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A B S T R A C T   

Defect perovskites, AxBO3 such as (Li3xLa2/3-x)TiO3, are attracting attention as high capacity electrodes in 
lithium-ion batteries. However, the mechanism enabling high lithium storage capacities has not been fully 
investigated. In this work, the reversible insertion and removal of lithium up to an average A-site cavity occu
pancy of 1.71 in the defect perovskite (Li0.18Sr0.66)(Ti0.5Nb0.5)O3 is investigated. It was shown that subtle lithium 
reorganization during lithiation has a significant impact on enabling high capacity. Contrary to previous studies, 
lithium was coordinated to triangular faces of Ti/Nb oxygen octahedra and offset from O4 windows between A- 
site cavities in the as-synthesised material. Upon electrochemical lithiation Li-Li repulsion redistributes of all the 
lithium towards the O4 window position resulting in a loss of lithium mobility. Surprisingly, the mobility is 
regained during over-lithiation and following multiple electrochemical cycles. It is suggested that lithium 
reorganisation into the center of the O4 window alleviates the Li-Li repulsion and modifies the diffusion behavior 
from site percolation to bond percolation. The results obtained provide valuable insight into the chemical drivers 
enabling higher capacities and enhanced diffusion in defect perovskites. More broadly the study delivers 
fundamental understanding on the non-equilibrium structural transformations occurring within electrode ma
terials during repeated electrochemical cycles.   

1. Introduction 

During the past few decades Li-ion batteries (LIBs) have undeniably 
proven themselves as one of the most efficient and reliable energy 
storage devices. Yet, work continues on improving the current design 
and modifying materials to be matched with the desired end application 
of the battery. Specific areas of research interest towards this today 
include improving the capacity of the electrodes and designing materials 
that enable the use of lithium metal as a negative electrode, such as solid 
state electrolytes. A material class which bridges the gap between high 
capacity electrodes and solid state electrolytes are defect perovskites. 
Defect perovskite oxides are a versatile class of materials which have 
previously been investigated as solid state electrolytes for LIBs. 

Specifically, the material class was first recognized following the dis
covery of remarkably high ionic conductivity of 1 × 10− 3 S cm− 1 for 
(Li3xLa2/3-x□1/3-2x)TiO3 (where □ represents a vacancy) in 1993 [1]. 
Thanks to the open structure and compositional tuneability they are also 
very interesting as electrode materials. 

Perovskite oxides can be described by the general formula ABO3, 
whereby large A-site cations fill the cuboctahedral cavities created by 
the three-dimensional network of corner linked BO6 octahedra (Fig. 1A). 
Compositional variability enabled by structural flexibility allows for a 
wide variety of cation combinations, including the exclusion of A-site 
cations altogether creating a large vacant site, through which small 
cations are able to rapidly diffuse. This feature of the perovskite struc
ture led to the first studies of lithium lanthanum titanates, Li3xLa2/3-x□1/ 
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3-2xTiO3 or LLTO as solid state ionic conductors in 1987 by Belous et al. 
[2] which was further optimized by Inaguma et al. in 1993 [1]. Since 
then extensive work has been performed exploring the origins of such 
high ionic conductivity and the possibility to implement defect perov
skites as solid ionic conductors. Based on these early investigations it 
was proposed that Li+ conducted via site percolation. That is, within the 
A-sites there is a high degree of Li+ mobility, however, long range 
diffusion only occurs via Li+ hopping between vacant A-site cavities 
which is comparatively slower (Fig. 1B). This model implies that sig
nificant diffusion could only occur if there were ≥ 0.34 vacant A-sites 
ensuring a continuous diffusion pathway through the cubic structure. 
This places strict requirements on material composition [3]. Further
more, the main barriers to Li+ diffusion were identified to be the size of 
vacant sites [4], the oxygen windows acting as bottleneck between 
vacant sites [5,6] and the strength of lithium and oxygen bonding [7]. 

One of the challenges encountered while deploying LLTO in Li-metal 
batteries was its instability on contact with metallic lithium, when it 
undergoes easy and fast Li+ insertion with concurrent reduction of Ti4+

to Ti3+, leading to high electronic conductivity [1,8–10]. However, the 
discovery of Ti4+/Ti3+ reductive insertion of Li+ into the structure raised 
interest in using LLTO and similar perovskites as electrodes for Li-ion 
rechargeable batteries. First reports on electrochemical Li+ insertion 
at potentials from 1.7 V to ~0.6 V showed the possibility to insert 0.15 
Li+ per formula unit (FU) of La0.56Li0.33TiO3 [11,12] and 0.14 Li+ per FU 
of La0.57Li0.29TiO3 [9]. Given that there remained both space in the 
structure and reducible cations, the possibility to extend the capacity by 
cycling to lower potentials existed. Chen and Amine [13] were the first 
to demonstrate that it was possible to host significantly more than 1 Li+

per available A-site cavity when lithiated to 0 V. An available A-site is 
considered to be one that is either vacant, or occupied by a mobile 
cation. Specifically, La0.55Li0.35TiO3 was able to reversibly insert 0.48 
Li+ per FU which corresponds to an average Li+ A-site occupancy of 
1.84. The concept of inserting more than one Li+ ion per available A-site 
during lithiation in a battery will from here on be referred to as 
“over-lithiation”. 

Interestingly, this ability to reversibly and topotactically insert 
multiple lithium ions per available A-site contradicts predictions based 
on site percolation theory which states that ion conduction should 
decrease sharply once each A-site is occupied by a cation [3,14]. In 
contrast, it has been demonstrated on multiple occasions that perov
skites are able to host a larger quantity of lithium in the structure. For 
example, Li1.5La1.5WO6 [15] shows a reversible capacity of ~125 mAh 
g− 1, and computational modelling predicts that up to 4 Li+ can occupy a 
single A-site of Li3.0La1.5WO6 during over-lithiation. More recently LLTO 
was reported as a negative electrode material [16] exhibiting a revers
ible capacity of ~225 mAh g− 1 at 1C rate over 3000 cycles. While a 
portion of the capacity was suggested to arise from the intrinsic pseu
docapacitance of the material, it demonstrates that a high concentration 
of lithium can be reversibly inserted into the structure. 

