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OPEN Self‑diffusion in garnet‑type 
Li7La3Zr2O12 solid electrolytes 
Navaratnarajah Kuganathan1,2•, Michael J. D. Rushton3, Robin W. Grimes1, John A. Kilner1,4, 
Evangelos I. Gkanas2 & Alexander Chroneos1,2•

Tetragonal garnet‑type Li7La3Zr2O12 is an important candidate solid electrolyte for all‑solid‑state 
lithium ion batteries because of its high ionic conductivity and large electrochemical potential window. 
Here we employ atomistic simulation methods to show that the most favourable disorder process in 
Li7La3Zr2O12 involves loss of Li2O resulting in lithium and oxygen vacancies, which promote vacancy 
mediated self‑diffusion. The activation energy for lithium migration (0.45 eV) is much lower than that 
for oxygen (1.65 eV). Furthermore, the oxygen migration activation energy reveals that the oxygen 
diffusion in this material can be facilitated at higher temperatures once oxygen vacancies form. 

Te quest for better capacity, cycle performance, safety and durability have led to the search for materials ena-
bling completely solid-state lithium batteries1–3. A critical component in achieving this goal is the solid-state 
electrolyte at the heart of such batteries. Te research community has considered numerous candidate materials 
including: anti-perovskite (Li3ClO and Li7P3S11)4–6, perovskites (La2/3−xLi3xTiO3)7,8, NASICON-type phosphates9, 
LiSICON10, thio-LiSICON11,12, LiBH4

13, Li9.54Si1.74P1.44S11.7Cl0.3 14, and the garnet family15–20 . 
A decade ago Muragan et al. 15 introduced the garnet-type Li7La3Zr2O12 (LLZO) solid electrolyte with relatively 

high Li-ion conductivity, at room temperature, and in air. Lithium difusion in both the tetragonal and cubic 
phases of LLZO and the impact of doping has been studied using experimental and theoretical methods21–26. 
Te cubic phase of LLZO exhibits much higher Li-ion conductivity18 and doping (for example with Al, Ta, Ga) 
can stabilize the cubic phase to a lower temperature and enhance ionic conductivity27–34. Although there has 
been a focus on the cation sublattice and the improvement of Li-ion conductivity via doping, the impact of the 
oxygen sublattice is rarely considered. At high temperatures, which are important in fabricating garnet-type 
LLZO, there is loss of Li via formation of volatile Li compounds (e.g. Li2O) and this in turn leads to the forma-
tion of both Li and O vacancies26,35. Interestingly, in recent experimental work Kubicek et al. 26 employed isotope 
exchange 3D imaging to measure oxygen difusivity and infer the presence of oxygen vacancies in doped LLZO. 
Tese in turn impact phase stabilization and Li-ion difusion26. Here, we investigate intrinsic defect processes 
and vacancy self-difusion in tetragonal garnet-type Li7La3Zr2O12 solid electrolytes using two techniques. First, 
static atomistic simulation based on classical pair potentials are used to calculate intrinsic defect reaction energies 
and predict the most favourable dissorder process. Tis informs the choice of mediating defects that facilitate 
migration pathways for Li and O ions. Second, electronic structure calculations based on density functional 
theory (DFT) are employed to investigate the densities of states of the point defects (vacancy and interstitial) 
compared to defect-free LLZO. 

Results and discussion 
Calculation of the bulk Li7La3Zr2O12 structure. Te starting point for the present study is to use both 
computational approaches to reproduce the experimentally observed tetragonal crystal structure (space group 
I41/acd) of Li7La3Zr2O12 (see Fig. 1) as reported by Logéat et al.36. Tis enables an assessment of the quality of 
the interatomic potential parameters used in the classical simulations, but also the pseudopotentials and basis 
set used for Li, La, Zr and O in the DFT simulations (see Table S1 in the Supplementary Information for the 
pair potentials parameters used and method section for the detailed descriptions of the methodologies). Te 
calculated equilibrium lattice constants (see Table 1) obtained from both methods are in good agreement with 
experiment. 

Intrinsic defect processes. Greater insight into the intrinsic defect properties of electrolyte materials is 
crucial to fully understand their electrochemical behaviour and the rate of difusion of their constituent ions. 
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Figure 1. Crystal structure of tetragonal Li7La3Zr2O12 (space group I41/acd). Li, La, Zr and O atoms are shown 
as green, blue, grey and red spheres, respectively. 

