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Abstract Spinel phase LijTisO;, (s-LTO) with an average pri-
mary particle size of 150 nm was synthesised via a solid state route
by calcining a precursor mixture at 600 °C. The precursor was
prepared from a stoichiometric mixture of TiO, nanoparticles and
an ethanolic solution of Li acetate and activated by ball-milling,
Effects of the calcination temperature and atmosphere are exam-
ined in relation to the coexistence of impurity phases by X-ray
diffraction and °Li MAS NMR. The charge capacity of s-LTO,
determined from cyclic voltammogram at a scan rate of 0.1 mV/s,
was 142 mAh/g. The capacity of our optimised material is superior
to that of commercially available spinel (a-LTO), despite the con-
siderably smaller BET-specific surface area of the former. The
superior properties of our material were also demonstrated by
galvanostatic charging/discharging. From these observations, we
conclude that the presented low-temperature solid state synthesis
route provides LTO with improved electrochemical performance.
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Introduction

Spinel-type LisTisO;, (LTO) is one of the most promising
anode materials for lithium ion batteries [1—4] or capacitors
[5, 6]. Preparation methods for LTO via a liquid phase are
extensively discussed. They include solution [7],
solvothermal [8], or sol-gel methods [9, 10]. Solid state prep-
aration methods were adopted in many reports as reviewed in
[11]. Well known drawbacks related to the low reactivity of
the starting oxide mixture are associated with undesirable
grain growth. Such drawbacks could be overcome by an in-
crease in the nucleation site density and by subsequent crystal
growth. Hence, a decrease in the diffusion path and an in-
crease in the mobility of the diffusion species, i.e. Li" ions
have to be promoted. Such improvements in the reactants
decrease the calcination temperature and hence the particle
size. Smaller LTO particle size, in turn, improves the
charging rate and hence is important for its application
in Li-ion batteries [4]. Microwave irradiation is a unique
alternative of the solid state synthesis [12]. From the
viewpoint of affordable and scalable processes, however,
we here exclude this option.

Minimising TiO, particle size and mixing them as homo-
geneously as possible with a Li source are the key issues to
increase the nucleation site density and to decrease the subse-
quent diffusion path for LTO crystal growth. Using a grinding
mill seems to be appropriate for this purpose. Indeed, Zaghib
et al. used high-energy ball-milling to increase the reactivity of
the starting mixture for LTO growth [13]. However, the mix-
ture still required a heat treatment at 800 °C for 12 h to acquire
phase purity. Excessive mechanical stress induces severe ag-
glomeration of the reacting mixture suppressing the homoge-
neity of the reactants and hence increases the phase impurity
of the products [14]. Therefore, a highly homogeneous pre-
cursor should be prepared without severe mechanical stressing
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[15]. Following these concepts, we have recently developed a
method to synthesise stoichiometric Ky sNay sNbO3 without
any additives [16]. In such a case, K" and Na" competitively
diffuse into Nb,Os [17], while Li" ions solely diffuse into
TiO, during the crystallisation of LTO. Shin et al. studied
the solid state processes of LTO by focusing on the role of
the host oxides [18]. They used various TiO, sources to pre-
pare LTO and concluded that anatase nanoparticles are supe-
rior over rutile for product purity. They also emphasised the
importance of the homogeneity of the reactant mixture. The
stable intermediate, Li,TiO3, is preferentially formed
when Li is locally accumulated throughout the overall
stoichiometry of LTO. A similar conclusion was report-
ed by Liu et al. by examining the positive effect of
micronisation of titania, which was used as source material
[19]. We have to note, however, that there are some opposite
cases, where anatase is less desirable due to its phase transfor-
mation to rutile [18, 20-22].

The primary objective of this paper is to introduce a new
preparation method of spinel type LTO nanoparticles via a
solid state route, starting from a highly reactive, homogeneous
reactant mixture. Emphasis is laid on the preparation of the
starting mixture with the highest possible reactivity by using
an ethanol solution of Li acetate as a Li source. The prepared
LTO particles were characterised by several chemical and
structural analyses and by potentiostatic and galvanostatic
electrochemical measurements to examine their Li-insertion
ability. By comparing these properties with those of commer-
cial LTO, typical feature of the present preparation method
was closed up.

