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STUDY OF STRUCTURE AND ELECTRONIC PROPERTY
OF SPINEL Li;TisO, ANODE MATERIAL
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We have performed the study of electrochemical properties of the spinel
Li4TisO,, anode materials in Li-ion batteries. The Li;TisO,, was successfully
synthesized by a solid state reaction method at different temperatures ac-
cording to the LiyTisO, cubic spinel phase structure. The synthesized sam-
ples were characterized by X-ray diffraction (XRD). In this study, we used a
first principle method, based on the density functional theory to explore elec-
tronic structure. We have shown that the LisTisO;, anode material exhibits
an insulating behavior with the band gap of 3.3 eV and the Li;TisO;, be-
comes metallic as Li atoms inserted in Li4Ti50;, anode material.
Keywords:Li- ion battery, spinel structure, intercalation voltage, solid state
reaction method.

Introduction

Li4Tis0,, compound is known for its very good electrochemical per-
formance as anode material for lithium ion batteries. It possesses advan-
tages such as good safety, environmental friendliness, and good cycling
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performance. Li;Tis0;, has been identified as a zero-strain anode materi-
al [1]. The material exhibits minimal change in cell volume upon interca-
lation and de-intercalation (less than 1%), which helps maintain its struc-
tural stability, and it also has good thermal stability [2].Li4Tis0;, spinel
is a very interesting intercalation compound with potential applications
as electrode material for Li ion batteries [3]. The compound has a cubic
structure with space group symmetry Fd3m. Within the spinel structure,
lithium atoms occupy all the 8a sites and 1/6 of the 16d sites, while the
remaining 5/6 of the 16d sites aretaken by Ti atoms and all the 32e sites
are occupied with O atoms. So this structure is always denoted
as[Lis]*[Li,Tis]'*0,, [4]. At the end of the intercalation process, an ad-
ditional 8 Li atoms are intercalated into one spinel unit cell and locate at
the octahedral (16c) sites. Normally, this material works between the
delithiated state LisTisO;, and lithiated state Li;TisO,,, possessing very
flat charge/discharge potential plateaus at about 1.5 V [3]. In the present
work, we present the structural and electronic properties of the LisTisO1,
compound is studied both theoretically and experimentally. Some of the
calculated results are compared with available experimental data, and the
others are given as reference to the experiments.

Experimentaland Computational details

Li4TisO,, has been synthesized by a solid state method. The precur-
sors of LisTisO;; powder samples were synthesized using
Li,CO5(Sigma—Aldrich, 99.9%), anatase TiO,(Sigma—Aldrich,99%) as
starting materials. Stoichiometric amounts of TiO, and Li,CO; (Ti/Li =
5:4) were mixed in ethanol (99.9%). After ball milling for 10 h, the
mixed slurry was oven-dried at 80°C. In order to obtain the final
Li4Tis0,,, the mixed precursors were heat-treated at 800, 850, 900, and
1000°Cfor some time under air atmosphere. The synthesized samples
were characterized by X-ray diffraction (XRD).

Our calculation part is based on the plane wave self-consistent field
(PWscf) method using the generalized gradient approximation (GGA) by
Perdew, Burke and Enzerhof (PBE) [5] within the framework of density
functional theory (DFT) [6,7] as implemented in the QUANTUM
ESPRESSO package [8]. The following electronic state is treated as va-
lence: Li (1s* 2s"), Ti (3s*3p®3d'4s?) and O (2s*2p*) for atoms. The inte-
raction between the ions and valence electrons is expressed as the ultra-
soft pseudopotential [9]. The wave functions are expressed as plane
waves up to a kinetic energy cutoff of 30 Ry. The summation of charge
densities is done using the special k-points generated by the 5 x 5 x 5
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Monkhorst-Pack meshes [10]. We used the tetrahedral method [11] when
we evaluate the electronic density of state (DOS). For the self-consistent
cycle the total energy convergence is 10 eV. The occupation numbers
of electrons are expressed Gaussian distribution function with an elec-
tronic temperature of kT = 0.001 Ry. The atomic ionic positions are re-
laxed at the fixed lattice parameters until the residual forces are less than
0.05 eV/A.

(@ (b)

Fig. 1. Unit cells of the (a) Li4TisO, and (b) Li;TisO,, phases, where the green
tetrahedrons, green octahedrons, blue octahedrons, and red spheres represent Li
ions at the 8a site, Li ions at the 16¢ site, Li and Ti ions at the 16c¢ site, and O
ions at the 32e site, respectively.

Results and Discussion

Atomistic models — Figures la and 1b show the unit cells of
Li4TisOy, and Li;TisO;, defect spinel, which belong to Fd3m space
group (No. 227). For the LisTisO,, phase, as shown Fig. 1a, the green
spheres represent Li ions at the 8a sites. For the Li;TisO,, phase, as
shown in Fig. 1b, the green spheres represent the Li ions at the 16c sites.
The red spheres represent the O ions at the 32¢ sites. The blue spheres
represent the Li and Ti ions occupying randomly at the 16d sites.