The possibility of significant ion conduction beyond the percolation 
limit has been considered previously. For perovskites adopting ortho
rhombic and tetragonal symmetries with Li+ located within the A-site 
cavity, Li+ conduction between the neighboring vacant A-site cavities 
can be described by the site percolation model [3,17]. However, for 
perovskites adopting orthorhombic and rhombohedral symmetry with 
Li+ sitting within the O4 windows between the cubotahedral A-site 
cavities, the site percolation model was insufficient to describe the Li+

mobility and instead a bond percolation model was suggested [18–21]. 
The key difference is that Li+ ion diffusion pathways lie between the face 
centers of two neighbouring O4 windows. Thus, for one Li+ ion within 
the O4 window, there are eight nearby sites in two adjacent A-site cav
ities into which it can migrate. Four of these paths are shown in Fig. 1C. 
However, lithium migration does not occur via O4 sites adjacent the 
highly charged La3+ cation, which subsequently has an impact on Li+

ion mobility. Thus, perovskite ion conductors incorporating A-site cat
ions of a lower charge, such as Sr2+ may exhibit further improved 
conduction properties for higher lithium contents. To this end, the 
Li2ySr1-x-yTi1-2xNb2xO3 (LSTN) family of compounds were investigated 
as an alternative. The larger ionic radius of Sr2+ creates larger A-site 
cavities and is anticipated to improve conductivity. Further, many pre
viously investigated Sr2+ based defect perovskites form cubic structures 
with a random distribution of entities occupying the A-site leading to 
three-dimensional diffusion pathways [22,23]. 

Within the LSTN family, Li0.18Sr0.66Ti0.5Nb0.5O3 (L018STN) is an 
exemplary case to consider in the context of understanding changing 
lithium mobility during over-lithiation. Previous research has shown 
that the most likely location for Li+, and by extension the most likely 
diffusion pathway, is a curved path around the A-site cavity linking 
together the O4 windows [22]. However, the Li+ ions are not located 
within the O4 site but rather within the A-site cavity. While most of the 
Li+ ions in the as-synthesised material could not be located using 
diffraction data due to either static or dynamic (i.e. diffusion) disorder, 
some could be modelled at a position slightly off-set from the O4 win
dow. Following chemical Li+ insertion to a composition Li0.4Sr0.66

Ti0.5Nb0.5O3 (1.18:1 Li:available A-site) Li+ was found within the O4 
window. Interestingly, preparing a similar sample via electrochemical 
insertion resulted in Li+ sitting slightly offset from the O4 window site 
[24], however, if L018STN is potentiostatically held at 1 V Li+ begins to 
migrate into the O4 window [25]. The changing Li+ position during Li+

insertion is likely to impact the nature of lithium diffusion from being 
best described by site percolation to bond percolation during 
over-lithiation. However, the connection between lithium reorganiza
tion and its mobility has not yet been determined. 

In this study the structure, and in particular lithium position, during 

Fig. 1. A: Fragment of the A-site deficient perovskite unit cell showing the 
coordination of the BO6 octahedra. The vacant cuboctahedron formed from the 
corner linked BO6 octahedra is shown to the right. B: Diffusion pathway for Li+

ions between two cuboctahedra via a site percolation mechanism and C: 
Diffusion pathway for Li+ ions via a bond percolation mechanism. In the latter 
case all jump paths of the first lithium ion are shown, and then only one 
possible conduction path is drawn thereafter. The oxygen atoms are not shown 
for clarity. Blue arrows show fast lithium hopping paths and the pink arrows 
indicate relatively slower hopping paths. 
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electrochemical lithium insertion is investigated more closely using a 
combination of neutron diffraction and 7Li magic-angle spinning nuclear 
magnetic resonance (MAS NMR) spectroscopy, whereas the lithium 
mobility is monitored during galvanostatic cycling using the intermit
tent current interruption technique. Observing the evolution of lithium 
mobility over many cycles and comparing to previous and new mea
surements of the changing lithium position, supports a new lithium 
migration mechanism, which explains the enhanced lithium mobility 
over multiple cycles. 

2. Experimental 

2.1. Synthesis and electrode preparation 

Polycrystalline samples of Li0.18Sr0.66Ti0.5Nb0.5O3 (L018STN) were 
prepared by heating stoichiometric quantities of Li2CO3 (Merck, 99 %), 
SrCO3 (Aldrich, 99.9+ %), TiO2 (Aithaca, 99.995 %) and Nb2O5 
(Aithaca, 99.998 %) to 950◦C for 15 hours. Finally, prepared pellets 
were heated at 1190◦C for 48 hours and quenched in air. The surface 
morphologies of the as-prepared L018STN powder and pristine 
L018STN electrodes were studied using SEM (Leo 1550, Zeiss). 

Electrodes for ex situ measurements using 7Li MAS NMR spectros
copy were prepared by grinding the sample with conducting carbon 
black by using a planetary-type ball mill Pulverisette 7 (Fritsch GmbH, 
Germany) in order to obtain a homogeneous carbon-metal oxide com
posite. Ball milling was performed in a 20 ml zirconium dioxide jar with 
two 10 mm zirconium dioxide balls. Dry milling was run at 500 rpm for 
1 hour in air. The composite mixture was then mixed with polytetra
fluoroethylene (PTFE) (Aldrich) as a binder. The mixture contained 75 
% L018STN sample, 20 % conducting carbon black and 5 % PTFE. 
Positive electrode pellets 8 mm in diameter using 25-30 mg of the 
mixture were pressed for the NMR experiments. Swagelok-type cells 
were assembled in an Ar glovebox with Li-foil as negative electrode and 
glass-fibre separator soaked with 1 M LiPF6 in 1:1 (v/v) ethylene car
bonate:dimethyl carbonate (EC:DMC). Electrochemical lithium inser
tion was performed using a BioLogic VMP multichannel potentiostat. 
Samples were galvanostatically cycled to the desired potential cut-off, 
the electrode removed from the cell and crushed up in a vial contain
ing DMC (Sigma-Aldrich ≥ 99 %). The resulting powders were rinsed 
three times with DMC and dried and stored under Ar (H2O, O2 < 1 ppm). 