Parameter 

Calculated 

Experiment [36] 

|∆| (%) 

Classical DFT Classical DFT 

a = b (Å) 12.907 13.113 13.092 1.41 0.16 

c (Å) 12.624 12.556 12.618 0.05 0.49 

α = β = γ (°) 90.0 90.0 90.0 0.00 0.00 

Table 1. Calculated and experimental lattice parameters of tetragonal Li7La3Zr2O12 (space group I41/acd). 

Using the classical pair potential simulations, a series of isolated point defect (vacancy and interstitial) ener-
gies were calculated, which were then combined to determine the formation energies for Frenkel, Schottky and 
antisite disorder processes in Li7La3Zr2O12. A 2 × 2 × 2 supercell containing 1536 atoms was used for the defect 
calculations. In the tetragonal LLZO crystal structure there are three non-equivalent Wyckof positions that Li 
ions occupy (8a, 16f and 32g) and two non-equivalent positions on which La ions are present (8b and 16e). Tere 
is only one Wyckof position for Zr (16c) and one for O (32g). Our calculations considered all non-equivalent 
sites for the formation of isolated vacancies. A number of interstitial positions were considered for all four ions. 
In both cases the lowest formation energies were taken into account to form the Schottky and Frenkel disorder 
reaction energies. Te following equations, in Kröger–Vink notation37, represent the reactions involving these 
defects 

′ 

Li Frenkel: LiX Li + Li · (1)Li → V i 

OX 
O 
·· 
+ O ′′ O Frenkel: O → V (2)i 

′′′ 

La + La ··· La Frenkel: LaX (3)La → V i 

Zr + Zr ····′′′′ Zr Frenkel: ZrX (4)Zr → V i 

′ ′′′ ′′′′ ·· 

Li +3 LaX Zr+12 OX 
O+Li7La3Zr2O12Schottky: 7 LiX La +2 ZrX O → 7 VLi +3 VLa +2 VZr +12 V (5) 

′ ·· Li2O Schottky: 2 LiX O → 2V O + Li2O (6)Li + OX 
Li + V 

′′′ ·· La2O3 Schottky: 2 LaX + 3OX 
O + La2O3 (7)La O → 2VLa + 3V 

′′′′ ·· ZrO2 Schottky: ZrX O → VZr + 2 VO + ZrO2 (8)Zr + 2  OX 
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   Figure 2. Energetics of intrinsic defect process in tetragonal Li7La3Zr2O12. 

La + La ·· Li/La antisite (isolated): LiX La → Li ′′ (9)Li + LaX Li 

˜ ° ˛ ˝X 
Li/La antisite pair : LiX LiLa

′′ :La ·· (10)Li + LaX La → Li 

Zr + Zr ··· Zr → Li ′′′ Li/Zr antisite (isolated): LiX (11)Li + ZrX Li 

˜ ° ˛ ˝X 
Li ′′′ Li/Zr antisite pair : LiX :Zr ··· (12)Li + ZrX Zr → Zr Li 

Reaction energies (normalised per defect) for these intrinsic defect processes, calculated using the classical 
pair potential approach, are shown in Fig. 2. Te formation of all Frenkel and Schottky defects is unfavourable, 
suggesting that the formation of vacancies (especially La and Zr but as we will see not Li) and interstitial defects 
is unfavourable on energetic grounds. Hence, such intrinsic disorder is unlikely to be present in high concentra-
tions in undoped Li7La3Zr2O12. 

Of the Frenkel processes, Li Frenkel is of dramatically lower energy than the other cation Frenkel reactions 
and less than half that for O Frenkel. Te enthalpy to form Li2O (i.e. the removal of Li2O through a Schottky-
like, or partial Schottky process) is also a relatively low energy process compared to other Schottky reactions in 
LLZO. DFT simulation performed by Moradabadi et al.38 on Al-doped cubic LLZO shows that Li2O Schottky-like 
defect comprising of a cluster of 2 Li+ and O2− vacancies is the second most favourable defect process under poor 
O condition though the most favourable defect type is ZrLi2O-Schottky-like defect under poor Zr condition. 
Simulation studies indicates that the loss of Li2O seems to be a common feature in pristine and doped-LLZO. 