Materials and methods
Synthesis of LTO powders

Lithium acetate, LiOCOCH; (LiAc, Sigma-Aldrich), was dis-
solved in ethanol to obtain a 15 mass% ethanolic solution. An
exact stoichiometric amount of TiO, (Sigma-Aldrich, <25 nm
particle size, anatase) was added to the LiAc solution to give
ca 18.5 mass% TiO,. The mixture was co-milled in a planetary
mill (Pulverisette 6, Fritsch, Germany) at 150 rpm for 2 h by
using a 250-mL vial and WC balls 10 mm in diameter. The
ball-to-powder weight ratio was kept constant at 50:1. After
co-milling, the resulted colloidal dispersion was dried in vac-
uum at approximately 70 °C overnight and subsequently at
195 °C in an ambient atmosphere for 5 h. After drying the
mixture, the mechanically activated precursor (MAP) was ob-
tained, which was then calcined in a tube furnace in air or
under argon at a heating rate of 10 °C/min and held for 4 h
up to a maximum temperature of 600 °C. One sample was
calcined at 680 °C for comparison.
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Preparation of electrodes

A powder sample was dispersed in an aqueous medium to
form a viscous paste. The powder (0.2 g) was mixed during
stirring or gentle mortaring with 0.25 mL of 10 % aqueous
solution of acetylacetone. Subsequently, 0.13 mL of4 % aque-
ous solution of hydroxypropyl cellulose (Aldrich, MW 100,
000) was added and finally 0.06 mL of 10 % aqueous solution
of Triton X-100 (Fluka). Before use, the prepared slurry was
homogenised by stirring. If the slurry was too viscous, it was
further diluted by water. A titanium grid (5 x 15 mm,
Goodfellow) was used as the electrode support. Electrodes
were prepared by dip-coating. The coated area was ca
5 x 5 mm®’. The prepared electrodes were dried in air, and
finally calcined in air at 450 °C for 30 min.

Characterisation
Solid state properties

Thermogravimetry and differential thermal analysis (TG-
DTA) was carried out using a STA 449 F3 Jupiter apparatus
(Netzsch, Germany). The sample, placed in an Al,O5 crucible,
was heated from room temperature up to 1000 °C in air at
10 °C/min.

Crystallographic properties were examined by powder X-
ray diffraction (XRD) (Advance D8, Bruker, Germany, with
Cu Ko radiation and accelerating voltage at 40 kV and
40 mA). XRD patterns were collected in the range of 15 to
70° 260 with a step of 0.03°. Rietveld refinement of XRD data
of the as-prepared sample after calcination was performed.
XRD line broadening was analysed by the refinement of reg-
ular TCH-pV function parameters. In order to obtain a correct
geometry set up and to eliminate instrumental broadening, an
instrumental resolution function (IRF) was defined by refine-
ment of LaBg standard specimen.

Fourier transform infrared spectra (FTIR) were recorded on
a Tensor 27 (Bruker, Germany) spectrometer in the range from
4000 to 380 cm ' with a spectral resolution of 4 cm™' and 64
scans. Raman spectra were measured by a Horiba, XploRA
PLUS spectrometer with 532 nm diode laser excitation.

Particle size distribution was determined by dynamic light
scattering (DLS) equipment comprising of a diode laser
(Coherent Verdi V5 =532 nm, P,,,, =5 W) and a goniometer.
The signal was detected with single-mode fibre detection op-
tics (OZ from GMP, Switzerland) acquired by a Perkin Elmer
high-precision Photon Counting Module (Perkin Elmer,
Canada) and an ALV 7002/USB Digital Multiple Tau Real
Time Correlator (ALV, Germany). Light scattering was mea-
sured at a scattering angle of 90°. The corresponding size
distribution function was calculated by the optimised
regularisation technique [23]. Prior to measurements, powders
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were dispersed in water and sonicated. Only the supernatant
from the entire dispersion was collected for analysis. Hence,
the particle size information relates to the ensemble of the
smallest grains which occurred in the dispersion. BET surface
area of the prepared materials was determined from nitrogen
adsorption isotherms at 77 K (ASAP 2010, Micromeritics).

