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Defects, Lithium Mobility and 
Tetravalent Dopants in the Li3NbO4 
Cathode Material
Navaratnarajah Kuganathan   1, Apostolos Kordatos2, Nikolaos Kelaidis   2 & 
Alexander Chroneos1,2

The defect processes of oxides such as self-diffusion impact their performance in electrochemical 
devices such as batteries and solid oxide fuel cells. The performance of lithium ion batteries can be 
improved by increasing the Li-ion diffusion. In that respect Li3NbO4 is identified as a positive electrode 
material for rechargeable lithium ion batteries. Here, we employ static atomistic scale simulations 
to examine the defect properties, doping behaviour and lithium ion migration paths in Li3NbO4. The 
present calculations show a correct reproduction of experimentally observed crystal structure of 
Li3NbO4. The Li-Nb anti-site defect is found to be the dominant intrinsic defect process suggesting that 
a small concentration of Li on Nb sites and Nb on Li sites is present. Vacancy assisted long range lithium 
diffusion paths were examined and our calculations reveal that the lowest activation energy (1.13 eV) 
migration path is two dimensional forming a zig-zag shape. Subvalent doping by Ge on the Nb site is 
thermodynamically favourable process and a potential strategy to incorporate extra Li in the form of 
Li interstitial in Li3NbO4. The results presented herein can motivate further experimental work for the 
development of Li3NbO4 based batteries.

Considerable attention has been devoted to the development of novel high capacity cathode materials for 
rechargeable lithium ion batteries as there is a high demand for these materials in hybrid electric vehicles and 
consumer electronics1–6. These materials have to be relatively low cost, large density of Li+ ions and safety require-
ments. Considerable research activity has been devoted to identify alternative promising cathode materials such 
as Li2MSiO4 (M = Fe, Mn and Co)7–14, Li3V(MoO4)3

15, LiFeSO4F16, Li2FeP2O7
17 and Li7Mn(BO3)3

18. Nevertheless, 
the current materials has many challenges such as poor electrochemical performance and low electrical con-
ductivity to satisfy the practical applications. Thus, the search for novel materials is needed to overcome those 
challenges and satisfy the growing energy demand.

“Li-rich” Li3NbO4 has been studied as the host material for a new class of high-capacity positive cathode mate-
rials for rechargeable lithium batteries19–21. Recent experimental investigations show that manganese-substituted 
Li3NbO4 can provide a large reversible capacity of approximately 300 mAg−119. Naoaki et al.20 studied experimen-
tally the substitution of V3+ ions in Li3NbO4 and observed a reversible capacity of approximately 230 mAhg−1. A 
significance increase in Li+ ion conductivity has been observed in Li3NbO3 with increasing concentration of Ni2+ 
ions sharing Li+ and Nb5+ sites21. Though these studies report the capacity of substituted Li3NbO4, there are no 
experimental or theoretical studies available for pristine Li3NbO4.

Static atomistic simulation methods based on the classical pairwise potentials can provide useful information 
on defect properties including cation mixing and lithium ion migration paths together with activation ener-
gies. This computational methodology has been successfully applied to a range of battery materials including 
LiFePO4

22, Li2FeSiO4
9 and Li2MnSiO4

12. We have recently employed this methodology to examine the defects, 
lithium ion diffusion and the solution of a variety of dopants on the Li5FeO4

23, Li2CuO2
24, Li9V3(P2O7)3(PO4)25, 

Li2SnO3
26 and Li2TiO3

27 battery materials. In this study, atomistic simulation techniques as implemented in the 
GULP code28 are employed to calculate the formation energies for the intrinsic defects, the lithium ion conduc-
tion pathways and the solution of tetravalent dopants for introducing additional lithium in Li3NbO4. Density 
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functional theory (DFT) simulations as implemented in the CASTEP code29 were used to study the electronic 
properties of doped-and undoped-Li3NbO4.