′Furthermore, it was shown that the formation of isolated point defects (V  and Li· ) is unfavourable and their Li i
′co-existence (V + Li·  or Li Frenkel) is energetically favourable. A key feature of Li7La3Zr2O12 is that, in principle, Li i

extraction of more than one lithium is possible in contrast to olivine phosphates39 in which one lithium at most 
can be extracted per formula unit though the exact number of Li that can be extracted without collapsing the 
crystal structure is not known experimentally. When more than one Li+ is extracted from LLZO, the material 
will keep its neutrality by losing O2− ions according the reaction Eq. (6). An experimental study carried out by 
Kubicek et al.26 shows that there is a substantial level of oxygen difusion in LLZO with an oxygen nonstoichi-
ometry of ~ 5 × 10−3 per unit cell as a frst rough estimate on the single crystal. 

Te O Frenkel in the current study is slightly lower in energy than the values calculated for the olivine 
phosphate40,41 and for orthosilicate42 based lithium ion battery materials. Te lower formation enthalpy of Li2O 
in this material may be due to the high Li content in this material. Also the lower Li Frenkel reaction energy 
indicates that the loss of Li2O at high temperatures can be facilitated via the formation of a compensating O 
vacancy. Johnson et al.43 have observed a change in coordination of Fe3+ ion in the delithiated samples of Li5FeO4 
suggesting that lithium extraction is predominantly assisted by the release of O with the net loss of Li2O leaving 
a Fe2O3 rich residual product. 
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   Figure 3. Possible long range lithium vacancy migration paths. Grey, blue and red colours correspond to Zr, La 
and O atoms, respectively. Four diferent Li local hops (A–D) are shown in diferent colours. 

We also considered the Li/M (M = La and Zr) “anti-site” isolated and pair defects. In the isolated cases, the 
defect energy for the two dopant substitutions were calculated separately then used in Eqs. (9) and (11) to give 
the energy of the overall defect process (meaning that the efects of defect association were not included). In the 
case of the clustered “anti-site” pair (Eqs. 10 and 12) a Li+ ion (radius 0.76 Å) exchanges with a La3+ ion (radius 
1.16 Å) or Zr4+ (radius 0.72 Å). Substitution was considered on all non-equivalent sites of the metals and the 
lowest energy was taken to calculate isolated (association) energies. A number of defect cluster confgurations in 
which Li ions neighbouring La ions or Zr ions were considered and the lowest defect energy was for the small-
est cation–cation separation and is reported as the cluster defect energy. As interactions between isolated point 
defects can lead to the formation of clusters, the cluster binding energies were calculated using the following 
equation 

˜ 

Ebind = Ecluster − Eisolated (13) 

Te energies in Fig. 2 reveal that the “anti-site” cluster pair defect is a lower energy process compared to its 
isolated form. Tis means that a small percentage of Li+ ions can exchange with La3+ or Zr4+. Te exact con-
centration will depend on the temperature and synthesis procedure. Te cluster binding energies for the defect 

˜ ˜ 

Li 
′′′ ···clusters Li ′′ 

°X and 
Zr
:Zr

La
:La

·· 
°X were calculated to be − 0.88 eV and − 0.66 eV per defect, respectively. 

Li Li 

Both Li/La and Li/Zr antisite pair clusters have negative binding energies meaning that they are more stable 
than the isolated defects. Cation exchange efects have also been predicted in polyanionic based Li ion battery 
materials40–42,44. Further, the presence of such defects has been confrmed by Chung et al. 45 and Politaev et al. 46 
in their experimental studies of olivine-type LiFePO4 and in monoclinic Li2MnSiO4, respectively. 

Self‑diffusion. Te previous section established that at high temperatures there is a tendency for Li7La3Zr2O12 
to lose lithium in the form of Li2O with the concomitant formation of lithium and oxygen vacancies. Tese can 
become vehicles for lithium and oxygen self-difusion, respectively via the vacancy mechanism. Current classi-
cal simulation allowed us to examine possible Li and O vacancy migration paths and calculate corresponding 
activation energies. Figures 3 and 4 represent the potential migration pathways including all possible jumps 
between adjacent lithium sites and energy profle diagrams for the corresponding Li hops (A–D), respectively. 
Figures 5 and 6 show the local O hops (P–Y) and corresponding energy profle diagrams, respectively. Te posi-
tion of highest potential energy (i.e. the “saddle point” confguration) along the migration path determines the 
migration activation energy (Ea). Te calculated Li and O activation for individual jumps are reported in Tables 2 
and 3, respectively. 