Microstructure and morphology were investigated using two
electron microscopes, i.e. (i) a field emission-scanning electron
microscope (FE-SEM, Mira 3, Tescan, Czech Republic) coupled
with an EDS analyser (Oxford Instruments, UK) and (ii) a com-
bined field emission (scanning) transmission electron microscope
(SYTEM (JEOL JEM-2100F). Prior to the TEM investigations,
the powders were crushed in a mortar, dispersed in ethanol, and
fixed on a copper-supported carbon grid. UV spectra of samples
were studied with a UV-Analytic JENA-Specord 250
Spectrophotometer by using an integrating sphere in the wave-
length range of 200—700 nm.

°Li magic angle spinning (MAS) NMR spectra were recorded
using a 500-MHz Avance III spectrometer (Bruker, Germany).
We used a 2.5-mm rotor and a commercial MAS probe to acquire
1D MAS spectra at a 30-kHz spinning frequency with a single
pulse excitation. The pulse length was about 2 pis.

Electrochemical properties

Electrochemical measurements were carried out in a one-
compartment cell using an Autolab Pgstat-302N (Metrohm) con-
trolled by GPES-4 software. The Li-insertion experiments were
carried out in 1 M LiPF4 + ethylene carbonate (EC)/
dimethylcarbonate (DMC) (1/1 by volume) in a glove box with
an argon atmosphere. Reference and auxiliary electrodes were Li
metal. Hence, the potentials are referred to as the Li/Li" (1 M)
reference electrode. Electrolytes, solvents, and redox-active mol-
ecules were of standard quality (p.a. or electrochemical grade)
purchased from Aldrich or Merck and used as received.

Electrochemical impedance measurements were carried
out using Autolab PGstat-30 equipped with the FRA module
(Metrohm Autolab/Eco Chemie). Data were processed using
Zview software (Scribner Associates, Inc). The impedance
spectra were acquired in the frequency range from 100 kHz
to 0.1 Hz, and at the voltage of 1.6 V vs. Li/Li*, the modula-
tion amplitude was 10 mV. The electrochemical cell, elec-
trodes, and electrolyte solution were identical to those used
in the other electrochemical experiments.

Results and discussion
Thermal analysis
As shown in Fig. 1, the DTA profile of the mixture (a) before and

(b) after co-milling exhibited six endothermic peaks, A-F, upon
heating in air up to 1000 °C. The main difference brought by co-
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Fig. 1 TG-DTA profile in the air for a the powder mixture and b MAP

milling was the change at temperatures below 200 °C, where the
removal of the rest of the solvent took place. The difference is
mainly due to drying after milling, since a part of the solvent
could be evaporated during co-milling. The sharp peaks B and C,
observed at 300 and 440 °C, respectively, are accompanied by ca
30 % mass loss and are ascribed to the decomposition of the Li
acetate to LiCO3 and subsequent decarbonisation [24]. The mass
loss, slightly less than theoretical (35.6 mass%), might be attrib-
uted to the remaining —OH groups; this will be discussed below
in conjunction with FTIR results.

The broad endothermic peaks, D and E (without weight
loss), are attributed to the formation of Li,TiO3 and the final
product, LTO [25]. A comparison of the two TG profiles in
Fig. 1a, b indicates that the starting temperature of the lithium
titanate formation decreased by co-milling, i.e. from ca 580 to
ca 530 °C, judging from the onset of the endothermic peak D.

X-ray powder diffraction

Figure 2 shows representative XRD profiles of the precursor
(MAP) (a) and the products obtained by isothermal treatments
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Fig. 2 X-ray diffractograms. a [ a
MAP and b calcined products in
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at 600 °C (b) and 680 °C (c). For MAP, we observe the dif-
fraction peaks exclusively from anatase (JCPDS PDF 04-
0477), i.e. no peaks from LiAc. The two calcined products
exhibit almost exclusively the diffraction peaks ascribed to
LTO (JCPDS PDF 72-0426) with a minute contribution from
Li,TiO; (JCPDS PDF 33-0831) in both cases. For the sample
calcined at 680 °C, we also observe very small peaks stem-
ming from TiO,, rutile (JCPDS PDF 86-0148). Appearance of
the rutile phase might be explained as a result of the partial
surface decomposition of LTO during cooling [26], while bulk
decomposition is less probable since the eutectic temperature
of LTO is reportedly 930 °C [27]. From these results, we
assume that LTO can be obtained at temperatures as low as
600 °C. Therefore, MAP was calcined at 600 °C. Calcination
was conducted either in air or in Ar. As shown in Fig. 2d, the
content of Li, TiO3 was slightly suppressed with the use of Ar.
The calcined sample at 600 °C in argon is further labelled s-
LTO, which was used for electrochemical characterisation.