Results and Discussion
Structural Modelling.  Crystallographic structure of Li3NbO4 is cubic with space group I43m (lattice param-
eters a = b = c = 8.415 Å, α = β = γ = 90°) as determined by Ukei et al.30. Figure 1 exhibits this crystal structure 
and the bonding nature of cations with Nb forming edge-shared NbO6 octahedra in the lattice. First, we repro-
duced the experimental crystal structure of Li3NbO4 to test the quality of the classical pairwise potential param-
eters used in this study (refer to Table S1 in the supplementary information). An excellent agreement was 
obtained between the calculated and experimental lattice parameters (refer to Table 1).

Intrinsic defects.  Next we calculated the vacancy and interstitial defect formation energies to calculate the 
Frenkel and Schottky-type defect formation energies in Li3NbO4. These defects are useful to examine the electro-
chemical properties of Li3NbO4. The following reaction equations written using Kröger-Vink notation31 represent 
the Frenkel, Schottky and anti-site type defects.

VLi Frenkel: Li Li (1)Li
X

Li i→ +′ •

→ +•• ′′VO Frenkel: O O (2)O
X

o i

→ +′′′′′ •••••V VNb Frenkel: Nb (3)Nb
X

Nb i

+ + → + + +′ ′′′′′ ••V V VSchottky: 3 Li Nb 4 O 3 4 Li NbO (4)Li
X

Nb
X

O
X

Li Nb O 3 4

V VLi O Schottky: 2 Li O 2 Li O (5)2 Li
X

O
X

Li O 2+ → + +′ ••

+ → +′′′′ ••••VLi/Nb antisite (isolated): Li Li Nb (6)Li
X

Nb
X

Nb Li

+ → ′′′′ ••••Li/Nb antisite (cluster): Li Nb {Li : Nb } (7)Li
X

Nb
X

Nb Li
X

Figure 1.  Crystal structure of Li3NbO4 (space group I43m).

Parameter Calc Expt30 |∆|(%)

a = b = c (Å) 8.412 8.415 0.03

α = β = γ (°) 90.0 90.0 0.00

Table 1.  Calculated and Experimental Structural Parameters for cubic (I43m) Li3NbO4.
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Figure 2 shows energies calculated for these intrinsic defect equations. The most favourable intrinsic defect is 
the Li-Nb anti-site (eq. 7). This result suggests that a small percentage of Li on Nb sites (LiNb

′′′′ ) and Nb on Li sites 
( ••••Nb )Li  would be observed. The precise concentration depends on the temperature and synthetic procedure. 
Anti-site defect was noted in a variety of other Li battery materials particularly during cycling9,12,32–35.

The Li Frenkel is the second most favourable intrinsic defect. The Li2O Schottky (relation 5) is calculated be 
1.73 eV per defect (see Table S2). This defect process leads to further ′VLi and ••VO  however at high temperatures. 
The other defect processes exhibit highly endoergic suggesting that they are unlikely to form.

Lithium ion-diffusion.  An essential requirement for a potential high-capacity cathode material in lithium 
ion batteries is the lower activation energy for lithium ion migration. In general, it is difficult to determine the 
paths of lithium ion diffusion and their activation energies experimentally. However, using static atomistic sim-
ulation, it is possible to construct possible long range Li ion diffusion paths. For the Li vacancy migration, four 
distinct local Li hops (refer to Fig. 3) were calculated. Activation energies together with the Li-Li separation are 
reported in Table 2 and corresponding energy profile diagrams are shown in Fig. 4. Long range Li ion diffusion 
paths connecting local Li hops were constructed. Table 3 summarizes the possible long range paths together with 
the corresponding overall activation energies. Additional long range paths were considered but their overall acti-
vation energies were not less than the values reported in the Table 3. We have identified three zig-zag long range 
paths (along ab, bc and ac planes) with the lower overall activation energy of 1.13 eV. In all four long range paths, 
there are two local Li-Li hops with lower activation energies of 0.16 eV and 0.48 eV. However, higher activation 
energy local Li-Li hops increase overall activation energies. There are no theoretical calculations available in the 

Figure 2.  Energetics of intrinsic defect process in cubic Li3NbO4.