Structural properties — Equilibrium lattice parameters of both
Li4TisO,, and Li;Tis0;, phases that were obtained from ab initio calcula-
tions using the most stable structures proposed in this work and experi-
mental value are summarized in the Table I. It can be seen that our re-
sults are in good agreement with experimental results. For the LiyTisO,
phase, the lattice parameter of the proposed structure is 8.374 A° and is
in good agreement with the experimental value 8.359 A’ with an error of
0.17%. For the Li;TisO;, phase, the lattice parameter of the proposed
structure is 8.291 A’ and its error is 0.74% in comparison eith experi-
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mental value. This results indicates that the small change in cell volume
upon lithiation is one of the advantageous properties that make this ma-
terial a good candidate for use as an anode material.

Table 1
Lattice parameters of spinel Li;TisO;, and Li; TisO;, in Angstroms (A”)

Lattice constant Li TisO, Li;TisO,
Experimental value 8.359 8.353
Our result 8.374 8.291

Average intercalation voltage. — The average intercalation voltage
can be obtained from an ab initio calculation using the Nernst equation
according to Eq. (1) [12].

y=_A2G (1)
nF

Where, n is the number of electrons being transferred during the in-
tercalation process, F is the Faraday constant, AG is the Gibbs free ener-
gy (AG=AE—-TAS+ PAV"). The intercalation potential can be ap-
proximated as given in Eq. (2):

v~ AL )
nF

The change in internal energy AFE of intercalation between LiyTisO,
and Li;TisO,. AE can be calculated according to Eq. (3):

AE = E[Li,Ti,O,, |- E[Li,Ti,0,, | - 3E ;- [Li] 3)

The calculated results indicate that the average voltage of lithia-
tion/delithiation in relevant electrode materials can be obtained by calcu-
lating the total energy differences before and after electrochemical reac-
tions. The average intercalation voltage of 1.9V during charg-
ing/discharging were obtained. Our results are summarized in the Table
II. All the predicted structural and electrochemical properties agree
closely with the experimental findings in literature.

Table 2
Intercalation potentials of theoretical and experimental studies

Intercalation voltage (Volts)
Experiment 1.55
Our result 1.9
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Fig. 2. Total density of states (DOS) for (a) Li4;TisO; and (b) Li;Ti5sO;5.
The dashed line corresponds to the Fermi level

We have presented the total density of states for LiyTisO;, and
Li;TisO,, materials. The figure 2 is shown that the LisTis0,, material
exhibits an insulating behavior [2] with the band gap of 3.3 eV and the
Li;Ti50;, becomes metallic as Li atoms inserted in LisTis0;, anode ma-
terial.

Conclusion

We have investigated the electrochemical properties of the spinel
Li4TisO,, anode materials in Li-ion batteries using the GGA — PBE
within the framework of DFT as implemented in the QUANTUM
ESPRESSO package. Our result is shown that the average intercalation
voltage is 1.9V during charging/discharging. The LisTis0;, material ex-
hibits an insulating behavior with the band gap of 3.3 eV and the
Li;Ti50;, becomes metallic as Li atoms inserted in LisTis0;, anode ma-
terial.
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MpbI TpOBENIM UCCIICAOBAHUE AIIEKTPOXUMUYECKUX CBOWCTB IIMUHEIN
LiyTisO ,kak aHOMHBIX MaTEPHAJIOB JUIS JIMTHI-MOHHBIX OaTapei.
Li4TisO,ycnemHo CHHTE3UPOBAIM TBEPIOTEIBHBIM METOJIOM pPEaK-
MM TP Pa3IUYHbIX Temrieparypax. CHHTE3UPOBaHHBIC O0pPa3Ilbl
ObUIM OXapaKTePU30BAaHBI C TOMOIIBI0 PEHTTEHOBCKOW audpakiuu
(XRD). B nanHOM mccieqoBaHUU MBI HCIIOIB30BAIH MEPBbIA MPHH-
IMIT METO/Ia, OCHOBAHHBIM HAa TEOPUH (DYHKIIMOHAA MIOTHOCTH IS
OOBSICHEHUS 3JIEKTPOHHOW CTPYKTYPhl. MBI IOKa3aJii, 4TO MaTepua
aHoma LiyTisO,, JeMOHCTpUPYET OUAIEKTPHUYECKOe MOBEICHUEC I~
puHol 3anpeinieHHor 30HbI 3,3 3B u LisTisO1, craHOBUTCS MPOBOJ-
HUKOM I10 Mpepe BHEAPeHMs aTOMOBL1.

Kurouesvie crosa: Li- nonnas 6arapes, CTpyKTypa IIMTHHEITH, UHTEP-
KaJISAIUU HAIIPSDKCHUS, TBEPAOTEIbHBIA PEaKIIMOHHBIA METO/I.
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