The lattice constant, @, of s-LTO was 8.363 (4) A, which is
slightly larger than the typical values reported, i.e. between 8.33
and 8.36 A [28, 29]. When LTO was prepared by hydrothermal
growth for 10 h at 150 °C, the lattice constant increased from
8.33 to 8.37 A. [9] The changes in lattice constant are known to
be caused by, for example, the amount and distribution of oxygen
vacancies as well as the associated partial reduction of Ti*" to
Ti*". Yi etal. [30] found that a larger lattice parameter is expected
if some of the Ti*" ons are transformed to Ti**, due to their larger
size compared to Ti*" ion. Note that the Pauling ionic radii are
68 nm for Ti*" and 76 nm for Ti*". The mean crystallite size was
found to be 128 nm.

FTIR and Raman spectra

The FTIR spectra of MAP and its calcined products at 600 °C
for 4 h in either air or in Ar are displayed in Fig. 3a. The FTIR
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spectrum of MAP shows a stretching mode in the region 3600
to 3300 cm ™', corresponding to water molecules coordinated
to lithium ions at different crystallographic sites [31] as well as
hydrogen bonds on carboxylate ions [32]. The bands at
1730 cm™' (C=0 stretching), 1582 cm ' (the most intense,
C=0 stretching), and 1432 cm™' (C=0 stretching and C-O
stretching, respectively) can be attributed to acetate ions [33,
34]. The characteristic stretching C—H modes are found at
3011 cm™' (<CH3) and 2933 cm ' (~CH.,), respectively. The
weak bands at 1348 cm ™' (C—H bending), 1052 cm™' (C-H
rocking), 1031 ¢cm ™' (C-H rocking), and 940 ¢cm™' (C—C
stretching) confirm the presence of aliphatic carbohydrates
in the precursor. A small hump at 665 cm™' belongs to the
OCO bending mode. The low-frequency part of the spectrum
can be further characterised as overlapping of stretching Li—-O
(444 cm™") [34, 35] and Ti-O (500600 cm ") [36] modes,
respectively.

Calcination of MAP leads to the decomposition of organic
parts in accordance with the results of thermal analysis. The
FTIR spectrum shows a weak absorption band centred at
around 3450 cm ', due to —OH groups adsorbed on the sur-
face of the calcined product. The O—H bending vibration
centred at ca 1630 cm ™' is most probably overlapped with
the intensive C=0 stretching band observed at 1582 c¢m '
[31]. The spinel vibrations at low wavenumbers, in the range
of 400 to 700 cm ™', confirm LTO formation [37, 38].
Specifically, the low-frequency bands centred at 650 and
462 cm ! belong to symmetric and asymmetric stretching of
TiOg octahedra, respectively [39].

A closer look at the TiOg stretching bands (Fig. 3b, c¢) does
not reveal any difference between the samples calcined
in air and Ar. For MAP, however, we observe clear
doublet peaks between 600 and 700 cm ' (Fig. 3b).
This is an indication of a change in the vibrational
states of TiOg by co-milling with LiAc.
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By comparing the Raman spectra, we observed almost
identical spectra of anatase and the precursor as is
shown in Fig. 4a. The observed bands can be ascribed

to those of anatase [40] which agrees with the XRD
results discussed above. After calcination at 600 °C in
Ar, i.e. in the s-LTO sample, the spectrum entirely
changed (Fig. 4b). All the Raman bands for the calcined
product agree well with those reported for phase pure
LTO, ie. 4, + E, + 3F,, vibrational modes of the
spinel phase [10, 41-44]. In agreement with earlier re-
ports [45-47], we observe additional peaks, shown in
Fig. 4b, which cannot be assigned to these fundamental
modes. These unknown peaks are yet to be studied in
conjunction with the phase purity. The absence of any
peak in the region of the E4(1) mode of anatase (at ca
144 cm™') is known to be a very sensitive indication
that this impurity is not present [10]. Hence, our syn-
thetic protocol provides a complete transformation of
the TiO, precursor to Li-titanates. This is a clear benefit
over sol-gel synthesised LTO nanomaterials, which often
contain anatase impurities [9, 10].