For the Li migration, we identifed four main local paths (hops) between adjacent Li sites (see Fig. 3). Te 
lowest migration barrier is 0.26 eV (path C) but this path alone cannot facilitate transport of Li across the unit 
cell. Individual migration paths (A–D) were then connected to construct long range Li difusion channels (i.e. 
contiguous across the whole unit cell). Two lowest energy 3D transport of Li ion pathways (see Fig. 3) were identi-
fed. In both cases the overall activation energy of Li ion migration is 0.45 eV. Te calculated activation energy 
is in good agreement with the experimental activation energy of 0.54 eV calculated in tetragonal Li7La3Zr2O12 
by Awaka et al.47 in the temperature range of 300–560 K and a DFT calculated activation energy of 0.44 eV by 
Meier et al. 48. Consistently with previous experimental and theoretical work the activation energy calculated 
here for the tetragonal phase is higher than the cubic phase (0.29 eV)34 . 
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Figure 4. Four diferent energy profles for Li vacancy hops (as shown in Fig. 3) in Li7La3Zr2O12. Ea corresponds 
to the activation energy for Li ion migration. 

Figure 5. Possible long range oxygen vacancy migration paths. Nine diferent O local hops (P–Y) are shown in 
diferent colours. 

Next we considered all possible O vacancy hops between adjacent O ions in the lattice. Nine possible migra-
tion hops [(P–Y) in Fig. 5] led to two long range low energy paths. Te migration energies for hops ranged 
between 0.83 and 1.73 eV. For the two long range O ion migration pathways (X → V → T → T → R → Y → X) and 
(P → U → Q → S → Q → U), as shown in the Fig. 5, the activation energies were 1.65 eV and 1.73 eV, respectively. 
It is important to note that the activation energies for Li local hops (A–D) are lower than for the O local hops 
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Figure 6. Nine diferent energy profles for O vacancy hops (as shown in Fig. 5) in Li7La3Zr2O12. 

Migration path Li–Li separation (Å) Activation energy (Ea) (eV) 

A 2.45 0.44 

B 2.52 0.35 

C 2.58 0.26 

D 2.59 0.45 

Table 2. Calculated Li–Li separations and activation energies for lithium ion migration. For migration paths 
refer to Fig. 3. 

Migration path O–O separation (Å) Activation energy (Ea) (eV) 

P 2.75 0.84 

Q 2.83 0.83 

R 2.86 0.85 

S 2.88 1.73 

T 2.99 1.70 

U 3.02 0.93 

V 3.04 1.04 

X 3.07 1.65 

Y 3.11 1.35 

Table 3. Calculated O–O separations and activation energies for the oxygen ion migration. For migration 
paths refer to Fig. 5. 
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Figure 7. DOSs for tetragonal Li7La3Zr2O12 with (a) oxygen vacancies, and (b) oxygen interstitial defects in 
diferent charge states. Te Fermi energies (EF) are given in each cases and indicated by green solid lines. 

(P–Y) as are the energies for the overall pathways. Tis suggests that Li transport will be considerably more 
favourable than that of O in this material. 

Densities of states. Te DFT based simulations predict that Li7La3Zr2O12 is a wide-gap semiconductor 
with the band gap of 4.50 eV (refer to Fig. 7). Tompson et al.49 have calculated the band gap and density of 
states of Li7La3Zr2O12 using PBE, HSE06 and G0W0 levels of theory and their calculated band gaps were 4.33 eV, 
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5.79 eV and 6.42 eV respectively, agreeing well with the value reported here. In order to analyse the infuence 
of the defects (vacancies and interstitials) on the electronic structure of Li7La3Zr2O12, the electronic densities of 
states (DOSs) for both defect-free and defective Li7La3Zr2O12 were determined, as shown in Fig. 7. Te forma-
tion of vacancies or interstitial ions does not signifcantly change the DOS of Li7La3Zr2O12 but introduces new 
defect energy levels in the band gap of defective material. Te neutral oxygen vacancy defect shifs the Fermi 
energy signifcantly (see Fig. 7a) from the valence band maximum in defect free Li7La3Zr2O12 to above the defect 
energy level of the VO (0) defect. A further shif in the Fermi energy is observed for oxygen vacancies with + 1 
and + 2 charges and the defect energy levels are still present above the top of the valence band maximum but 
closer to the conduction band minimum. For the system with a neutral interstitial oxygen defect, the Fermi 
energy shifs slightly from the valence band maximum. In the case of oxygen vacancy defects with − 1 and − 2 
charges, the Fermi energy shifs back towards the valence band maximum and these values are slightly below the 
Fermi energy level observed for pure Li7La3Zr2O12. 