Figure 3.  Possible long range lithium vacancy migration paths considered. Green, yellow and red colours 
correspond to Li, Nb, and O atoms respectively. Long range paths are labelled as L, M, N and O.

https://doi.org/10.1038/s41598-018-37466-x
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literature providing details on the diffusion mechanism and the migration energies. It is thus expected that this 
investigation will stimulate experimentalists to look at this material as a viable cathode material.

Tetravalent doping.  The performance of a promising new cathode material depends on its high energy 
density and power density with appropriate safety. Incorporation of extra lithium will improve the capacity of the 
as-prepared material and increase the use of Li3NbO4 as a potential cathode material in the lithium batteries. An 
efficient defect engineering strategy to increase the concentration of lithium as Li interstitials is by doping tetrav-
alent cations on Nb site. Similar computational strategy was used in Li2MnSiO4 cathode material in which Al and 
Ga were doped on Si site12. Here we considered the solution of RO2 (R = Si, Ge, Ti, Zr and Ce) using the following 
process (in Kröger-Vink notation):

Migration path Li-Li separation (Å)
Activation energy 
(eV)

A 2.6775 1.13

B 2.8546 0.48

C 3.6105 2.12

D 2.3638 0.16

Table 2.  Calculated Li-Li separations and activation energies for the lithium ion migration between two 
adjacent Li sites refer to Fig. 3.

Figure 4.  Four different energy profiles [as shown in Fig. 3] of Li vacancy hopping between two adjacent Li sites 
in Li3NbO4.

Long range path Direction Overall activation energy (eV)

L: B → D → B → A → B along ac plane 1.13

M: B → D → B → A → B along ab plane 1.13

N: C → D → B → A → B along ac plane 2.12

O: B → D → B → A → B along bc plane 1.13

Table 3.  Possible long range Li ion diffusion paths and their corresponding overall activation energies.
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www.nature.com/scientificreports/

5Scientific Reports |          (2019) 9:2192  | https://doi.org/10.1038/s41598-018-37466-x

+ + → ′ + +•2 RO 2Nb Li O 2 R 2 Li Nb O (8)2 Nb
X

2 Nb i 2 5

Solution energies of RO2 is reported in Fig. 5. The most favourable dopant solution energy (0.98 eV) is calcu-
lated for GeO2. This indicates that a possible way of introducing extra lithium into Li3NbO4 is by doping Ge4+ on 
Nb site, although the precise concentration of Ge incorporation is unpredictable. The possible composition of 
Ge-doped Li3NbO4 would be Li3+xNb1-xGexO4 (x = 0.0–1.0). The solution energy for SiO2 is 1.29 eV, suggesting 
that Si is also a candidate dopant. Solution energies for TiO2 and ZrO2 are 2.20 eV and 2.03 eV respectively. Highly 
endothermic (4.69 eV) solution energy is calculated for CeO2.

Local coordination of Nb with oxygen, Nb-O bond lengths and O-Nb-O bond angles in the relaxed configu-
ration of undoped Li3NbO4 and the dopants occupying Nb site, is reported in Fig. 6. The ionic radius of Nb5+ is 
0.64 Å in octahedral environment. The ionic radius of Ge4+ is smaller by 0.11 Å than that of Nb5+. In the GeO6 
unit, all six Ge-O bonds are shorter than the Nb-O bonds present in the pristine Li3NbO4. This is because of the 
smaller cation size of Gi4+ which strongly perturbs the oxygen ions leading to stronger bonds with O atoms. The 
second most favourable solution energy is calculated for Si4+. Its ionic radius (0.40 Å) is 0.24 Å, shorter than that 

Figure 5.  Enthalpy of solution of RO2 (R = Si, Ge, Ti, Zr, and Ce) with respect to the R4+ ionic radius in 
Li3NbO4.

