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Abstract

The spinel LisTisO12 is synthesized by a solid-state method. The effect of the synthesis parameters including
lithium content, source of Ti and grinding on the electrochemical performance of LisTisO12 is investigated to
optimize the crystalline size, particle size, surface area, morphology and crystallinity of the synthesized
materials. The physical properties are determined by X-ray powder diffraction (XRD), scanning electron
microscopy (SEM), N adsoption/desorption and conductivity measurements. The electrochemical properties
are investigated by conductivity and galvanostatic charge-discharge measurements. Material characterization
and electrochemical measurements indicate that the best electrochemical performance can be obtained by using
the Li/Ti molar ratio of 4.25/5, ball milling (BM) and anatase TiO, (A) as starting material. Lis2sTisO12 A-BM,
obtained via ball-mill assisted solid-state method and using anatase TiO; as the source of Ti, exhibit the most
homogeneous morphology, the least crystal and particle sizes, and highest surface area. The best-performing
Lis25TisO12A-BM delivers a satisfactory performance with a excellent charge capacity (141 mAh/g) and small
capacity fading (3.6% after 30 charge-discharge cycles) at a 1 C rate (1C=175 mAh.g™).
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Sentez Parametrelerinin LisTisO12'nin Elektrokimyasal Performansina Etkisi

Oz

Spinel LisTisO12, kat1 hal yontemiyle sentezlenmistir. Sentezlenen malzemelerin kristal boyutunu, partikiil
boyutunu, yiizey alanini, morfolojisini ve kristalligini optimize etmek igin lityum igerigi, Ti kaynagi ve
Oglitme gibi sentez parametrelerinin  LisTisO12'nin  elektrokimyasal performansi tizerindeki etkisi
arastirilmigtir. Fiziksel ozellikler, X-1s1n1 toz kirinimi (XRD), taramali elektron mikroskobu (SEM), N>
adsopsiyon/desorpsiyon ve iletkenlik 6lgiimleri ile belirlenmistir. Elektrokimyasal &zellikler, iletkenlik ve
galvanostatik sarj-desarj Olclimleri ile arastirilmistir. Malzeme karakterizasyonu ve elektrokimyasal
Olciimler, en iyi elektrokimyasal performansin Li/Ti molar orani 4.25/5, bilyal1 6giitme (BM) ve anataz TiO2
(A) baslangic malzemesi olarak kullanilarak elde edilebilecegini gostermektedir. Bilyali degirmen destekli
kat1 hal yontemiyle ve Ti kaynagi olarak anataz TiO- kullanilarak elde edilen Lis.2s TisO12 A-BM, en homojen
morfolojiyi, en iyi kristal ve parcacik boyutlarin1 ve en yiiksek yiizey alanii sergiler. En iyi performans
gosteren Lis25TisO12 A-BM, milkemmel sarj kapasitesi (141 mAh/g) ve diisiik kapasite kayb1 (30 sarj-desarj
dongiisiinden sonra %3,6) ile 1 C akimda (1C=175 mAh.g) tatmin edici bir performans sunar.

Anahtar Kelimeler: Lityum-iyon bataryalar, LisTisO12 Anot materyali, Bilyeli Degirmen
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The Effect of Synthesis Parameters on the Electrochemical Performance of LisTisO12

1. Introduction

The development of rechargeable batteries in recent years has increased in parallel with
their use in daily life [1]. Extensive research efforts have been mostly focused on
cathode/anode materials because they play a decisive role in its electrochemical properties.
Recently, much attention has been paid to the research and development of alternative
anode candidates to replace the traditional commercially used graphite and other materials.