Summary. Intrinsic defect processes and vacancy self-difusion in garnet-type Li7La3Zr2O12 solid electro-
lytes have been predicted using atomic scale computer simulation. Te removal of a Li2O formula unit via a 
Schottky-like process exhibited an especially low enthalpy: 0.87 eV/defect. Tis implies that high temperatures, 
such as those encountered in materials processing, will lead to Li2O volatilisation and hence the formation of 
both Li and oxygen vacancies (i.e. a Li substoichiometric compostion). Tis would only be mitigated in cases 
where there is an excess Li2O to maintain a high vapour pressure processing atmosphere. Te presence of oxy-
gen vacancies has already been inferred from oxygen difusion experiments. Te vacancy migration activation 
energy for oxygen self-difusion, was predicted to be 1.65 eV. Tus lithium transport is favoured over oxygen 
transport in a Li2O defcient material. 

Methods 
The classical method. Te general utility lattice program (GULP)50 was used to carry out a detailed survey 
of the relative energetics for the formation of intrinsic defects and to identify the possible pathways for lithium 
and oxygen ion conduction. Tis atomic scale simulation code is based on the Born model of solids. All systems 
are treated as crystalline solids, with interactions between ions consisting of a long-range Coulombic term and 
a short-range component representing electron–electron repulsion and van der Waals interactions. Te short-
range interactions used the Buckingham potential reported by Jalem et al.17 Simulation boxes and the corre-
sponding atom positions were relaxed using the Broyden–Fletcher–Goldfarb–Shanno (BFGS) algorithm51. Te 
Mott–Littleton method52 was used to investigate the lattice relaxation about point defects or migrating ions. It 
divides the crystal lattice into two concentric spherical regions, where the ions within the inner spherical region 
immediately surrounding the defect are relaxed explicitly. Te remainder of the crystal, where the defect forces 
are relatively weak, is treated by more approximate quasi-continuum methods. In this way local relaxation is 
modelled efectively and the crystal is not considered as simply a rigid lattice. Te defect calculations used region 
sizes of 10 Å and 20 Å for inner and outer regions, respectively. 

Li and O migration calculations were performed within the Mott–Littleton framework creating two adjacent 
Li (or O) vacancy sites and systematically placing an Li (or O) ion at regular intervals along the diagonal con-
necting them. Seven interstitial positions were considered in all cases and the interstitial ion was fxed while all 
other ions were free to relax. Te diference in energy between the saddle point position and the system in its 
initial state was calculated and reported as the activation energy. Te current methodology to calculate migration 
pathways has been discussed in detail in previous studies and applied to a number of ionic oxide materials53–56 . 

The quantum mechanical method. In order to calculate the electronic DOSs for pure and defective (O 
vacancy and interstitial) LLZO, ab initio total energy calculations were employed, based on the spin polarised 
mode of DFT as implemented in the Vienna Ab initio simulation package (VASP)57,58. Te standard projected 
augmented wave (PAW) potentials59 and a plane-wave basis set with a cut of value of 500 eV were used in 
all cases. Te exchange–correlation term was modelled using the generalised gradient approximation (GGA), 
parameterised by Perdew, Burke and Ernzerhof (PBE)60. Te valence electronic confgurations for Li, La, Zr and 
O were 1s2 2s1, 5s2 5p6 5d1 6s2, 4s2 4p6 4d2 5s2 and 2s2 2p4, respectively. A primitive unit cell containing 192 atoms 
was used to model oxygen vacancy and interstitial defects. Geometery optimisations were performed using a 
2 × 2 × 2 Monkhorst–Pack61 k point mesh (which yields 8 k points) and a 4 × 4 × 4 k point mesh (which yields 
36 k points) was used to calculate the DOS. Structural optimisations were performed using a conjugate gradient 
algorithm62 and the forces on the atoms were obtained from the Hellman–Feynmann theorem including Pulay 
corrections. In all optimized structures, forces on the atoms were smaller than 0.001 eV/Å and the stress tensor 
was less than 0.002 GPa. In this work, dispersion has been included by using the pair-wise force feld as imple-
mented by Grimme et al.63 in the VASP package. 

Received: 3 November 2020; Accepted: 11 December 2020 

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). 



9 

Vol.:(0123456789)

Scientific Reports |  (2021) 11:451  | https://doi.org/10.1038/s41598-020-79919-2 

www.nature.com/scientificreports/

 

   

      
    
   

 
   
   

  
   

  
      

    

     
        
    
     

     

      
   

 
     
    
          

          
         

   
 

       
 

     
    

           
 

        

     
 

                  
 

    
              

   
 

        

        
       

 
  
    

 
   

 
     

 
       

    
   

   
      
   

 
      

 
                  

    
    

 
   

  
       
    

3. 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). 