Figure 6.  Octahedral NbO6 unit in the relaxed structure of undoped Li3NbO4 and the coordination formed by 
the dopants on the Nb site with oxygen neighbour.
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of Nb5+. This is reflected in the shorter bond distances. However, due to its somewhat larger cation mismatch, 
the solution energy increases slightly. In the TiO6 unit, all six Ti-O bond lengths are shorter than those observed 
in the NbO6 unit. Notably, bond angles deviate significantly reflecting in the solution energy. In the ZrO6 unit, 
three shorter and three longer Zr-O bonds are observed. Nevertheless, bond angles are shorter than the other 
octahedral units. Solution energy is slightly lower than that calculated for Ti. The difference in the solution ener-
gies is also dependent on the electronic structure of the dopants. There is a significant rise in the solution energy 
(4.69 eV) for CeO2 due to its larger ionic radius reflecting in the longest bond lengths and shortest bond angles.

Densities of states.  The electronic structure of Li3NbO4 is investigated using DFT. Figure 7(a) presents the 
electronic structure with the O2− p-states set to the Fermi level forming a band gap of 6.95 eV where the Nb5+ 
d-states dominate the conduction band (Refer to SI Fig. 1 for the exact contribution of orbitals). In addition, a 
contribution of in-gap states is located at 4.0 eV from the valence band with a width of 1.15 eV, mainly attributed 
at the O2− p-states and the Nb5+ d-states as well. Furthermore, Li+ is calculated to have the strongest density in 
the conduction band. Overall, it is expected that the electronic conduction of Li3NbO4 not to be the main conduc-
tion mechanism. Introducing Li+ interstitials in the crystal does not significantly affect the profile of the total 
DOS, however, a small tail of the valence band is observed in conjunction with additional Nb5+ contribution close 
to the mid-gap state region. Doping with tetravalent elements will increase the formation of Li+ ion hosted in 
interstitial sites of the crystal. The increased Li+ concentration in the crystal does not promote the increase of the 
total Li+ contribution. The Si4+-doped Li3NbO4 corresponds to the lowest solution enthalpy while it is character-
ized by the smallest ionic radius of all the dopants examined. Figure 1(c,d) shows the DOS for the Si4+ doped 
supercell before and after the introduction of one Li+ interstitial respectively. We expect the formation of new 
states due to the dopant reaction with the host lattice. This should be considered as both a structural distortion as 
well as a point of association with the electronic configuration between neighbouring atoms. The doping effect 
relates to additional contributions close to the conduction band as well as in the middle of the gap as well. The 
defect pairs of ′GeNb and ′ •{Ge : Li }Nb i

X, TiNb
′  and ′ •{Ti : Li }Nb i

X, ZrNb
′  and ′ •{Zr : Li }Nb i

X and ′CeNb and {Ce : Li }Nb i
X′ •  have 

been also examined. Unsurprisingly, minimum and maximum intensity corresponds to those of the smallest and 
biggest radius respectively (Refer to Fig. 2, of the SI for the dopants considered). Additionally, the interstitial 
mechanism tends to increase the dopant contribution whereas a slight non – uniformity of the valence band near 
the Fermi level with extra O2− states in the gap is observed. As the dominant diffusion mechanism corresponds to 
the Li+ Frenkel, we have also tested the doped structure with a Li+ vacancy (Refer to Fig. 3, SI). The defect pairs 
are ′GeNb and ′ •{Ge : Li },Nb i  ′TiNb and ′ •{Ti :Li }Nb i , ′ZrNb and {Zr : Li }Nb i

′ •  and ′CeNb and ′ •{Ce : Li }Nb i . Overall, the materi-
als behaviour remains similar to the interstitial presence and we expect the electronic structure with respect to the 
total Frenkel mechanism to remain unaffected, with the additional contributions to be attributed to the dopants.