UV-Vis diffuse reflectance spectra

Starting with white anatase and LiAc, the precursor obtained
after co-milling the mixture was brownish grey. The colour
further changed by calcination to pale blue. This is in contrast
to the white colour of the commercially available LisTisO1,. A
diffuse reflectance spectrum of the calcined product is
shown in Fig. 5. The absorption between 600 and
700 nm corresponds to the colour observed. There are
several reasons for the colouring of LTO, e.g. introduc-
tion of oxygen vacancies [26, 48] or reduction of Ti*"
to Ti*" ions [49] as a consequence of co-milling, similar to the
phenomena associated with partial lithiation, or hydrogena-
tion [50]. A slight excess of Li, similar to lithiation of LTO,
could also be responsible for this observation. This will be
further discussed below.
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°Li MAS NMR

The °Li MAS NMR spectrum of s-LTO is shown in Fig. 6a.
The spectrum is composed of two main peaks which reflect Li
ions distributed over octahedral 16d sites (—0.27(1) ppm) and
tetrahedral 8a sites (0.08(1) ppm). Deconvolution of the spec-
trum of s-LTO shown in Fig. 6a using three Voigt functions is
displayed in Fig. 6b. For ideal, fully stoichiometric Li;TisO15,
75 % of the Li ions should reside on the 8a sites and 25 % on
the 16d sites. The chemical shift values are in perfect
agreement with those reported in the literature for
LTO [51]. For the most intensive signal, the area un-
der the NMR line is expected to be 75 %, provided
the sample has ideal stoichiometry according to
[Lilga[Li/3Ti53]16a[O4)32.- A value of 74.3 % is only
slightly lower that the expected result for stoichiomet-
ric LTO. The signal at 0.84(1) ppm likely reflects an
impurity phase such as crystalline or amorphous

Fig. 6 a °Li MAS NMR a
spectrum of s-LTO (spinning
speed 30 kHz). Chemical shift
(cs) values refer to aqueous LiCl.
For comparison, the NMR
spectrum of commercially
available Li, TiO; (g-
modification, Alfa Aesar) is also
shown. b Deconvolution of the
spectrum of the main portion of
(a). See text for details

6Li MAS NMR 0.08 ppm
|

s-LTO

~ -0.27 ppm

Li,TiO,

Particles size (nm)

Fig. 7 Particle size distribution profiles of MAP and s-LTO obtained
from DLS

Li,TiO3. Crystalline Li,TiO; was also detected in
XRD (Fig. 2). Here, the amount of this extra phase
is estimated to be below 3 % (see Fig. 6b). Note that
in the y-form of Li,TiO3, three magnetically
inequivalent Li sites exist [52].

Granulometrical analysis and morphological properties

Particle size distribution profiles obtained from the superna-
tant of the precursor, MAP and s-LTO sample by DLS are
displayed in Fig. 7. The MAP consists of agglomerates with
an average hydrodynamic diameter of about 184 nm. The
presence of small particles in the range below 50 nm may

cs/ppm

@ Springer

residuals
74.3 %
S
g 22.7 %
&
=
2
L 3%
£
0
2
4
0
T ] 0 \ J | |
1 2 2 1 0 1 2
cs/ppm



J Solid State Electrochem (2016) 20:2673-2683

2679

Fig. 8 SEM images of a MAP and b, ¢ s-LTO

probably be ascribed to anatase in the MAP. As described in
“Materials and methods,” we have taken the supernatant of the
dispersion of our samples after ultrasonication. The particles
contained in the dispersion for the DLS measurement are,
therefore, interpreted as being chipped debris from the ag-
glomerated calcined powders, similar to the crystallite units.
The peak of the hydrodynamic diameter from the supernatant
was at around 150 nm. It is noteworthy that the observed peak
size is in accordance with the mean crystallites size estimated
by XRD analysis from s-LTO viz. ca 130 nm. From these
observations, we may conclude that our product, s-LTO has
its average crystallite size around 150 nm. The fairly small
BET specific surface area, 1.4 m?/g, is an indication of particle
growth in the as-calcined s-LTO powders, in spite of the cal-
cination temperature being as low as 600 °C. This will be
discussed below in conjunction with the electrochemical
performance.