Electrodes for long term electrochemical cycling and X-ray photo
electron spectroscopy analysis were prepared by mixing active material, 
carbon black (Super C65, Imerys) and polyvinylidene fluoride (PVDF, 
Kynar PVDF HSV 900) in a 80:10:10 weight ratio in an appropriate 
amount of N-methyl-2-pyrrolidone (NMP ≥99.5%, GPR RECTAPUR) in 
a mixer mill to form a slurry. The slurry was then cast onto a 20 µm thick 
copper sheet with a 100 µm notch bar. The NMP was evaporated by 
keeping the cast electrode at 70◦C for 2 hours and then at room tem
perature overnight. Electrodes of 13 mm diameter where then punched 
from the resulting coating. The active material mass loading of obtained 
electrodes varied between 5.5-6 mg cm− 2. Prior to the assembly, com
posite electrodes were dried in a vacuum oven inside the glovebox at 
120◦C for 15 hours. Electrodes were cycled in polymer-coated aluminum 
pouch cells using Celgard 2325 as separator soaked in LP40 electrolyte 
(1 M LiPF6 in 1:1 vol EC:DEC mixture, (Gotion)) and a 15 mm diameter 
disc of Li-metal foil as a combined reference and counter-electrode. 
Copper strip placed in contact with lithium metal and aluminum strip 
in contact with composite electrode copper film were used as current 
collectors. Cells were assembled and sealed in an argon filled glovebox 
(H2O, O2 < 2 ppm). 

2.2. Electrochemical tests 

Charge/discharge processes in a Li-ion cell are usually described 
such that during discharge the positive electrode is lithiated and the cell 
voltage is reduced. On charge the opposite applies. Since all of our 

electrochemical tests were performed in a half cell design, i.e. vs Li- 
metal, Li was the negative electrode, while L018STN was utilised as 
the positive electrode. Discharge would thus correspond to lithiation of 
L018STN and charging delithiation. To remove ambiguity the terms 
“lithiation” and “delithiation” of L018STN are used throughout the 
manuscript. 

Cyclic voltammetry was performed on a Biologic SP300 potentiostat 
with a scan rate of 0.5 mV/s for 5 cycles from ~3 V to 0.25 V on the first 
lithiation and then reversed up to 2.5 V on charging for subsequent 
cycles. The galvanostatic cycling was coupled with the intermittent 
current interruption (ICI) method, which introduced periodic transient 
current pauses [26]. By analysing the potential change (ΔE) during the 
current interruption, an internal resistance (R), representing the sum of 
electronic, ionic, and charge-transfer resistance, and a diffusion resis
tance coefficient (k), can be obtained from the following relationship. 

ΔE(t) = − IR − Ik
̅̅
t

√

where t is the time since current is switched off. The diffusion resistance 
coefficient is proportional to the coefficient of a Warburg element (σ) 
used in electrochemical impedance spectroscopy (EIS) [27] and can thus 
be used to deduce the chemical diffusion coefficient of Li+ (DLi+) in an 
insertion electrode material following Eq. 1 according to the previously 
reported method [28]. 
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(1)  

where V is the molar volume, S is the electrochemically active surface 
area, dEOC/dtI is the derivative of open-circuit potential (OCP) with 
respect to the time where the current is applied, which is approximated 
in the ICI method by the IR-drop corrected pseudo-OCP slope [28]. Here, 
due to the uncertainty of the electrochemical active surface area of the 
sample in composite electrodes, a Li+ mobility (mLi = DLi+S2V− 2) is 
reported, which is appropriate for the comparison of Li+ diffusion in the 
same electrode at different states of charge. 

mLi+ =
4
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(2) 

Using an Arbin battery tester, a constant current of 0.1 mA cm− 2 was 
applied with a one-second current pause every five minutes. The cells 
were cycled from an open circuit voltage (OCV) of ~3 V to 0.25 V on the 
first lithiation and then reversed up to 3 V on charging for subsequent 
cycles. By analyzing the potential response to a current pause, infor
mation on cell resistance is derived continuously over 70 lithiation/ 
delithiation cycles. The application of the ICI method on the studied 
material is validated by the accompanying EIS measurements in the 
selected cycle in Fig. S1 with the EIS data shown in Fig. S2. 

EIS data on pristine L018STN powder was collected in a two- 
electrode Swagelok cell with stainless steel blocking electrodes. Before 
the measurement ~0.7 mg L018STN powder was pelletised into a 13 
mm pellet with the thickness of 1.35 mm. The pellet underwent sintering 
at 700◦C for 5 hours, heating was performed in air from 20◦C to 700◦C at 
5◦C/min and cooled inside the furnace from 700◦C to 20◦C at 5◦C/min. 
Electrochemical impedance spectroscopy measurements were conduct
ed with a Schlumberg SI 1260. EIS spectrum was collected at 298 K until 
reproducible for 3 times from 7 MHz to 100 mHz, the amplitude of the 
AC signal was 20 mV. The data was fitted to an equivalent circuit and the 
ionic conductivity was calculated from the bulk resistance R0. 

2.3. Neutron powder diffraction (NPD) 

Neutron powder diffraction patterns for the as-synthesised L018STN 
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were obtained using the ECHIDNA high resolution powder diffractom
eter at the OPAL reactor, Australian Nuclear Science and Technology 
Organisation [29]. Diffraction patterns were collected at 6 K using a top 
loading AS Scientific Cryofurnace and a wavelength of 1.622 Å. 

2.4. X-ray photoelectron spectroscopy (XPS) 

The XPS measurements were performed on electrodes ex situ using a 
PHI 5500 X-ray Photoelectron Spectrometer with an Al source utilizing 
Kα radiation (1486.6 eV), an electron emission angle of 45◦, pass energy 
23.5 eV, step size 0.1 eV and time per step – 100 ms. Electrodes were 
galvanostatically cycled to the chosen potentials (first cycle) and 
potentiostatically held there for several hours. The electrodes were then 
extracted from cells and washed with DMC in an argon filled glovebox 
(H2O, O2 < 1 ppm). Transfer of the electrodes into the XPS machine was 
made using an inert transfer shuttle, avoiding exposure of the electrodes 
to air. XPS data were analyzed with CASA XPS software [30] and the 
hydrocarbon peak at 284.8 eV was used for calibration. The ratio be
tween the areas of 2p 1/2 Ti+4 and 2p 1/2 Ti+3 peak was used to eval
uate the ratio between Ti+4 and Ti+3 species. The ratio between the 
areas of 3d 5/2 Nb+5 and 3d 5/2 Nb+4 peaks was used to evaluate the 
ratio between Nb+5 and Nb+4 species. 