Lithium titanate, LisTisO12 (LTO), has attracted significant interest as an alternative anode
material for lithium-ion batteries due to its excellent safety characteristics and long lifetime
[2-5]. Unlike the carbon anode, LisTisO12 has a stable operating voltage of ~1.5 V vs.
Li*/Li, above the decomposition potential of electrolyte [6]. LisTisO12 is classified as zero-
strain material since there is no structural or volume change during lithium
insertion/extraction process. The zero-strain insertion characteristic provides a material
with an excellent cycling performance [7]. In comparison to the carbonaceous anode, spinel
lithium titanate, LisTisO12, has better electrochemical performance and higher safety [8].
In addition, the LisTisO12 anode can accommodate up to three lithium ions per formula
unit; this allows a theoretical capacity of 175 mA h g-1 in the spinel structure with
negligible volume change during charging and discharging [8]. However, the pure
LisTisO12 powder has a low electrical conductivity at room temperature (<102 S cm™).
Since the oxidation state of Ti in LisTisO12 is the highest possible valence (+4) for Ti,
LisTisO1 is an inferior electronic conductor [9]. Several approaches to overcome this
problem have focused on optimizing the synthesis parameters. The design and synthesis of
various morphologies and phases are essential subjects in recent studies because they
ultimately determine the lithium-ion batteries' performance through influencing electrical,
optical, and other properties. VVarious studies have been reported for the synthesis of lithium
titanates, such as conventional solid-state methods [10-12], sol-gel method [13-15],
hydrothermal or solvothermal method [16-23], and other synthesis routes have been
exploited to prepare LisTisO12 materials. Among them, conventionally, the solid-state
method is used for the synthesis of spinel LisTisO12 because it is simple and easy.

In this study, spinel LisTisO12 was synthesized by the solid-state method. The effects of the
lithium content, grinding, and precursors on the structure of material and electrochemical
performance were analyzed. The results show that the best electrochemical performance
can be obtained by using Li/Ti molar ratio of 4.25/5.0, ball milling (BM) and anatase TiO-
(A) as precursors.

2. Materials and Methods
2.1. Synthesis of Lis+xTisO12

During the synthesis of LisTisO1. at high temperature, a portion of the lithium sublimates
and some rutile TiO2 impurity is obtained as a result of the deterioration of stoichiometry.
Due to the sublimation of lithium during high temperature synthesis, the lithium/titanium
ratio must be optimized to obtain pure LisTisO12. LisTisO12 was synthesized by the solid
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state method using a slight excess of Li according to Li/Ti = 4/5 stoichiometry to
compensate for high temperature lithium loss in the optimization of the Li/Ti ratio. To
synthesize LisxTisO12 (x=0.0, 0.05, 0.15, 0.25) powders, stoichiometric amounts of
Li.COs and anatase (A) TiO2 were mixed with pestle and morter and heated in a furnace at
800°C for 12h in air. The LisxTisO12 with x=0.25 among the synthesized materials was
found to be pure (see Fig.1). Therefore, the stoichiometry for precursors was hereafter
chosen as Lis25TisO12.

In order to find the effect of precursors on the structure and electrochemical performance,
LisTisO1, was synthesized by the solid-state method in a furnace at 800°C for 12h in air
using Li>CO3 and anatase and rutile TiO as the starting materials. To find the effect of
grinding on the structure and electrochemical performance of LisTisO12, the stochiometric
mixtures of starting materials for Lis 25 TisO12 were ground with pestle and morter (PM) or
ball-milled (BM) for 12 h using ZrO- balls in absolute ethanol, dried in an oven at 100°C,
and heated in a furnace at 800°C for 12 h in air. The synthesized powders are named as
Lia25Tis012R-PM, Lis25TisO12R-BM, Lis25Tis012A-PM, Lis25TisO12A-BM depending on
the type of TiO> starting material used and grinding method. PM, BM, A and R stand for
pestle and morter, ball-mill, anatase and rutile.

2.2 Materials Characterization

X-ray diffraction (XRD, D8 Advance, Bruker) measurements were carried out to determine
the phase compositions, crystallinity and the lattice parameters of the synthesized materials
using CuKa radiation with A = 0.1545 nm at 40 kV and 40 mA. The diffraction data were
collected in the 26 range of 10-90 with step size of 0.02°. XRD powder patterns were
indexed and unit cell parameters were calculated by using DiffracPlus and Win-Metric
programs. The crystal size, t, was calculated from XRD powder pattern according to
Sherrer formula:

0.941
- BCos6 (1)

Where t is the thickness of the crystal (in angstroms), A the x-ray wavelength, 0 the Bragg
angle, and f the peak width in radians at half-peak height. The B was calculated from the
XRD pattern by using the Topas program.