SEM images of our samples are shown in Fig. 8. A number
of agglomerates of the nanoparticles are observed in MAP
(Fig. 8a). On the other hand, s-LTO exhibits crystallised par-
ticles with partially developing crystalline habits (Fig. 8b, c).
In a closer look at the particle morphology of s-LTO under
TEM, we recognise the smallest particulate units with their
average diameter close to those obtained from the supernatant
of the s-LTO by DLS (ca 150 nm) and the crystallite size
estimated from the X-ray diffractometry (ca 130 nm)
(Fig. 9). The preservation of the crystallite size of MAP to
the calcined crystallites in s-LTO seems to be one of the

Fig. 9 TEM images of s-LTO.
Frames (a) and (b) are taken from
the same specimen at different
fields of view

benefits of the presented low-temperature solid state synthesis
route, although we were not able to suppress grain growth
completely. We also observe dense aggregated particles, in
line with rather small BET specific surface area.

A systematic survey of particles size vs. BET surface areas of
an array of LTO materials was presented in ref. [4]. From here,
we can estimate that the surface area of s-LTO (1.4 m*/g) would
be equivalent to a particle size of ca 1 um. Analogously, the
surface area of 12.5 m%g found for the commercial sample, a-
LTO (Aldrich) translates into ca order of magnitude smaller par-
ticle size, i.e. 0.1 pum.

Electrochemical properties

The electrochemical performance of the sample s-LTO was
evaluated by cyclic voltammetry of Li insertion (Fig. 10)
and by galvanostatic chronopotentiometry at a charging/
discharging current adjusted to 1C and 2C charging rate at a
potential window 1.3-2.5 V vs. Li/Li" (Fig. 11). The charge
capacity of s-LTO, determined from cyclic voltammogram at a
scan rate of 0.1 mV/s was 142 mAh/g, calculated from the
extraction branch of the cyclic voltammogram (Fig. 10). This
is about 80 % of the theoretical capacity of phase pure
Li4TisOq5, 175 mAh/g [3]. The charge capacity of s-LTO sig-
nificantly outperforms that of commercial lithium titanate, a-
LTO, 95 mAh/g, despite the difference in the BET-specific
surface area, Spgr, i.e. 1.4 and 12.5 mz/g, for s-LTO and a-
LTO, respectively.
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Fig. 10 Cyclic voltammetry of Li 123 ]
insertion into s-LTO (red curve) i 0.8
and a-LTO (blue curve) at 08 1mvis 04 ]
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Galvanostatic charging at the 1C rate (Fig. 11) provided s-
LTO charge capacities of 116 mAh/g (charge) and 108 mAh/g
(discharge) and at the 2C rate capacities of 65 mAh/g (charge)
and 57 mAh/g (discharge). The performance of s-LTO is again
better than that of a-LTO both at 1C charging rate (92 and
77 mAh/g for charging and discharging, respectively) and at
2C (39 and 35 mAh/g for charging and discharging, respec-
tively), in spite of an almost order of magnitude smaller Sggt
than that of a-LTO.

A sample s-LTO stability was evaluated by galvanostatic
cycling at the 1C and 2C charging rates and compared with
that of a-LTO sample (Fig. 12). For the sake of correctness, an
initial capacity is in all cases calculated from the second cycle.
The first cycle is considered to be a conditioning one, in which
solid electrolyte interface (SEI) is formed. After 25 cycles at
the 1C rate, a drop in capacity was 30 and 20 % for the s-LTO
and a-LTO samples, respectively. Despite a larger capacity

— s1T0_1C

\ ---alT02C [

S
-
2 20_
> /f
g 18] /
=
s
& 16 ; e
14
lllllll “Illll"IIlllllllll'lllll]!llll'll'
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Fig. 11 Galvanostatic chronopotentiometry of s-LTO and a-LTO at
charging/discharging rates 1C and 2C
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drop of s-LTO sample, its nominal charge capacity after 25 cy-
cles at the 1C rate is still comparable with the first cycle ca-
pacity of the a-LTO sample. At the 2C charging rate, the
charge capacities of the s-LTO and a-LTO samples decreased
after 25 cycles of about 9 and 16 %, respectively.

