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Abstract 

Titanium oxide and in particular anatase is an important material due to its high chemical 

stability and photocatalytic properties, with the drawback that its large band gap constrains its 

photocatalytic activity to only a small portion of the solar spectrum. Recently, titanium oxide 

has been doped with lithium and sodium to consider its potential application in Li-ion and 

Na-ion batteries, respectively. In the present investigation, we employ density functional 

theory to study the structure, electronic properties and migration of lithium and sodium 

interstitials in anatase as these can be important for battery applications.  It is shown that the 

introduction of lithium and sodium interstitials results in energy levels into the band gap.  The 

migration energy barriers of lithium and sodium interstitials are 0.32 eV and 0.56 eV 

respectively. 
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1. Introduction 

 The investigation by Fujishima and Honda1 more than 45 years ago has motivated the 

community to systematically consider titanium oxide (TiO2) and other similar metal oxides 

due to their interesting catalytic activity, high chemical stability and long carrier lifetime of 

photo-generated electrons.1-7 Anatase is the TiO2 polymorph with the highest photocatalytic 

activity but it is plagued by its large band gap (3.2 eV) that in essence constrains its activity 

to the ultraviolet range (i.e. about 5% of the solar spectrum).4 For photocatalysis, TiO2 should 

have a band gap of about 2 eV whereas the positions of the band edges should be compatible 

with the redox potential of water.8 In that respect, nitrogen (N) doping can be employed to 

decrease the band gap and enhance the visible light response.9  

 Diffusion of lithium (Li) and sodium (Na) in oxides is technologically important to 

realize Li-ion batteries and more recently Na-ion batteries.10 Na is considered by the 

community as a promising alternative as it is abundant and less expensive compared to Li, 

however, it is a larger atom and typically requires more open host structures to achieve the 

desired ionic diffusivity.10,11 Previous studies have determined that TiO2 is an important 

candidate anode material for Li-ion batteries, as it is low cost, environmentally friendly, 

structurally and electrically stable.12 The potential of TiO2 for Na-ion batteries has been 

recently discussed.13  

 Atomistic simulation can provide an understanding complementary to experiment of 

the ion diffusion pathways and the relative energetics of different possible diffusion 

mechanisms and species at the atomic level. The relative energetics of Li and Na in TiO2 are 

important when considering this system as an anode in batteries. In the present study we use 

density functional theory (DFT) calculations to investigate Li and Na doping in anatase TiO2. 

In particular we consider the structure, density of states (DOS) and migration energies of Li 

and Na interstitials.  
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2. Methodology 

 The plane wave DFT code CASTEP14,15 was used. The exchange and correlation 

interactions were modelled using the corrected density functional of Perdew, Burke and 

Ernzerhof (PBE)16 in the generalized gradient approximation (GGA), and with ultrasoft 

pseudopotentials.17 The calculations were performed on 108-atomic site supercells under 

constant pressure conditions, with  kinetic energy cut-off of the plane wave basis set to 480 

eV and the Monkhorst-Pack (MP)18 k-point grid being 2 x 2 x 3. Note that a dopant atom 

represents in the present cell a 0.9% dopant concentration. The correlation effects of localized 

electrons were considered using onsite Coulomb repulsions of 8.2 eV for the Ti 3d orbitals.19 

For the DOS calculations, a denser mesh of 7 x 7 x 7 k-points was applied. Migration energy 

barriers were predicted using the linear synchronous transition (LST) and/or quadratic 

synchronous transition (QST) as implemented in CASTEP.20  

 

3. Results and Discussion  

 We have considered anatase (tetragonal with space groups I4/amd) as it is a 

polymorph of TiO2 that is being considered for battery applications and additionally has  

superior photocatalytic properties.21-24 The calculated lattice parameters of anatase (a = 3.806 

Å and c = 9.724 Å) are in very good agreement with neutron diffraction results23 and 

previous DFT results.24,25 

  The structure of the anatase unit cell and the minimum energy Lii and Nai defects in 

anatase is reported in Fig. 1. These were derived using constant pressure calculations with the 

host oxide being allowed to relax after the interstitial atom insertion. The minimum energy 

interstitial sites are the distorted octahedral and not the tetrahedral sites in agreement with 

previous DFT studies.26 The distances to the nearest oxygen atoms reveal that Li i and Nai 
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defects reside 1.90 Å and 2.10-2.16 Å respectively from the nearest oxygen atom. Figure 1(b) 

and (c) also reveals that the Lii and Nai defects relax differently as it would be expected by 

two ions of different size (note that the IV coordination ionic radii of Li and Na are 0.59 Å 

and 0.99 Å, respectively). 

