig. 8. Generally, the solid-state reaction between
two solid phasesis interfacial reaction [31]. As the reaction temper-
ature rises, Li-Ti-O crystal layer formed on the surface of anatase
TiO, particles. Then Li-ions passing through the layer of Li-Ti-O
reacted with anatase TiO,. At the same time, the phase transition
of TiO, from anatase to rutile phase occurred. As relatively stable
structure, rutile TiO, was difficult to react with lithium at a lower
calcination temperature. Consequently, very high calcination tem-
perature is needed to facilitate the solid-state reaction between
rutile TiO, and Li,CO3/LiOH to form LiyTisO12 [32,33], which will
result in the loss of lithium sources and difficulty in precise control
of the cation stoichiometry. For cellulose-GN process, the lithium
compounds as an amorphous structure distributed around the
anatase TiO, homogenously after self-combustion process, result-
ing in better mixing of both Li and Ti precursors. Spinel-type
LixTiO54y» phase has been partly formed in the precursor, so that
the subsequent formation of pure phased spinel-type LizTi5Oq;
becomes faster. Furthermore, cellulose thermal pyrolysis created
a reducing atmosphere, which improved the surface conductivity
and shortened the Li-ion diffusion path. Therefore, all the factors
mentioned above then accounted for the synthesis of LisTisO1; at
a lower temperature (750°C) via the cellulose-combustion tech-
nique. The promoted formation of Li4Tis O, phase then suppressed
the appearance of the TiO, rutile phase during the synthesis.

The reduced temperature of the cellulose-assisted combustion
synthesis thus resulted in a higher surface area and less aggregation
of the Li4Ti5 O, than that prepared from the traditional solid-state
reaction. The smaller grain size suggests a shorter diffusion dis-
tance, while a higher surface area means more interfacial reaction
sites; both are beneficial for a higher reaction rate performance.
Fig. 9 shows the discharge capacity of the Li4TisO1, anodes at vari-
ous temperatures at a 1 C rate with the powders synthesized by the

cellulose-assisted combustion synthesis after calcination at 750°C
for 2 h and from the standard solid-state reaction after calcination
at 850°C for 17 h. The anodes prepared from both synthesis tech-
niques reached the theoretical value of 175 mAh g~! atan operating
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Fig.9. The discharge profiles of the Li4Tis 012 anodes from 1to3Vata 1 Crate at var-
ious temperatures; (a) prepared from the cellulose-assisted process and further cal-
cined at 750°C for 2 h, (b) the solid-state reaction product calcined at 850 °C for 17 h.
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Fig. 10. Complex impedance plots of the half cell with an LisTis0;, anode prepared
by (a) cellulose-assisted combustion synthesis calcined at 750°C for 2 h; (b) solid-
state reaction calcined at 850°C for 17 h.

temperature of 35°C with good cycling stability. However, with
a decrease in operating temperature, the capacity of the anode
prepared from the solid-state reaction decayed quickly, reaching
only 49.6 mAhg-! at —20°C, while the anode prepared from the
cellulose-assisted combustion synthesis still retained a capacity of
94.1mAhg-1. Fig. 10 shows the EIS of both cells at selected tem-
peratures. The electrode-polarization resistance increased sharply
for the cell with the Li4TisOq, derived from the standard solid-
state reaction, while the increment was much less for the cell
with the cellulose-assisted combustion-synthesized Li4Ti5sO15. The
larger polarization associated with the Li4TisO, from the solid-
state reaction is due to the larger grain size, resulting from the high
calcination temperature necessary for obtaining the phase-pure
anode.

4. Conclusions

During the synthesis of Li4Tis01, from TiO, anatase, the phase
transition of TiO, from anatase to the more stable rutile phase and
the solid-phase reaction between TiO, and the lithium compound
happened competitively. TiO, rutile has a much lower reactiv-
ity with lithium; the formation of TiO, rutile then required a
higher calcination temperature to obtain phase-pure LisTi5015.
Via the cellulose-assisted combustion synthesis, the near-instant
combustion rapidly created a high temperature, which promoted
lithium incorporation into the TiO, without the anatase-to-rutile
phase transition of TiO, during the auto-combustion process. It

also resulted in a much more homogenous mixing of the raw
materials and a much finer particle size of the reactants, which
was beneficial for the reaction to proceed at lower temperature.
Furthermore, a reducing atmosphere was created during the cal-
cination process of the solid precursor from cellulose-assisted
synthesis, due to the insufficient oxidation of the residual organic
matter, promoting oxygen-ion diffusion. All the above factors
then facilitated the reaction of TiO, and the lithium compound
to form LigTi5Oq2. As a result, high-purity Li4TisOq, was formed
at 750°C within a short time (1-5h) before the phase transi-
tion of TiO, from anatase to rutile occurred to any significant
extent. As for the solid-state reaction, the transition of TiO, anatase
to rutile occurred during the calcination process, which further
increased the difficulty of Li4TisOq, formation. As a result, calci-
nation at ~950°C for 5h (or 850°C for 17 h) is necessary to obtain
phase-pure LigTis01,. Due to the reduced-synthesis temperature,
the as-obtained powder from the cellulose-assisted combustion
synthesis showed much better low-temperature electrochemi-
cal performance. It may find potential practical applications in
batteries for electric vehicles working at low-temperature condi-
tions.
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