The surface morphology, particle size and particle size distribution of all sampless were
investigated using field emission scanning electron microscope (FE-SEM, Zeiss), operated
at an accelerating voltage of 20 kV. The samples were laid on carbon tape before being
measured and covered with Au-Pd alloy under high vacuum.

The conductivity of all samples was measured by linear scanning voltammetry technique
at room temperature. The powder samples were pelleted under a pressure of approximately
9 tons using a 13 mm diameter stainless steel die. The prepared samples were placed in a
two-electrode Swagelok type cell and measured with AMETEK Princeton Applied
Research VersaSTAT MC model multi-channel galvanostat/potentiostat. The resistance
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was calculated from the slope (AV/AI) of current versus potential curve given in Egs. (2)-

(4);

R=V/I (2)
p=R; ()
L=o= 0 4)

where, V is the voltage in mV, I the current in mA, R the resistance in ohm, p the resistivity
in ohm.cm, S the surface area of the disc in cm?, | the thickness of the disc in cm and y the
DC conductivity in S.cm™ (ohm™.cm™).

Surface area measurements of the samples were measured by performing nitrogen gas
adsorption/desorption on the Micromeritic Gemini IV. Before measurements, the samples
were degassed for 24 hours at 120 °C. The specific surface area of samples was calculated
with the Brunauer-Emmett-Teller (BET) method.

2.3 Electrochemical Characterization

For preparation of the electrodes, the active material was mixed with polyvinylidene
fluoride (PVDF) as a binder and super P (Conductive Carbon Black) as conductive agent in
the weight ratio of 85:10:5 in N-Methyl-2-pyrrolidone (NMP) solvent to get a slurry. The
obtained slurry was pasted onto a piece of 13 mm diameter Cu foil wrapped with stainless
steel mesh, kept in a vacuum oven overnight at 120°C to remove the solvent (NMP),
pressed under two tons of pressure, and finally dried at 120°C for 4h under dynamic
vacuum using the Schlenk line, respectively, before taken to an Ar filled glove box. The
active material loading to the electrode ranged from 6 to 8 mg cm by mass. The cell was
assembled in an Ar filled glove-box using the LisTisO12 electrode as a working electrode,
pure lithium metal discs (Merck) with 13 mm diameter both as a counter and a reference
electrode, a glass fiber filter as a separator and 1M LiPFs (Sigma-Aldrich) in a 1:1 (v/v)
solvent mixture of ethylene carbonate and diethyl carbonate (EC/DEC) as the electrolyte.
The constant current charge/discharge measurements were carried out in the potential range
of 1.0-2.8V at a current density of 1C (175 mA g*) on an AMETEK Princeton Applied
Research  VersaSTAT MC model multi-channel galvanostat/potentiostat. Al
electrochemical measurements were made at room temperature.

Purification of Ethylene Carbonate [39]: Ethylene carbonate (EC) was dried overnight
on phosphorus pentoxide (P20s), then subjected to fractional distillation under dynamic
vacuum and taken to the argon chamber without contact with air. The distillate was
incubated overnight on a previously dried Linda 5A molecular sieve to minimize trace
water.

Purification of Diethyl Carbonate [39]: 100 mL of diethyl carbonate (DEC) was washed
with 20 mL of 10% Na>COs, 20 mL of saturated CaCl, and finally 30 mL of water. Then
5¢g of anhydrous CaCl, was stirred and filtered for two hours, then the same amount of
anhydrous CaCl, was stirred and filtered for one hour. Finally, fractional distillation was
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carried to the argon cabinet without contact with air. To minimize the water content, it was
placed on a previously dried Linda 5A type molecular sieve.

Purification of Acetylene Black [39]: To remove the oil in acetylene black (carbon black),
1:1 by weight of concentrated HCI was added to it and stirred for 24 hours. The mixture
was filtered and washed several times with distilled water to remove the remaining HCI.
After air-drying at room temperature, it was stirred with benzene and acetone for one day.
The material dried again at room temperature was heated in a vacuum oven at 600 ° C for
24 hours to remove adsorbed gases.