2.5. 7Li NMR spectroscopy 

7Li magic angle spinning (MAS) NMR spectra were recorded at room 
temperature using AVANCE 200 (B0 = 4.7 T) and AVANCE 400 (B0 = 9.4 
T) Bruker spectrometers working at 77.75 and 155.50 MHz, respec
tively. The as-synthesised powder was analysed on the AVANCE 400 
spectrometer after single pulse irradiation of 1.75 μs with a recycling 
time of 1 s. Samples were spun at 10 kHz in 2.5 mm ZrO2 rotors. The 
number of scans was chosen to obtain signal/noise ratios higher than 10. 
The electrochemically prepared samples were measured on the AVANCE 
200 spectrometer using 2.5 mm zirconia rotors at 25 kHz in a dry ni
trogen atmosphere. The typical values for the recycle delay and the π/2 
pulse length were 5 s and 2 μs, respectively. In both cases an aqueous 1 
M LiCl solution was used as 7Li chemical shift reference. 

2.6. DFT calculations 

Density functional theory (DFT) calculations have been conducted 
using the Vienna ab initio simulation package (VASP) [31,32]. Spin 
polarized calculations were conducted using the projector augmented 
wave method, while exchange and correlations were described with the 
generalized gradient approximation [33]. As starting configuration a 3 
× 4 × 3 perovskite supercell with 174 atoms and Li0.17Sr0.67Ti0.5Nb0.5O3 
stoichiometry was constructed (Fig. S3A), almost perfectly matching the 
experimental stoichiometry of L018STN. To account for the inherent 
disorder of the perovskite, the special quasirandom structure (SQS) 
approach as introduced by Zunger was used for the supercell creation 
via the atat package [34,35]. SQS structures allow treatment of disorder 
by using realistic configurations in a comparably small supercell. 
Moreover, starting from this supercell, structures with increased 
Li-contents have been investigated. This was achieved by filling all 
vacant cavities by one Li atom (Fig. S3B) (i.e. each A-site was either 
occupied by Li or by Sr: Li0.33Sr0.67Ti0.5Nb0.5O3) or two Li atoms 
(Fig. S3C) (i.e. each vacant A-site was occupied by two Li atoms: 
Li0.5Sr0.67Ti0.5Nb0.5O3). Finally, a structure was constructed with each 
A-site that is not occupied by Sr being filled by two Li atoms (Fig. S3D) (i. 
e. Li0.67Sr0.67Ti0.5Nb0.5O3 stoichiometry). For structural optimization, 
the different configurations were relaxed with respect to lattice 
parameter and atomic coordinates, applying a plane wave cutoff of 600 
eV and a 3 × 3 × 3 k-point mesh. 

Furthermore, ab initio MD (AIMD) calculations were performed for 
the optimized supercells with Li0.17Sr0.67Ti0.5Nb0.5O3 and Li0.5Sr0.67

Ti0.5Nb0.5O3 stoichiometry. The AIMD runs were performed to 

investigate the dynamics of the Li atoms within the compound, applying 
a NVT ensemble with a cutoff energy of 500 eV and a 1 × 1 × 1 k-point 
mesh. After equilibration, the simulations were conducted for about 50 
ps (at least 10,000 steps with a 5 fs time step). 

3. Results 

3.1. Lithium position in as-synthesised L018STN 

The L018STN powder used in this study is the same as that reported 
previously [22,25]. In those previous studies X-ray diffraction (XRD) 
revealed a pure cubic (Pm3m) perovskite type structure and elemental 
analysis provided a composition of Li0.183(2)Sr0.69(2)Ti0.54(1)Nb0.5(1)O3. 
The absence of A-site ordering suggests a three-dimensional Li diffusion 
pathway. Here, SEM imaging revealed the as-synthesised powder to be 
polycrystalline with the largest particles on the order of 10 μm (see 
Fig. S7A and B for SEM images). The ionic conductivity of a sintered 
L018STN pellet extracted from EIS measurements at 298 K (see Fig. S8 
for the fit) was found to be 3.0±2.3 × 10− 6 S cm− 1 which is lower in 
comparison with that previously reported for (Li3xLa2/3-x□1/3-2x)TiO3 
(1 × 10− 3 S cm− 1) [1]. 

To answer the question of how Li+ relocates during Li+ insertion, its 
position must first be determined in the pristine sample. While this has 
been investigated previously [22,25], a common result is the total 
lithium content determined via elemental analysis exceeds the amount 
modelled via the Rietveld method applied to diffraction data. This 
suggests that there remains Li+ present in the structure which is unac
counted for, either due to a high degree of static (positional) or dynamic 
(Li+ hopping) disorder. Thus, neutron diffraction was performed at 6 K 
to reduce thermally induced dynamic disorder. 

The neutron diffraction data were analysed by first fitting a model 
without lithium and calculating Fourier difference maps. The negative 
neutron scattering length of lithium (-1.9 fm) increases the contrast in 
Fourier difference maps relative to the other positive scattering elements 
in its proximity. The structural model was subsequently updated to 
include lithium at detected positions and the Fourier map recalculated. 
The diffraction pattern fitted with the new model is given in Fig. S4. 
Contrary to the result obtained for L018STN at room temperature [22] 
there was significant negative scattering observed near the oxygen 
window and in close proximity to the Ti/NbO6 octahedral face (Fig. 2A). 
In order to establish the best position for lithium, three models were 
tested (Fourier difference maps given in Fig. 2). The first model con
tained lithium refined to the 6f site (0.5 0.5 0.15), offset from the oxygen 
window, coordinated by four oxygen atoms (Li1 in Table 1). The second 
model contained lithium refined to the 8g site (0.29 0.29 0.29), near the 
Ti/NbO6 octahedral face and coordinated by three oxygen atoms (Li2 in 
Table 1). The third model had lithium distributed over the 6f and 8g 
sites, with the total content constrained to the values determined by 
ICP-AES analysis. While the first two models were stable, the third 
containing two lithium sites was not, resulting in negative atomic 
displacement parameters (ADPs) for lithium, so it was discarded. Data 
for the lithium free and lithium containing models are presented in 
Table 1. Both models resulted in a refined Li+ occupancy per FU 
(occ/FU) that was within error of the expected composition. The model 
with lithium on the Li2 position provided a slightly improved Bragg R 
factor (RB) and a greater improvement in the Fourier difference map 
(Fig. 2C). In comparison, the Li1 model converged with a slightly high 
ADP value for lithium, indicating that some positional disorder exists 
around this site. 