  In Fig. 2(a) the DOS of the perfect supercell is shown whereas in Fig. 2(b) and 2(c) 

we can see the effect of the Lii and Nai defects on the DOS of the supercell. Lii introduces an 

energy level in the band gap at approximately 2 eV along with a band tail extending 0.26 eV 

into the valence band. A similar deep level is introduced in the case of Nai, at approximately 

1.9 eV above the valence band edge, along with a band tail, which protrudes 0.16 eV into the 

bandgap.  Although it has been reported that the LDA and GGA functionals fail to correctly 

reproduce the electronic properties of the material even with the inclusion of the Hubbard 

term, the present DOS are in agreement with previous work that makes use of the sX 

functional to calculate the impact of Lii.26 Therefore, in both cases the dopants (Li i and Nai) 

introduce deep levels into the bandgap. Even though the leading conduction mechanism is 

ionic diffusion, the effect of the deep levels have to be taken into consideration when 

designing an energy application (batteries).  

  Figure 3 represents the diffusion mechanisms of the Lii and Nai in anatase. For Lii the 

minimum energy migration path is along the b – axis (refer to Fig. 3(a)) with a migration 

energy barrier of 0.32 eV (the distance is 3.78 Å). In this mechanism the ion travels below the 

intermediate oxygen atom that interferes between the initial and final position. As expected, 

we observe that the initial and final positions of the ions are the most stable interstitial 

positions in the crystal. For Nai the mechanism is very similar to Li i but with a higher 

migration energy (0.56 eV). Typically the lower migration energy pathways take advantage 

of large  channels (here the b-axis channel), whereas it was previously proposed that the 

larger Lii-Ti (or Nai-Ti) atomic distance at the saddle point can be linked to a lower migration 
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energy barrier.27 This is because Li diffusion is accelerated by the reduction of the 

electrostatic Lii-Ti (or Nai-Ti) repulsion. As it can be observed from Table 1 the present 

results are consistent with lowest energy migration energy being the one that has the larger 

Lii-Ti (or Nai-Ti) distance. 

 Considering the migration mechanism along the other directions we examined the 

movement of the interstitials to several nearest positions and report some characteristic low 

energy mechanisms (refer to Fig. 3(b) – (d) and Table 1). All these have higher migration 

energy barriers as compared to the mechanism represented in Fig. 3(a).  In Fig. 3(b) the Lii 

ion diffusion is characterized by a migration energy barrier of 0.58 eV for Lii and 0.78 eV for 

Nai (distance of 5.45 Å). The migration energy barriers for Nai are higher by as compared to 

Lii. Therefore, the mechanism along the b-axis (refer to Fig. 3(a)) is the dominant 

mechanism, nevertheless at higher temperatures the mechanisms of higher energy may also 

lead to some limited diffusion along other directions.  

 Finally, experimental work will be required to determine the diffusivities (secondary 

ion mass spectrometry) and the influence of temperature and processing conditions. It should 

also be anticipated that the concentration of Lii and Nai may impact the migration energy 

barriers as it has been previously demonstrated in TiO2 and other fast diffusing oxides.28-30 In 

particular, in TiO2 the increased Li concentration enhances the Li–Li repulsion hindering in 

turn diff usion.29 In addition, thermodynamic modelling can also be important to calculate 

defect parameters and can act synergistically with DFT and experiment.31-35 

 

4. Conclusions 

 In the present study, DFT calculations were used to investigate Lii and Nai diffusion 

in anatase. It is shown that the minimum energy Lii and Nai defects reside in similar distorted 

octahedral sites. The Nai defects are larger and distort the lattice more significantly as is 
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reflected by the oxygen-defect distances. The DOS reveal that both Lii and Nai defects 

introduce deep levels into the band gap.  The preferential diffusion mechanism is along the b 

– axis for both Lii and Nai defects with the migration energy barrier for Lii being 0.24 eV 

lower as compared to Nai. 
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Table 1. The migration energy barriers (ME) and the distances of interstitial atoms to the 

nearest Ti atom at the saddle point. The numbering of the defect mechanisms corresponds to 

Fig. 3. 

Mechanism Lii ME / eV Nai ME / eV Lii-Ti / Å Nai-Ti / Å 

3a 0.32 0.56 2.83 2.83 

3b 0.58 0.78 2.57 2.79 

3c 0.75 0.81 2.55 2.60 

3d 0.74 0.75 2.55 2.57 
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Figure 1. The structure of (a) an anatase unit cell and the minimum energy (b) lithium and (c) 

sodium interstitial defects. 
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(a) 
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Figure 2. Densities of states of (a) the undoped anatase supercell and defective supercells 

containing (b) Lii and (c) Nai.  

 

 

Figure 3. (a) –(d) the diffusion mechanisms of Lii and Nai in anatase. 

 