4. Yamane, H. et al. Crystal structure of a superionic conductor, Li7P3S11. Solid State Ionics 178, 1163–1167 (2007). 
5. Zhao, Y. & Daemen, L. L. Superionic conductivity in lithium-rich anti-perovskites. J. Am. Chem. Soc. 134, 15042–15047 (2012). 
6. Seino, Y., Ota, T., Takada, K., Hayashi, A. & Tatsumisago, M. A sulphide lithium super ion conductor is superior to liquid ion 

conductors for use in rechargeable batteries. Energy Environ. Sci. 7, 627–631 (2014). 
7. Inaguma, Y. et al. High ionic conductivity in lithium lanthanum titanate. Solid State Commun. 86, 689–693 (1993). 
8. 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). 
9. Aono, H., Sugimoto, E., Sadaoka, Y., Imanaka, N. & Adachi, G. Y. Ionic conductivity of solid electrolytes based on lithium titanium 

phosphate. J. Electrochem. Soc. 137, 1023–1027 (1990). 
10. Xu, X. et al. Self-organized core-shell structure for high-power electrode in solid-state lithium batteries. Chem. Mater. 23, 3798– 

3804 (2011). 
11. Inada, T. et al. All solid-state sheet battery using lithium inorganic solid electrolyte, thio-LISICON. J. Power Sources 194, 1085–1088 

(2009). 
12. Kamaya, N. et al. A lithium superionic conductor. Nat. Mater. 10, 682–686 (2011). 
13. Takahashi, K. et al. All-solid-state lithium battery with LiBH4 solid electrolyte. J. Power Sources 226, 61–64 (2013). 
14. Kato, Y. et al. High-power all-solid-state batteries using sulfde superionic conductors. Nat. Energy 1, 16030 (2016). 
15. Murugan, R., Tangadurai, V. & Weppner, W. Fast lithium ion conduction in garnet-type Li7La3Zr2O12. Angew. Chem. Int. Ed. 46, 

7778–7781 (2007). 
16. Shin, D. O. et al. Synergistic multi-doping efects on the Li7La3Zr2O12 solid electrolyte for fast lithium ion conduction. Sci. Rep. 5, 

18053 (2015). 
17. Jalem, R. et al. Efects of gallium doping in garnet-type Li7La3Zr2O12 solid electrolytes. Chem. Mater. 27, 2821–2831 (2015). 
18. Chen, C., Lu, Z. & Ciucci, F. Data mining of molecular dynamics data reveals Li difusion characteristics in garnet Li7La3Zr2O12. 

Sci. Rep. 7, 40769 (2017). 
19. Han, X. et al. Negating interfacial impedance in garnet-based solid state Li metal batteries. Nat. Mater. 16, 572–579 (2017). 
20. He, X., Zhu, Y. & Mo, Y. Origin of fast ion difusion in super-ionic conductors. Nat. Commun. 8, 15893 (2017). 
21. Adams, S. & Rao, R. P. Ion transport and phase transition in Li7−xLa3(Zr2−xMx)O12 (M = Ta5+, Nb5+, x = 0, 0.25). J. Mater. Chem. 22, 

1426–1434 (2012). 
22. Xu, M. et al. Mechanisms, of Li+ transport in garnet-type cubic Li3+xLa3M2O12 (M = Te, Nb, Zr). Phys. Rev. B 85, 052301 (2012). 
23. Jalem, R. et al. Concerted migration mechanism in the Li ion dynamics of garnet-type Li7La3Zr2O12. Chem. Mater. 25, 425–430 

(2013). 
24. Klenk, M. & Lai, W. Local structure and dynamics of lithium garnet ionic conductors: tetragonal and cubic Li7La3Zr2O12. Phys. 

Chem. Chem. Phys. 17, 8758–8768 (2015). 
25. Andriyevsky, B., Doll, K. & Jacob, T. Ab initio molecular dynamics study of lithium difusion in tetragonal Li7La3Zr2O12. Mater. 

Chem. Phys. 185, 210–217 (2017). 
26. Kubicek, M. et al. Oxygen vacancies in fast lithium-ion conducting garnets. Chem. Mater. 29, 7189–7196 (2017). 
27. Geiger, C. A. et al. Crystal chemistry and stability of Li7La3Zr2O12 garnet: A fast lithium-ion conductor. Inorgan. Chem. 50, 

1089–1097 (2011). 
28. Ohta, S., Kobayashi, T. & Asaoka, T. High lithium ionic conductivity in the garnet type oxide Li7−xLa3(Zr2−x, Nbx)O12 (x = 0–2). J. 