Summary.  In this study, atomistic simulation technique was applied to examine the defect energetics, lithium 
ion diffusion and doping behaviour as they are relevant when assessing Li3NbO4 as a promising lithium battery 
cathode material. The lowest energy defect process is Li-Nb anti-site defect indicating that a small percentage of 
Nb on Li sites would be observed at operating temperatures. Two dimensional long range Li ion diffusion path 
was calculated with the lowest overall migration energy of 1.13 eV, suggesting slightly lower Li mobility at low 

Figure 7.  The Li3NbO4 PDOS for the (a) Perfect cell (b) The Li+ Interstitial defect (c) The Si4+-doped cell (d) 
The Si4+-doped with a Li+ interstitial defect.
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temperatures, but higher diffusion would be observed at operating temperatures. As compared to recent studies 
the migration energy barrier is higher23–27,36. An advantage of Li3NbO4 is the directional diffusion mechanism, 
which is not the case for Li5FeO4 and Na2MnSiO4 considered previously23,36. An important feature of Li3NbO4 is 
its ease to incorporate dopants with the solution energies of RO2 (R = Si, Ge, Ti, Zr and Ce) calculated to create 
extra lithium in this material. The energetically favourable (i.e. lowest solution energy of RO2) being Ce. These 
interesting results presented here demonstrate that experimental work should be encouraged on this important 
lithium ion battery material. Additionally, mixed computational techniques can be employed to calculate the 
optimum doping conditions and the impact on self-diffusion37.

Methods.  Defect and Li ion migration calculations were performed using the classical pair wise potential 
method. The GULP code28, which is based on the classical Born model description of an ionic crystal lattice was 
used. In this method, two types of ionic interactions were considered. The long-range attractions are based on 
the Coulombic forces. The short-range repulsive forces consisting of electron-electron repulsion and van der 
Waals interactions were modelled using Buckingham potentials (refer to Table S1). Geometry optimisation (both 
positions of atoms and lattice constants) was performed using the Broyden-Fletcher-Goldfarb-Shanno (BFGS) 
algorithm38. Lattice relaxation around the point defects and the migrating Li+ ions was modelled using the 
Mott-Littleton method39. To calculate the Li ion diffusion we considered two adjacent vacancy sites as initial and 
final configurations. Here, the activation energy of Li ion diffusion is defined as the local maximum energy along 
this diffusion path. In the current methodology, the defect enthalpies will be overestimated due to the full charge 
ionic model with dilute limit used in the present study, but the trends in the defect energies will be consistent.

Electronic properties of doped- and undoped-Li3NbO4 were calculated using a plane wave DFT code 
CASTEP29,40. All supercells were optimized to the most stable configuration with the plane wave basis set to a 
cut-off of 500 eV. All the Li3NbO4 supercells were simulated using a 2 × 2 × 2 Monkhorst-Pack (MP)41 k-point 
grid within a supercell containing 128 atoms. The non–defective, defective and doped structures have been mod-
elled under constant pressure conditions. We apply the exchange and correlation interactions in the crystallo-
graphic structure of the material using the formulation with the corrected density functional of Perdew, Burke 
and Ernzerhof (PBE)42 within the generalized gradient approximation (GGA) in conjunction with ultrasoft pseu-
dopotentials43. For the electronic structure calculations and output visualization, the OPTADOS44,45 tool has been 
employed.