3. Results and Discussion

XRD powder patterns of the synthesized Lis+TisO12 (x = 0, 0.05, 0.15, 0.25) materials are
given in Fig.1. As shown in Fig. 1, All samples show very high crystallinity, which is
especially important for charge-discharge measurements at high temperatures [40]. All the
diffraction peaks of Lis25TisO12 can be indexed to the cubic spinel structure of LisTisO12
with space group Fd3m (JCPDS no 49-0207) [41]. Besides the LisTisO12 diffraction peaks,
there are the impurity peaks of TiO> (rutile) at 26=27.45 and 54.35 in XRD patterns of
Liz+xTisO12 (x = 0, 0.05, 0.15). These indicate that the pure spinel LisTisO12 can be
successfully synthesized at the Li:Ti molar ratio of 4.25:5.0 by the solid-state method.
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Fig.1. XRD patterns of Lis+x Tis012 a) X = 0, b) 0.05, c) 0.15, d)0.25

The XRD diffraction patterns of Lis25TisO12R-PM, Lis25TisO12R-BM, Lis25TisO12A-PM,
and Lis25TisO12A-BM samples are given in Fig.2. All the XRD patterns matched well with
the diffraction patterns of the LisTisO12 cubic phase with the space group Fd-3m
(JCPDS:49-0207), revealing the high purity of the as prepared samples.
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Fig.2. XRD patterns of a) Lis25TisO12R-PM, b) Lis25TisO12R-PM, ¢) Lis25TisO12A-BM
and d) Lis.25TisO12R-BM samples

Crsytal size calculated using the (111) diffraction peak, and unit cell parameter of the
samples are given in Table 1. The unit cell parameter (8.336A) and crystallite size (122
nm) of the Lis2sTisO12A-BM among the samples are the smallest, indicating that grinding
the precursor of Lis25TisO12 with a ball-mill and using anatase TiO: as a starting materials
reduce the crystal size and unit cell parameter.

Table 1. Average crystallite size, unit cell parameter, particle size, conductivity and surface
area of Li4,25Ti5012R-PM, Li 425 Ti5012R-B|V|, Li 425TisO12A-PM and Lis2sTisO12A-BM
samples

Average Unit cell Particle size | Conductivity
Sample crystallite | parameter (A) (nm) (Sem?) | a
size (nm)
Lis»sTisO1R-PM 195 8.351 320-360 3.31x 10°®
Lis2s TisO12R-BM 156 8.349 270-300 3.84x10®
Lis2s TisO12A-PM 145 8.342 220-240 4.22x 10
Lis2s TisO12A-BM 122 8.336 200-250 4.72x1078

SEM image of the Lis25TisO12 samples and the particle size obtained from it are illustrated
in Fig. 3 and Table 1, respectively. It can be seen from Fig. 3 and Table 1 that all the
LisTisO12 samples have regular morphologies and there are no the aggregations of
Lis25TisO12 particles with size distribution in the range of approximately 200-360 nm. The
particle size of the Lis25TisO12A-BM among the samples is the smallest, similar to a trend
in crystallite size change obtained from XRD patterns. These results reveal that the use of
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ball-mill for grinding the precursors and anatase TiO- as a starting material can reduce the
particle size and prevent the aggregation of Lis2sTisO12 particles. The small particles
promise large surface area and a smaller diffusion path for Li* and improve the
electrochemical performance of the samples.

Fig.3. SEM images of a) Lis25TisO12R-PM, b) Lis25TisO12A-PM, C) Lis25TisO12R-BM and
d) Lis2sTis012A-BM

The electrical conductivity values of Lis2sTisO12 are given in Table 1. It can be seen from
Table 1 that the Lis25TisO12A-BM has the highest conductivity compared to other samples,
which is consistent with the change in their crystallite and particle sizes. The particle and
crytallite sizes decrease, the electron and Li" ion diffusion path becomes shorter, and
conductivity increases.