Power Sources 196, 3342–3345 (2011). 
29. Kumazaki, S. et al. High lithium ion conductive Li7La3Zr2O12 by inclusion of both Al and Si. Electrochem. Commun. 13, 509–512 

(2011). 
30. Huang, M., Dumon, A. & Nan, C.-W. Efect of Si, In and Ge doping on high ionic conductivity of conductive Li7La3Zr2O12. Elec-

trochem. Commun. 21, 62–64 (2012). 
31. Allen, J. L., Wolfenstine, J., Rangasamy, E. & Sakamoto, J. Efect of substitution (Ta, Al, Ga) on the conductivity of Li7La3Zr2O12. 

J. Power Sources 6, 315–319 (2012). 
32. Miara, L. J. et al. Efect of Rb and Ta doping on the ionic conductivity and stability of the garnet Li7+2x−y(La3−xRbx)(Zr2−yTay)O12 

(0 ≤ x ≤ 0.375, 0 ≤ y ≤ 1) superionic conductor: A frst principles investigation. Chem. Mater. 25, 3048–3055 (2013). 
33. Bernuy-Lopez, C. et al. Atmosphere controlled processing of Ga-substituted garnets for high Li-ion conductivity ceramics. Chem. 

Mater. 26, 3610–3617 (2014). 
34. Buannic, L. et al. Dual substitution strategy to enhance Li+ ionic conductivity in Li7La3Zr2O12 solid electrolyte. Chem. Mater. 29, 

1769–1778 (2017). 
35. Larraz, G. et al. NMR study of Li distribution in Li7-xHxLa3Zr2O12 garnets. J. Mater. Chem. A 3, 5683–5691 (2015). 
36. Logéat, A. et al. From order to disorder: Te structure of lithium-conducting garnets Li7−xLa3TaxZr2−xO12 (x = 0–2). Solid State 

Ionics 206, 33–38 (2012). 
37. Kröger, F. A. & Vink, H. J. in Solid State Physics. (eds Seitz, F. & Turnbull, D.) 307–435 (Academic Press, New York, 1956). 
38. Moradabadi, A. & Kaghazchi, P. Defect chemistry in cubic Li6.25Al0.25La3Zr2O12 solid electrolyte: A density functional theory study. 

Solid State Ionics 338, 74–79 (2019). 
39. 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). 
40. Gardiner, G. R. & Islam, M. S. Anti-site defects and ion migration in the LiFe0.5Mn0.5PO4 mixed-metal cathode material. Chem. 

Mater. 22, 1242–1248 (2010). 
41. 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). 
42. 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). 
43. Johnson, C. S. et al. Li2O removal from Li5FeO4: A cathode precursor for lithium-ion batteries. Chem. Mater. 22, 1263–1270 (2010). 
44. Clark, J. M., Nishimura, S.-I., Yamada, A. & Islam, M. S. High-voltage pyrophosphate cathode: Insights into local structure and 

lithium-difusion pathways. Angew. Chem. Int. Ed. 51, 13149–13153 (2012). 
45. Chung, S.-Y., Kim, Y.-M. & Choi, S.-Y. Direct physical imaging and chemical probing of LiFePO4 for lithium-ion batteries. Adv. 

Funct. Mater. 20, 4219–4232 (2010). 
46. Politaev, V. V., Petrenko, A. A., Nalbandyan, V. B., Medvedev, B. S. & Shvetsova, E. S. Crystal structure, phase relations and elec-

trochemical properties of monoclinic Li2MnSiO4. J. Solid State Chem. 180, 1045–1050 (2007). 
47. Awaka, J., Kijima, N., Hayakawa, H. & Akimoto, J. Synthesis and structure analysis of tetragonal Li7La3Zr2O12 with the garnet-

related type structure. J. Solid State Chem. 182, 2046–2052 (2009). 
48. Meier, K., Laino, T. & Curioni, A. Solid-state electrolytes: Revealing the mechanisms of Li-ion conduction in tetragonal and cubic 

LLZO by frst-principles calculations. J. Phys. Chem. C 118, 6668–6679 (2014). 
49. Tompson, T. et al. Electrochemical Window of the Li-Ion Solid Electrolyte Li7La3Zr2O12. ACS Energy Lett. 2, 462–468 (2017). 
50. Gale, J. D. & Rohl, A. L. Te general utility lattice program (GULP). Mol. Simul. 29, 291–341 (2003). 