References
	 1.	 Tarascon, J.-M. & Armand, M. Issues and changes facing rechargeable lithium batteries. Nature 414, 359–367 (2001).
	 2.	 Armand, M. & Tarascon, J.-M. Building better batteries. Nature 451, 652–657 (2001).
	 3.	 Kamaya, N. et al. A lithium superionic conductor. Nat. Mater. 10, 682–686 (2011).
	 4.	 Zhao, Y. & Daemen, L. L. Superionic conductivity in lithium-rich anti-perovskites. J. Am. Chem. Soc. 134, 15042–15047 (2012).
	 5.	 Bruce, P. G., Freunberger, S. A., Hardwick, L. J. & Tarascon, J.-M. Li-O2 and Li-S batteries with high energy storage. Nat. Mater. 11, 

19–29 (2012).
	 6.	 Padhi, A. K., Nanjundaswamy, K. S. & Goodenough, J. B. Phospho‐olivines as positive-electrode materials for rechargeable lithium 

Batteries. J. Electrochem. Soc. 144, 1188–1194 (1997).
	 7.	 Nytén, A., Abouimrane, A., Armand, M., Gustafsson, T. & Thomas, J. O. Electrochemical performance of Li2FeSiO4 as a new Li-

battery cathode material. Electrochem. Commun. 7, 156–160 (2005).
	 8.	 Nishimura, S.-I. et al. Structure of Li2FeSiO4. J. Am. Chem. Soc. 130, 13212–13213 (2008).
	 9.	 Armstrong, A. R., Kuganathan, N., Islam, M. S. & Bruce, P. G. Structure and lithium transport pathways in Li2FeSiO4 Cathodes for 

Lithium Batteries. J. Am. Chem. Soc. 133, 13031–13035 (2011).
	10.	 Politaev, V. V., Petrenko, A. A., Nalbandyan, V. B., Medvedev, B. S. & Shvetsova, E. S. Crystal structure, phase relations and 

electrochemical properties of monoclinic Li2MnSiO4. J. Solid State Chem. 180, 1045–1050 (2007).
	11.	 Dominko, R. et al. Structure and electrochemical performance of Li2MnSiO4 and Li2FeSiO4 as potential Li-battery cathode materials. 

Electrochem. Commun. 8, 217–222 (2006).
	12.	 Kuganathan, N. & Islam, M. S. Li2MnSiO4 Lithium Battery Material: Atomic-Scale Study of Defects, Lithium Mobility, and Trivalent 

Dopants. Chem. Mater. 21, 5196–5202 (2009).
	13.	 Fisher, C. A. J., Kuganathan, N. & Islam, M. S. Defect chemistry and lithium-ion migration in polymorphs of the cathode material 

Li2MnSiO4. J. Mater. Chem. A 1, 4207–4214 (2013).
	14.	 Masquelier, C. & Croguennec, L. Polyanionic (Phosphates, Silicates, Sulfates) Frameworks as Electrode Materials for Rechargeable 

Li (or Na) Batteries. Chem. Rev 113, 6552–6591 (2013).
	15.	 Wang, J. et al. Li3V(MoO4)3 as a novel electrode material with good lithium storage properties and improved initial coulombic 

efficiency. Nano Energy 44, 272–278 (2018).
	16.	 Recham, N. et al. A 3.6 V lithium-based fluorosulphate insertion positive electrode for lithium-ion batteries. Nat. Mater. 9, 68 (2009).
	17.	 Nishimura, S.-I., Nakamura, M., Natsui, R. & Yamada, A. New lithium iron pyrophosphate as 3.5 V class cathode material for 

lithium ion battery. J. Am. Chem. Soc. 132, 13596–13597 (2010).
	18.	 Afyon, S., Wörle, M. & Nesper, R. A. Lithium-rich compound Li7Mn(BO3)3 containing Mn2+ in tetrahedral coordination: A cathode 

candidate for lithium-ion batteries. Angew. Chemie Inter. Ed. 52, 12541–12544 (2013).
	19.	 Yabuuchi, N. et al. High-capacity electrode materials for rechargeable lithium batteries: Li3NbO4-based system with cation-

disordered rocksalt structure. Proc Natl Acad Sci 112, 7650–7655 (2015).
	20.	 Yabuuchi, N. et al. Synthesis and electrochemical properties of Li1.3Nb0.3V0.4O2 as a positive electrode material for rechargeable 

lithium batteries. Chem. Commun 52, 2051–2054 (2016).
	21.	 McLaren, V. L., Kirk, C. A., Poisot, M., Castellanos, M. & West, A. R. Li+ ion conductivity in rock salt-structured nickel-doped 