Observation of a lithium position between the O4 windows and offset 
from the MO6 octahedral face is somewhat unexpected but not unrea
sonable. It has been observed previously for the perovskite La3Li3W2O12 
[36] and the site falls within a favourable region for lithium based on 
bond-valence calculations [22]. On the other hand, considering elec
trostatic repulsions in terms of charge and proximity between Li+ and 
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next nearest cations, Li+ cations are less stabilized in Li+-3O2− -Ti4+ or 
Li+-3O2− -Nb5+ (8g site) configurations than in Li+-4O2− -Sr2+, 
Li+-4O2− -Li+ or Li+-4O2− -vac (6c site). Thus, the lithium occupation of 
sites coordinated by three oxygen atoms could be less favorable than the 
four coordinated site. However, some of the electrostatic repulsion may 
be alleviated by the lithium migrating away from the octahedral face 
towards the cuboctahedral cavity center (0.5 0.5 0.5 site). It is also 
possible that some degree of static positional disorder exists at 6 K with 
the majority of lithium located away from the O4 window site. By 
extension, at room temperature there is likely rapid hopping of lithium 
between the 6f and 8g sites. To explore this possibility, 7Li NMR at room 
temperature was performed. 

The central line of the 7Li NMR spectrum of the as-prepared material, 
shown in Fig. 3, is composed of two peaks at 0.52 ppm and 1.97 ppm 
revealing the existence of two lithium environments. The small positive 

shift is characteristic of diamagnetic materials [37]. In diamagnetic 
materials, a shift closer to 0 or towards negative values is indicative of a 
higher electron density at the lithium site, which results in an increased 
screening of the lithium nucleus. For example, the shift detected in 
lithium inserted anatase, LixTiO2, has been associated with a closer 
proximity or a higher bonding of lithium to oxygen ions [38,39]. Thus, 
one can assign the two signals to lithium coordination by four (0.5213 
ppm) and three (1.9686 ppm) oxygen atoms. This assignment falls in 
line with the NPD data where the position of Li is better defined at the 
square windows (Li1), but a bigger amount of Li is spread over Li2 sites. 

Fig. 2. Fourier difference maps before (A) and after including lithium in the L018STN model on the Li1(6f, B) and Li2(8g, C) positions respectively. An intensity cut- 
off of 0.12 was used in every case to remove low intensity noise. A picture of the structure around an A-site is provided for reference. 

Table 1 
Comparison of refined parameters between the three different models fit to the 
NPD data collected at 6 K. The Li1 model contains lithium on the 6f site with 
position coordinates x = y = 0.5. The Li2 model contains lithium on the 8g site 
where x = y = z. Anisotropic ADPs were refined for oxygen.  

L018STN @ 6 K Pm3m, a = 3.93042(2) Å  

Li Free Li1 model Li2 model 

RB (%) 1.75 1.64 1.54 
χ2 1.66 1.65 1.64 
ADPs (Å2)    
Sr 0.0053(5) 0.0053(5) 0.0056(5) 
Ti/Nb 0.019(1) 0.019(1) 0.021(1) 
O (U11) 0.0019(6) 0.0016(6) 0.0011(6) 
O (U22) 0.0116(4) 0.0115(4) 0.0118(4) 
Li N/A 0.07(4) 0.01(1) 
Li (occ/FU) N/A 0.14(5) 0.22(3) 
Li (z) N/A 0.15(3) 0.29(1)  

Fig. 3. 7Li MAS NMR spectrum of the as synthesised L018STN showing the 
splitting of the main resonance. 
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The shift towards negative values indicate that lithium electron density 
is higher on the four coordinated site. Differences detected in NMR and 
ND intensity of two species suggest the partial onset of Li exchange 
between the sites during the NMR experiments. 

To further rationalise the room temperature NMR and low temper
ature NPD data, ab initio MD calculations were performed. The struc
tural relaxation of the above described 3 × 4 × 3 supercell show that 
with increasing Li content the Li atoms preferentially move towards the 
oxygen window. In fact, for the case of each A site being occupied by two 
Li atoms, all Li atoms are close to the oxygen window. This can be 
inferred from the two structures with increasing Li content depicted in 
Fig. S3A-D. Here, it is also interesting to note that the Ti/Nb-O frame
work is not significantly distorted under Li insertion and that Sr remains 
in the cavity center. Only at the highest Li content some Sr are slightly 
shifted away from the central position. To gain insight into the dynamics 
of Li, AIMD simulations were conducted for the two supercells with 
Li0.17Sr0.67Ti0.5Nb0.5O3 and Li0.5Sr0.67Ti0.5Nb0.5O3 stoichiometry. To 
determine the average Li distribution, the Li positions of the different Li 
atoms in the supercell were extracted throughout the AIMD simulation 
and then projected onto a single perovskite unit cell. Furthermore, the 
cubic symmetry of the perovskite was taken into account for all 
extracted Li sites. From the obtained distribution of Li in the perovskite 
unit cell a probability density could then be determined as shown in 
Fig. 4. From the isosurfaces it is also clear that most lithium is located in 
a position off-set from the O4 window with the average distance to the 
O4 window of the center of lithium probability decreasing with 
increasing Li content. Interestingly, the lithium density decreases within 
the center of the O4 window. 

Taking the three results together, at room temperature it is likely that 
lithium is largely located in a mobile disordered state within the A-site 
cavity with a higher probability of remaining on the 6c site with rapid 
hopping via the 8g site as a local energy minimum. This agrees with 
previous reports of lithium off-set from the O4 window in defect LLTO 
and LixLa1/3NbO3 (LLNO) perovskites [40–45]. Further, for lithium 
intercalation into the Ruddlesen-Popper phase, Y2Ti2O5S2, the lithium 
was also found in the O4 window position between A-site cavities within 
the perovskite layer [46]. While the center of the A-site cavity has been 
previously reported for these compounds as well [47–49], investigations 
on L018STN [22] have shown that the A-site center is not feasible due to 
underbonding of lithium. 