Figure 13 shows the electrochemical impedance spectra of
a-LTO and s-LTO samples. The used working electrodes are
FTO-supported thin films, free from any additives. The mass
of active materials is 0.26 or 2.07 mg for a-LTO or s-LTO,
respectively. Consequently, the total surface areas (calculated
from the BET surface areas reported above) are roughly com-
parable: 35.2 or 29.0 cm?, for a-LTO or s-LTO electrodes,
respectively. The impedance spectra and the corresponding
fitted parameters are normalised with respect to the actual
areas. Obviously, the high-frequency semicircle is ascribed
to the charge-transfer resistance, and the low-frequency part
is dominated by the Warburg impedance of semi-infinite
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Fig. 12 Galvanostatic cycling
charging rates 1C and 2C

(25 cycles) of s-LTO and a-LTO at
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Fig. 13 Nyquist plot of electrochemical impedance spectra measured at
1.6 V from 100 kHz to 0.1 Hz for the commercial reference material (a-
LTO, left charf) and our synthesised sample (s-LTO, right chart). The
spectra are normalised to the total (BET) surface area of the used

diffusion of Li". The inset in the left chart shows the equiva-
lent circuit used for fitting of experimental points. Here, Rg is
the ohmic serial resistance, Rcr, is the charge-transfer resis-
tance, Zy is Warburg impedance, and CPE the constant phase
element describing deviation from the ideal capacitance. The
impedance of constant phase element equals: Zcpp = B(iw)
with B, 8 being frequency-independent parameters of the CPE
(0 < B <1). The fitted values of Rg are expectedly similar for
both electrodes (1146 or 957 Qem? for a-LTO or s-LTO, re-
spectively). However, the fitted charge-transfer resistance is
better for the s-LTO sample (319 Qcm?) compared to a-LTO
(609 Qcm?). Obviously, the s-LTO material made by our
optimised synthetic protocol is favoured over the reference
commercial a-LTO by ca twice smaller charge-transfer resis-
tance for Li insertion.

From these observations, we conclude that the presented
material, s-LTO, is able to accommodate a higher quantity of
Li ions compared to commercial a-LTO, in spite of an impu-
rity phases content of around 3 % as estimated from °Li-MAS
NMR (Fig. 6). This is presumably due to the small average
crystallite size at around 150 nm resulting from the low calci-
nation temperature. Detailed examination, particularly in view
of crystallography and associated local charge density distri-
bution, is still needed to fully elucidate the difference between
the two LTO samples. In this work, we have demonstrated
interesting electrochemical performances from our calcined
LTO.

Conclusion

Spinel phase LisTisO;, with an average crystallite size at
around 150 nm was prepared via a solid state route by calcin-
ing a highly reactive precursor at 600 °C. °Li MAS NMR
indicates LTO with a Li site occupation which is near to that
expected for LiyTisO;, with ideal stoichiometry. The charge

Z chm2
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.
BN
|

& s-LTO

T
1 2 3
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—

electrodes. Inset shows the equivalent circuit used for spectra fitting.
The experimental points are represented by markers and the fitted
spectra are displayed as dashed lines

capacity of s-LTO determined from cyclic voltammogram at a
scan rate of 0.1 mV/s was 142 mAh/g, which is about 80 % of
theoretical capacity and is superior to commercially available
LTO fine powders, despite having a smaller specific surface
area of 1.4 m*/g. Superior electrochemical performance by s-
LTO over a-LTO was also observed by galvanostatic charge/
discharge. From these observations, we conclude that the pre-
sented low-temperature solid state synthesis of LTO provides
highly active LTO material for applications in Li-ion batteries.
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