10 

Vol:.(1234567890)

Scientific Reports |  (2021) 11:451  | https://doi.org/10.1038/s41598-020-79919-2 

www.nature.com/scientificreports/

 

     

   

     
    

 
    

 
  
      

 
     

   
   
    
   

   
  

 
 

 

 
  

 

 

    

51. Gale, J. D. GULP: A computer program for the symmetry-adapted simulation of solids. J. Chem. Soc. Faraday Trans. 93, 629–637 
(1997). 

52. Mott, N. F. & Littleton, M. J. Conduction in polar crystals. I. Electrolytic conduction in solid salts. Trans. Faraday Soc. 34, 485–499 
(1938). 

53. Kuganathan, N., Iyngaran, P., Vovk, R. & Chroneos, A. Defects, dopants and Mg difusion in MgTiO3. Sci. Rep. 9, 4394 (2019). 
54. Kuganathan, N., Kordatos, A., Fitzpatrick, M. E., Vovk, R. V. & Chroneos, A. Defect process and lithium difusion in Li2TiO3. Solid 

State Ionics 327, 93–98 (2018). 
55. Kuganathan, N., Ganeshalingam, S. & Chroneos, A. Defects, difusion, and dopants in Li2Ti6O13: Atomistic simulation study. 

Materials 12, 2851 (2019). 
56. Catlow, C. R. A. Solid State Chemistry—Techniques (eds Cheetham, A. K., Day, P.) 231 (Clarendon Press, Oxford, UK, 1987) 
57. Kresse, G. & Furthmüller, J. Efcient iterative schemes for ab initio total-energy calculations using a plane-wave basis set. Phys. 

Rev. B 54, 11169–11186 (1996). 
58. Kresse, G. & Joubert, D. From ultrasof pseudopotentials to the projector augmented-wave method. Phys. Rev. B 59, 1758–1775 

(1999). 
59. Blöchl, P. E. Projector augmented-wave method. Phys. Rev. B 50, 17953–17979 (1994). 
60. Perdew, J. P., Burke, K. & Ernzerhof, M. Generalized gradient approximation made simple. Phys. Rev. Lett. 77, 3865–3868 (1996). 
61. Monkhorst, H. J. & Pack, J. D. Special points for Brillouin-zone integrations. Phys. Rev. B 13, 5188–5192 (1976). 
62. Press, W. H., Flannery, B. P., Teukolsky, S. A., & Vetterling, W. T. Numerical recipes: Te art of scientifc computing. 818 (Cambridge 

Univ. Press, Cambridge, 1986). 
63. Grimme, S., Antony, J., Ehrlich, S. & Krieg, H. A consistent and accurate ab initio parametrization of density functional dispersion 

correction (DFT-D) for the 94 elements H-Pu. J. Chem. Phys. 132, 154104 (2010). 

Acknowledgements 
Computational facilities and support were provided by the High Performance Computing Centre at Imperial 
College London. Te research leading to these results has received funding from the European Union’s H2020 
Programme under Grant Agreement no 824072-HARVESTORE. 

Author contributions 
N.K. performed the calculations. All the authors analysed and discussed the results and contributed to the writ-
ing of the paper. 

Competing interests 
Te authors declare no competing interests. 

Additional information 
Supplementary Information Te online version contains supplementary material available at https://doi. 
org/10.1038/s41598-020-79919-2. 

Correspondence and requests for materials should be addressed to N.K. or A.C. 

Reprints and permissions information is available at www.nature.com/reprints. 

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional afliations. 

Open Access  Tis 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 
Creative Commons licence, and indicate if changes were made. Te images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted 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 licence, visit http://creativecommons.org/licenses/by/4.0/. 

© Te Author(s) 2021 

https://doi.org/10.1038/s41598-020-79919-2
https://doi.org/10.1038/s41598-020-79919-2
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Self-diffusion  cs
	s41598-020-79919-2
	Self-diffusion in garnet-type Li7La3Zr2O12 solid electrolytes
	Results and discussion
	Calculation of the bulk Li7La3Zr2O12 structure. 
	Intrinsic defect processes. 
	Self-diffusion. 
	Densities of states. 
	Summary. 

	Methods
	The classical method. 
	The quantum mechanical method. 

	References
	Acknowledgements