3.2. Over-lithiation behaviour and lithium mobility 

Morphology of pristine composite L018STN electrode used in this 
study was as depictured in SEM images (Fig.s S7C and S7D). To explore 
the reversibility of electrochemical cycling into the “over-lithiation” 
region of L018STN, galvanostatic cycling was performed down to 0.25 
V. Due to side reactions of the ethylene carbonate which typically occur 

on lithiation between 0.7-0.8 V [50], some capacity was lost over the 
first 10 cycles. Similar reactions of ethylene carbonate forming an SEI 
have been observed with Li4Ti5O12 [51]. The capacity stabilised at 62.9 
± 0.3 mAhg− 1 over the subsequent 60 cycles, corresponding to the 
reversible insertion of 0.42 Li+ per FU (Fig. 5). 

Considering the chemical formula of the compound, Li0.18Sr0.66

Ti0.5Nb0.5O3, there are 0.34 A-sites not occupied by Sr2+ of which 0.18 
are occupied by Li+, leaving 0.16 vacant A-site positions. If an additional 
0.42 Li+ per FU are reversibly inserted into the material, then at least 
0.26 A-site cavities must contain two Li+ ions. The ability to insert two 
lithium ions for each A-site has been demonstrated experimentally in 
L018STN, Li0.5La0.5TiO3 and Li0.35La0.55TiO3 [13,16,24] and simula
tions for Li1.5La1.5WO6 show the possibility to electrochemically insert 
three or four Li+ per A-site when lithiatied to 0.77 and 0.08 V, respec
tively [15]. If at most two lithium ions can occupy each A-site cavity, the 
maximum amount of lithium that can be inserted (x in Li0.18+xSr0.66

Ti0.5Nb0.5O3) corresponds to 0.5 Li+/FU with an expected capacity of 
75.5 mAhg− 1. Thus, on lithiation to 0.25 V, 84% (~63 mAhg− 1) of the 
maximum capacity has been reversibly cycled. 

Previously, when investigating the structural changes occurring on 
lithiation below 1 V using operando X-ray diffraction, two cubic perov
skite phases, one more lithiated than the other, were observed [24]. The 
phase segregation was explained by assuming that upon insertion of 
more than one lithium per vacant site during lithiation, electrostatic 
repulsion between neighbouring Li+ ions leads to an increase of the bulk 
resistance, creating a “reaction front” within individual particles. A 
similar phenomenon has been recently reported in LiNi0.8Mn0.1Co0.1O2, 
albeit at high states of delithiation [52]. The phase segregation in this 
previous work was ascribed to a decrease of lithium mobility in fatigued 
cells. ICI measurements were performed during galvanostatic cycling to 
explore the possibility of a loss of Li+ mobility leading to the observed 

Fig. 4. Average Li distribution for A: Li0.17Sr0.67Ti0.5Nb0.5O3 and B: Li0.5Sr0.67Ti0.5Nb0.5O3 compounds obtained from AIMD simulations at 500 K. The isosurface plots 
have been cut at x=0.5 to reveal the cross-section of lithium density within the unit cell with red regions indicating high density and blue low density. 

Fig. 5. Electrochemical characterization of L018STN illustrating the Coulombic 
efficiency and the capacity fading in a Li half-cell using 1 M LiPF6 in 1:1 vol 
EC:DEC. 
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phase segregation. 
The variation of internal resistance and lithium mobility with the 

potential is depicted in Fig. 6 as a function of inserted lithium content, x, 
in Li0.18+xSr0.66Ti0.5Nb0.5O3. Due to the irreversible capacity in the 
initial formation cycles, the first cycle voltage, resistance and lithium 
mobility has not been included in Fig. 6 but is provided in Fig. S5. The 
most notable change is that the lithium mobility decreases by half an 
order of magnitude during lithiation at ~0.25 Li+/FU (average A-site 
occupancy of 1.26 Li), reaching a minimum at 0.34-0.36 Li+/FU 
(average A-site occupancy of ~1.56 Li). This decrease in lithium 
mobility becomes less noticeable after extensive cycling and is not 
detected during the delithiation processes (i.e. Li+ removal). On the 
contrary, the lithium mobility is an order of magnitude higher in the 
beginning of charging, which supports the hypothesis that resistance to 
diffusion increases during lithium insertion beyond 1 Li+ per vacant site 
due to electrostatic repulsion [24]. Alleviation of this electrostatic 
repulsion during lithium removal would facilitate boosted lithium 
mobility at the beginning of the delithiation cycle. Indeed, in the pre
vious study where this mechanism was proposed, the hysteresis was 
observed through a faster change of unit cell parameters during the 
subsequent delithiation for the same current density [24]. Interestingly, 
the lithium mobility is restored at ~0.4 Li+/FU (average A-site occu
pancy of 1.71 Li) during lithiation. This may be due to a structural 
rearrangement of lithium and shift of diffusion mechanism from site 
percolation to bond percolation [53]. To explore this possibility and 
build an understanding of the changing local environment for Li, 7Li 
NMR was employed. To support the interpretation of these data, changes 
to the oxidation state of titanium and niobium will first be examined 
since changes induced to the electronic structure during reduction can 
influence the 7Li mobility as measured by NMR [7,8]. 

3.3. Oxidation state changes 

Cyclic voltammetry measurements (Fig. 7A) performed on L018STN 

during the first five cycles show two highly reversible peaks at ~1.6 V 
and ~1.2 V. Previously, it has been measured in LLTO that Ti reduction 
can begin between 1.1-1.55 V, whereas for LLNO Nb reduction was 
observed to begin around 2 V [12,54–56]. Thus, one could expect that 
the higher potential peak would correspond to Nb reduction. However, 
the reduction potentials of Ti and Nb span a wide potential window and 
overlap to some degree. Further, LSTN which contains a random dis
tribution of equal proportions of Ti and Nb over the B-site would lead to 
any Li inserted into the structure lying adjacent to either Ti or Nb with 
equal probability. Therefore, to confirm the reduction sequence in LSTN, 
oxidation states of Ti and Nb were directly measured using XPS on 
electrodes cycled to different potentials. Fitted XPS data presented in 
Fig. S6 show that both titanium and niobium are active at all potentials 
on lithiation and delithiation. Due to the SEI formation from decom
position of EC in the electrolyte, the Ti signal-to-noise ratio was reduced 
at potentials below 1 V during the lithiation processes. 