Nitrogen adsorption-desorption isotherms of Lis2sTisO12 samples are given in Fig.4. As
shown in

Fig.4, all the samples presented a type-1V isotherm with a H3 hysteresis loop, suggesting
the presence of rich mesoporous. BET (Brunauer-Emmett-Teller) surface area calculated
from adsorption-desorption curves are given in Table 1. According to BET results in Table
1, the Lis25TisO12A-BM has the highest specific surface area compared to other samples,
which is compatible with their crystallite sizes, particle sizes and conductivities. The higher
the surface area, the better electrochemical performance of battery will give as the surface
area will provide higher conductivity due to higher contact area.
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Fig.4. Nitrogen adsorption-desorption isotherms of Lis.2s TisO12 sSamples

The charge and discharge curves of the 1%, 101", 20" and 30" cycles of the Lis25TisO12
samples at 1C (1C=175 mAh g?) in the voltage range of 1-2.8 V vs Li/Li*are illustrated in
Fig. 4. As shown in Fig. 4, there is a big difference in specific capacitiy between the first
cycle and the next cycles, which can be attributed to the irreversible changes of the inside
of the batteries such as lithium being trapped in the materials and the decomposition of
electrolyte. All the samples demonstrate the charge and discharge plateaus at around ~1.60-
1.80 and ~1.40-1.55 V respectively, corresponding to the reversible phase transition
between LisTisO12 and LirTisO12 during Li*-ion insertion/extraction process. The
Lis2sTisO12A-BM electrode has the smallest voltage difference between the charge and
discharge plateaus, AE (Echarge-Edischarge), Which is related to the polarization degree,
compared to the Lis25TisO12R-PM, Lis25TisO12R-BM and Lis25TisO12A-PM electrodes.
The low polarization degree of the Lis.2sTisO12A-BM electrode can be related to its high
conductivity, small crystallite size and particle size.
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Fig. 5. Galvanostatic charge/discharge curves of the 1%, 10", 20" and 30" cycles of the
Lis25TisO12 electrodes at 1C (1C=175 mAh g) current density in the voltage range of 1-
2.8 V vs Li/Li a) Lis2s5TisO12R-PM, b) Lia25TisO12R-BM, €) Lis25TisO12A-PM and d)
Lis25TisO12A-BM

The cycle performance at 1C current density in the voltage range of 1.0-2.8 V vs Li/Li*
and coulombic efficiency of the Lis2sTisO12 electrodes are illustrated in Fig. 5a and 5b,
respectively. From Fig. 5a, the 1%t (2"%) discharge capacities of Lis25TisO12R-PM,
Lis25TisO12R-BM, Lis25TisO12A-PM and Lis 25 TisO12A-BM electrodes were 141.4(129.6),
145.0(136.2), 142.0(134) and 141.1(133.4) mAh g*, respectively. And the discharge
capacity retenion of Lis2s5TisO12R-PM, Lia2sTisO12R-BM, Lis2sTisO12A-PM  and
Lis2sTisO12A-BM electrodes after 30 charge/discharge cycles at 1C were 74.6%, 91.1%,
93.5% and 96.4% of the second discharge capacity, respectively. The high capacity
retention of the Lis 25 TisO12A-BM electrode can be attributed to its high conductivity, small
crystallite size and particle size [42-43]. According to Fig. 5b, Coulombic efficiency of the
1 (3rd) cycle of the Lis2sTisO12R-PM, Lis2sTisO12R-BM, Lis2sTisO12A-PM  and
Lis2sTisO12A-BM  electrodes were 91.0(98.4) %, 94.5(97.7) %, 95.2(96.9) % and
97.2(99.5)%, respectively, which indicates good reversibility for the removal and insertion
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of Li-ion in Lis25TisO12 electrodes. The higher initial discharge capacity is associated with
the irreversible capacity and the slightly reduced coulombic yields can be attributed to side
reactions with the electrolyte and the formation of a solid electrolyte film. (SEI) [44].
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Fig. 6. a) cycle performance, and b)Coulombic efficiency of the Lis 25 TisO12 electrodes at
1C current density in the voltage range of 1.0-2.8 V vs Li/Li*