Li3NbO4. Dalton. Tans (2004).
	22.	 Islam, M. S., Driscoll, D. J., Fisher, C. A. J. & Slater, P. R. Atomic-Scale Investigation of Defects, Dopants, and Lithium Transport in 

the LiFePO4 Olivine-Type Battery Material. Chem. Mater 17, 5085–5092 (2005).
	23.	 Kuganathan, N., Iyngaran, P. & Chroneos, A. Lithium diffusion in Li5FeO4. Sci. Rep. 8, 5832 (2018).
	24.	 Kordatos, A., Kuganathan, N., Kelaidis, N., Iyngaran, P. & Chroneos, A. Defects and lithium migration in Li2CuO2. Sci. Rep 8, 6754 

(2018).
	25.	 Kuganathan, N., Ganeshalingam, S. & Chroneos, A. Defects, Dopants and Lithium Mobility in Li9V3(P2O7)3(PO4)2. Sci. Rep. 8, 8140 

(2018).

https://doi.org/10.1038/s41598-018-37466-x


www.nature.com/scientificreports/

8Scientific Reports |          (2019) 9:2192  | https://doi.org/10.1038/s41598-018-37466-x

	26.	 Kuganathan, N., Kordatos, A. & Chroneos, A. Li2SnO3 as a Cathode material for lithium-ion batteries: Defects, lithium ion diffusion 
and dopants. Sci. Rep 8, 12621 (2018).

	27.	 Kuganathan, N., Kordatos, A., Fitzpatrick, M. E., Vovk, R. V. & Chroneos, A. Defect process and lithium diffusion in Li2TiO3. Solid 
State Ion. 327, 93–98 (2018).

	28.	 Gale, J. D. & Rohl, A. L. The General Utility Lattice Program (GULP). Molec. Simul. 29, 291–341 (2003).
	29.	 Segall, M. D. et al. First-principles simulation: ideas, illustrations and the CASTEP code. J. Phys. Condens. Matter 14, 2717 (2002).
	30.	 Ukei, K., Suzuki, H., Shishido, T. & Fukuda, T. Li3NbO4. Acta Cryst. C 50, 655–656 (1994).
	31.	 Kröger, F. A. & Vink, H. J. In Solid State Physics Vol. 3 (eds Frederick Seitz & David Turnbull) 307–435 (Academic Press, 1956).
	32.	 Nyten, A., Kamali, S., Haggstrom, L., Gustafsson, T. & Thomas, J. O. The lithium extraction/insertion mechanism in Li2FeSiO4. J. 

Mater. Chem. 16, 2266–2272 (2006).
	33.	 Ensling, D., Stjerndahl, M., Nyten, A., Gustafsson, T. & Thomas, J. O. A comparative XPS surface study of Li2FeSiO4/C cycled with 

LiTFSI- and LiPF6-based electrolytes. J. Mater. Chem. 19, 82–88 (2009).
	34.	 Liu, H. et al. Effects of Antisite Defects on Li Diffusion in LiFePO4 Revealed by Li Isotope Exchange. J. Phys. Chem C 121, 

12025–12036 (2017).
	35.	 Kempaiah Devaraju, M., Duc Truong, Q., Hyodo, H., Sasaki, Y. & Honma, I. Synthesis, characterization and observation of antisite 

defects in LiNiPO4nanomaterials. Sci. Rep. 5, 11041 (2015).
	36.	 Kuganathan, N. & Chroneos, A. Defects, dopants and sodium mobility in Na2MnSiO4. Sci. Rep. 8, 14669 (2018).
	37.	 Jay, E. E., Rushton, M. J. D., Chroneos, A., Grimes, R. W. & Kilner, J. A. Genetics of superionic conductivity in lithium lanthanum 

titanates. Phys. Chem. Chem. Phys. 17, 178–183 (2015).
	38.	 Gale, J. D. GULP: A computer program for the symmetry-adapted simulation of solids. J. Chem. Soc. Faraday Trans. 93, 629–637 