To assess the proportion of active Ti and Nb, average oxidation states 
were estimated from the relative area of Nb5+/Nb4+ and Ti4+/Ti3+

signals. The absolute value of the difference between the average of the 
measured oxidation state and maximum possible oxidation state for 
each element was plotted (Fig. 7B) as a function of Li+ content, x, as 
deduced from the total current passed during electrode preparations. 
Data correspond to electrodes lithiated to 1 V. Below 1 V, the reduction 
of the electrolyte consumes some of the charge passed, leading to an 
over estimation of lithium content in the first few cycles. If all current 
applied during lithiation contributed to redox reactions of the active 
material, the sum of oxidation state change for Ti and Nb must match the 
estimated Li+ content. This is depicted by the dotted line passing 
through zero with a slope of 1, in Fig. 7B. For low Li+ contents (deli
thiated state), the low intensity of Ti3+ and Nb4+ signals will increase 
the errors on estimating these values. As the Ti signal quality decreases 
during the lithiation processes, an additional source of error is produced. 
Considering these, total oxidation state change is within error being 
equal to the inserted lithium. Consequently, as the sum lies above the 

Fig. 6. The potential (E), internal resistance (R), and lithium mobility (mLi) plotted against inserted Li+ content (x) for the cycles 2, 20, 40 and 70 (indicated on top of 
the Fig. with numerals) measured during the galvanostatic cycling of L018STN in a half cell against Li metal using 1 M LiPF6 in 1:1 vol EC:DEC. 
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dotted line, side reactions or non-faradaic processes do not significantly 
contribute to the observed capacity. Further, Nb and Ti signals change at 
approximately the same rate during lithium insertion, contrary to initial 
predictions. The difference between the CV and XPS results can also be 
influenced by the CV being measured on the material during operation 
in a battery whereas the XPS measured ex situ on samples that have 
structurally relaxed. 

3.4. Lithium environment following over-lithiation 

The Li bands in the 7Li NMR spectra of the electrochemically lithi
ated samples are split into two resonances, one of which is more nega
tively shifted with respect to the as prepared samples (Fig. 8A). The 
insertion of Li+ is accompanied by the formation of more Ti3+ and Nb4+

and thus unpaired electron spin density is transferred from Ti3+/Nb4+

via oxygen to the Li+ nuclei resulting in a right shift of the 7Li NMR peaks 
[37,57]. As shown in the previous section titanium and niobium are 
electrochemically active in L018STN at all potentials. As more lithium is 
inserted into L018STN, a larger proportion of cations are reduced 
creating a more negative shift of peaks corresponding to the lithium 
environments. However, the extent of the shift becomes less pronounced 
for lower potentials. At 1.630 V two resonances at 2.3(2) and -7.14(1) 
ppm are resolved. Based on the electrochemical tests performed, this 
potential corresponds to ~0.07 Li+/FU inserted which is below one 
lithium per available A-site. The two peaks observed in the spectra 
reveal shifts that are larger than those typically observed for diamag
netic samples (+/- 5 ppm [37]). The presence of two peaks reveals two 
different Li environments caused by different Ti4+/Ti3+ or Nb5+/Nb4+

neighbour arrangements. As the lithium insertion follows a solid solu
tion type reaction mechanism it can be assumed that these two sites 
co-exist in one phase. 

It is surprising that the insertion of additional lithium does not cause 
any additional changes below 1.434-1.382 V, especially considering the 
increased presence of d1 cations. Specifically, an additional resonance 
corresponding to lithium ions in proximity of paramagnetic cations was 
expected. There are three possibilities that can be considered based on 
other defect perovskites. In lithium inserted La0.59Li0.24TiO3, the 
observed signal intensity decreased sharply [57]. In this case, new and 
strong coupling would lead to 7Li nuclei to become unobservable. 
Alternatively, if the reduced cations are too far away from the inserted or 
original lithium ions the influence of the paramagnetic cations would be 
reduced. It has been shown for Li0.066La0.64TiO3 that the titanium atoms 
gain electrons independent of the lithium position and the same could 

happen here given the low Li+ content inserted above 1 V [58]. A third 
possible explanation for the similar chemical shifts would be that the 
lithium mobility in the bulk material is high enough to decrease or 
average out paramagnetic interactions. 

An additional spectral feature that changes with Li+ insertion is the 

Fig. 7. A: Cyclic voltammograms of L018STN electrode at a scan rate of 0.5 mV s− 1 between 0.25 and 2.5 V (vs. Li+/Li) for the first five cycles. B: Change in 
oxidation state for Nb and Ti (and their sum) relative to the 5+ and 4+ states respectively plotted against the lithium content x in Li0.18+xSr0.66Ti0.5Nb0.5O3. The 
dotted line corresponds to the limit where the total oxidation state change equals the measured lithium content change. 

Fig. 8. A: Central transition from the 7Li MAS NMR spectra of several 
Li0.18+xSr0.66Ti0.5Nb0.5O3 compounds lithiated to different potentials. The lower 
potential samples contain a higher amount of Li+/FU B: View of the sideband 
region for the same samples. The side bands were detected at ±321 ppm. 
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linewidth of components. In the analyzed samples, linewidth increases 
at high voltage (low Li+ content) but does not change significantly when 
lithiated to lower voltages (higher Li+ content). As a narrower peak 
corresponds to increased lithium mobility, the reduction in lithium 
mobility occurs almost near the beginning of lithium insertion and then 
does not change down to ~1 V [20]. This reduction in lithium mobility 
also affects spinning side bands at ±321 ppm which increase in intensity 
(Fig. 8B). These side bands provide information on distortions in lithium 
coordination [37]. Their intensity decreases when the symmetry of the 
lithium environment or lithium mobility increases leading to decreased 
quadrupolar anisotropies [19]. As L018STN exhibits broader peaks and 
more intense spinning side bands, it suggests that the lithium ions 
become less mobile [20,57,59]. This observation agrees with the results 
in Fig. 6 which show a drop in Li+ mobility at the beginning of lithiation 
that does not significantly vary to 1 V. 