The rate capabilities of the Lis25TisO12R-PM, Lis25TisO12R-BM, Lis25TisO12A-PM and
Lis25TisO12A-BM electrodes at various current rates in the potential range of 1.0 and 2.8
V are shown in Fig. 6. In general, the discharge specific capacities of all four electyrodes
decrease as the current density increased. The rate capability of the Lis2sTisO12R-PM at all
current rates is worse than those of the Lis2sTisO12R-BM, Lis2sTisO12A-PM and
Lis2sTisO12A-BM electrodes, which can be due to its low conductivity and big particle
sizes. The high-rate capabilities of the Lis25TisO12A-BM electrode at 5.0C and 10.0C can
be attributed to its high conductivity.
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Fig.6. Rate capabilities of the the Lis2sTisO12 electrodes at 1C, 2C,5C and 10C currents in
the potential range of 1.0 and 2.8 V vs Li/Li".

In summary, the electrochemical performance of the LisTisO12A-BM anode material,
synthesized by using anatase TiO2 and Li.COs as starting materials with a Li:Ti molar ratio
of 4.25/5.0 and grinding the precursor with ball-mill, is comparable with the literature data
given Table 2.
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Table 2. Comparison of the electrochemical performance of LisTisO12 anode materials
synthesized by the solid-state method.

st th
. . . . (.30 ) cycle 15t (30™) cycle discharge .
Starting material, grinding discharge . . Potential
. capacity values at Particle
process and heat treatment| capacity values . . range
. different current size (nm) ;
medium at 1C current FETEy [ studied
density (mAh/g) y g
23?%‘;;“;';2 LT'zigOS’ ht:alhl 2)102.4 a)90 at 2C and 80 at 4C | a)271
energy ball mill heatir? in gir b)145at2C and 125 at 10-28V
9y ’ g b)165.3 4C b)204
[43]
a)anatase TiO., Li,COs, agate
) 2 Ll2-Ds 808 | 197 9 (120.2) a) 1070
and mortar b)anatase TiO,,
Li,COs, high energy ball mill, | ... ... | 1025V
223, NIgh energy | b)151.7(149.7) b) 480
heating in air [44]
;Z?tasebaﬁlzzi’ll ;Z;ﬁf i: Igir: . 164.7at0.5Cand | 55, 000 | 10.3v
gy ! g 70.6(66.7) at 10C '
[45]
Anatase TiO,, Li2COs, high 155
energy ball mill, heating in air 168 at 0.1C and 89 at 242 1.0-26V
10C
[46]
LiCl, TiCL, osalic acid, | 00 o 1O7ABOYA0SC | porous |
heating in air [47] ' Particles | 7
LIOH, nano TiOy, ultrasonic 154 125at5C and 115at 10C | <100 |1.0-2.5V
dispensing heating in air [48]
Anatase, Li,CQOs, ball-mill, .
ase, - Ll 141.1(128.6) g5ats0Cand75at | )50 och | 10-28
heating in air 10.0C
This work

4. Conclusions

The pure LisTisO12 anode material for lithium ion batteries has been successfully
synthesized by solid-state method using anatase TiO2 and Li>CO3 as starting materials with
a Li: Ti molar ratio of 4.25/5.0. The effect of Ti sources and grinding the precursor on
electrochemical performance of the LisTisO12 anode electrode is investigated. The
LisTisO12A-BM anode, synthesized by using anatase TiO2 and Li.COs as starting materials
with a Li: Ti molar ratio of 4.25/5.0 and grinding the precursor with ball-mill, demonstrates
the highest 1%t cycle Coulombic efficiency of 97.2% and the capacity retention of ~96.4%
after after 30 charge/discharge cycles at 1.0C current density. The high Coulombic
efficiency and the high capacity retention of the LisTisO12A-BM electrode can be attributed
to its small crystal and particle sizes and high surface area, leading to both high electronic
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and ionic conductivity. All these results highligths the potential use of LisTisO12A-BM as
anode material for lithium ion batteries.
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