(1997).
	39.	 Mott, N. F. & Littleton, M. J. Conduction in polar crystals. I. Electrolytic conduction in solid salts. Trans. Faraday Soc. 34, 485–499 

(1938).
	40.	 Payne, M. C., Teter, M. P., Allan, D. C., Arias, T. A. & Joannopoulos, J. D. Iterative minimization techniques for ab initio total-energy 

calculations: molecular dynamics and conjugate gradients. Rev. Mod. Phys. 64, 1045 (1992).
	41.	 Monkhorst, H. J. & Pack, J. D. Special points for Brillouin-zone integrations. Phys. Rev. B 13, 5188–5192 (1976).
	42.	 Perdew, J. P., Burke, K. & Ernzerhof, M. Generalized Gradient Approximation Made Simple. Phys. Rev. Lett. 77, 3865–3868 (1996).
	43.	 Vanderbilt, D. Soft self-consistent pseudopotentials in a generalized eigenvalue formalism. Phys. Rev. B 41, 7892 (1990).
	44.	 Nicholls, R. J., Morris, A. J., Pickard, C. J. & Yates, J. R. OptaDOS - a new tool for EELS calculations. J. Phys.: Conf. Ser. 371, 012062 

(2012).
	45.	 Morris, A. J., Nicholls, R., Pickard, C. J. & Yates, J. R. OptaDOS: A tool for obtaining density of states, core-level and optical spectra 

from electronic structure codes. Comp. Phys. Comm. 185, 1477–1485 (2014).

Acknowledgements
High Performance Computing Centres at Imperial College London and Coventry University are acknowledged 
for providing computational facilities and support.

Author Contributions
N.K. and A.K. performed the calculations. All the authors analysed and discussed the results and contributed to 
the writing of the paper.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-37466-x.
Competing Interests: The authors declare no competing interests.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019

https://doi.org/10.1038/s41598-018-37466-x
https://doi.org/10.1038/s41598-018-37466-x
http://creativecommons.org/licenses/by/4.0/

	Defects, Lithium Mobility and  cs
	Defects, Lithium Mobility and Tetravalent Dopants pdf
	Defects, Lithium Mobility and Tetravalent Dopants in the Li3NbO4 Cathode Material

	Results and Discussion

	Structural Modelling. 
	Intrinsic defects. 
	Lithium ion-diffusion. 
	Tetravalent doping. 
	Densities of states. 
	Summary. 
	Methods. 

	Acknowledgements

	Figure 1 Crystal structure of Li3NbO4 (space group ).
	Figure 2 Energetics of intrinsic defect process in cubic Li3NbO4.
	Figure 3 Possible long range lithium vacancy migration paths considered.
	Figure 4 Four different energy profiles [as shown in Fig.
	Figure 5 Enthalpy of solution of RO2 (R = Si, Ge, Ti, Zr, and Ce) with respect to the R4+ ionic radius in Li3NbO4.
	Figure 6 Octahedral NbO6 unit in the relaxed structure of undoped Li3NbO4 and the coordination formed by the dopants on the Nb site with oxygen neighbour.
	Figure 7 The Li3NbO4 PDOS for the (a) Perfect cell (b) The Li+ Interstitial defect (c) The Si4+-doped cell (d) The Si4+-doped with a Li+ interstitial defect.
	Table 1 Calculated and Experimental Structural Parameters for cubic () Li3NbO4.
	Table 2 Calculated Li-Li separations and activation energies for the lithium ion migration between two adjacent Li sites refer to Fig.
	Table 3 Possible long range Li ion diffusion paths and their corresponding overall activation energies.