Interestingly, most 7Li MAS NMR studies of defect perovskites have 
not obtained results similar to those described here, specifically, the 
observation of a single central resonance formed by two components 
corresponding to lithium ions with different mobilities. Previously, it 
has been concluded that the resonances arise from lithium in two 
different A-site layers, for example of the LLTO and LLNO series [18,20, 
40,41,43,54,58,60,61] . However, for L018STN with a random distri
bution of A-site vacancies, there is no difference in contiguous A-site 
layers. Thus, one would expect a result similar to the cubic Li0.5La0.5TiO3 
perovskite which only exhibits a single resonance, corresponding to a 
single lithium environment [5,6]. Similarly, quenched Li0.18La0.61TiO3 
with a rhombohedral unit cell also displays a single 7Li NMR resonance 
[10]. The only study which shows several Li resonances was for 
Li0.12La0.21NbO3 heated to 480 and then 800 K. In this case, it was 
concluded that one lithium environment was highly symmetric while 
the other two were more distorted [7]. 

4. Discussion 

The results from this study combined with previous X-ray and 
neutron diffraction studies of chemically and electrochemically pre
pared LSTN, allow for a description of the lithium insertion and diffusion 
mechanism. In the as-synthesised material there are two distinct lithium 
sites with a high degree of mobility between them at room temperature. 
These are the 8g site (coordinated by 3 oxygens from Ti/NbO6 octa
hedra) and the 6f site (off-set from O4 window). Thus, it is proposed that 
lithium rapidly moves from 8g-6f-8g within the A-site cavity and more 
slowly from 6f to 6f sites between A-site cavities via the O4 window, 
which acts as a bottleneck (Fig. 1B). This diffusion pathway agrees with 
previous bond valence sum calculations and the DFT results presented 
here and can be described by site percolation. A similar model has been 
used to describe other lithium conducting perovskites with lithium 
located within the A-site cavity [17]. 

The lithium arrangement in L018STN is altered as soon as additional 
lithium is inserted into the structure with a higher population found on 
the 6f site offset from the O4 window. The rearrangement coincides with 
a drop of local lithium mobility, as qualitatively determined via 7Li NMR 
and quantitatively measured using the ICI technique. The mobility re
mains stable until an average occupancy of 1.26 Li+/A-site where it 
drops significantly. Previous X-ray diffraction results of electrochemi
cally prepared samples revealed that 0.52 out of 0.59 lithium ions per 
formula unit are found offset from the O4 window [24]. Thus, as the 
lithium insertion process continues, gradual rearrangement occurs to 
maximize the distance between mobile lithium ions and minimize 
electrostatic repulsion. This process reaches a natural limit at higher 
lithium concentrations where further reorganization to minimize elec
trostatic repulsion is no longer possible and lithium mobility subse
quently drops. However, previous neutron diffraction results from 
chemically prepared samples revealed that 0.25(2) out of 0.40 Li+/FU, 
are positioned in the centers of the O4 windows between A-sites (3c site: 
0.5 0.5 0) [22] . Thus, with sufficient local electrostatic repulsion 

combined with elongation of the Ti/Nb-O bonds and expansion of the O4 
window during reduction, lithium is forced into the window site 
modifying the diffusion mechanism from site percolation to bond 
percolation (Fig. 1B). Lithium diffusion via bond percolation is the 
explanation for why defect perovskites such as rhombohedral and 
orthorhombic Li0.5La0.5TiO3 exhibit higher Li+ ion diffusion than is 
predicted by the site percolation model [18,60]. Further, as 0.18 Li+/FU 
are never extracted from the compound it is predicted that over time 
these lithium ions become pinned in the O4 window, maintaining some 
degree of bond percolation at the end of the charging process. The 
change in diffusion mechanism can explain the increase in lithium 
mobility measured by ICI once the lithium content exceeds ~1.56 
Li+/A-site and that after 70 cycles a loss of mobility during lithiation is 
no longer observed. 

Finally, alleviation of the Li-Li repulsion at the beginning of charging 
is proposed to be responsible for the sharp increase of lithium mobility 
as measured using ICI. The sharp loss of Li+ mobility during lithiation 
and gain during delithiation is likely the reason behind the kinetically 
driven phase separation, which exhibited similar hysteresis between 
lithiation and delithiation [24]. 

5. Conclusions 

The changing environment for lithium ions in defect perovskite 
Li0.18Sr0.66Ti0.5Nb0.5O3 (L018STN) has been determined as a function of 
lithium content and for the first time correlated to the evolving resis
tance and lithium mobility. The lithium was found randomly distributed 
over the 8g site (off-set from Ti/NbO6 octahedral face) and the 6f site 
(off-set from O4 window) in the as-synthesised compound. During lith
iation, electrostatic repulsion from the additional lithium forces more of 
the lithium onto the 6f site which coincides with a drop of lithium 
mobility. This drop of mobility reaches a critical point beyond an 
average A-site lithium occupancy of 1.25 reaching a minimum at 1.56 
Li+/A-site. Intriguingly, the lithium mobility is also restored during 
over-lithiation to 1.71 Li+/A-site and the loss of mobility is reduced on 
every subsequent cycle. It is suggested that further lithium reorganisa
tion occurs with pinning in the O4 window (0.5 0.5 0) site. The shift of 
Li+ position alleviates local electrostatic repulsion effects and modifies 
the diffusion behaviour from site percolation to bond percolation. These 
results reveal a constantly changing lithium position and diffusion 
behaviour in the short and long term with respect to electrochemical 
cycling with a general trend towards increased lithium mobility. 
Therefore, the design of defect perovskites with lithium already in the A- 
site window appears to be a feasible strategy to immediately access 
higher mobility and cycling stability in high-capacity defect perovskite 
electrodes. Beyond this practical observation, the results provide insight 
into the driving forces behind non-equilibrium transformations occur
ring within electrode materials during repeated lithium insertion and 
removal. 
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