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ABSTRACT

A new oxygen-deficient perovskite BasLiNb,Ogsllos was synthesized via conventional solid
state route and compared to the already known perovskite BasLig 75Nb22509. The structure of
BasLiNb,Ogs[p5 was investigated by means of X-ray and neutron diffraction, TEM as well
as NMR and XPS spectroscopy. The study of its thermal behaviour revealed an unexpected
color change when heated to 1400°C in a sealed platinum tube, with conservation of the
initial X-ray structure. First-principles calculations have been performed in order to better
understand these observations. The geometry optimizations and the optical spectra

simulations highlight the role of both Nb/Li distribution and oxygen-vacancies location.
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= INTRODUCTION

Peroskites represent a family of materials which has been extensively studied for a wide range
of attractive properties such as ferroelectricity, piezoelectricity, superconductivity,? colossal
magnetoresistance,® CO, capture,* or more recently in the field of biomedicine, in which some
perovskite nanoparticles are able to bind specifically to cancer cells and thus constitute a new
therapeutic perspective.® Last but not the least, perovskites are currently under study?® for their

optoelectronic properties and for their interest to produce cheaper and efficient solar cells.

The perovskite family of general formula ABO3 brings together a very large number of phases
with a common structural framework made of corner-sharing BOg octahedra. Their
arrangement builds 12-fold coordinated cages where the A cations are located. The ideal
perovskite has a cubic unit cell (S.G. Pm-3m, Z=1, a,~4 A). However, structural distortions
(cationic displacement or octahedra tilting) may occur due to steric effects (size of A and B
cations) and partial occupancy of the cationic and/or anionic sites. Symmetry lowering thus
occurs leading to a wide range of perovskite variants.” It must also be noted that the
perovskite structure can be encountered with atomic deficiencies on A® or oxygen site.®
Finally, layered perovskites such as Ruddlesden-Popper or Dion-Jacobson, A’;[An-1BnOsn41]
and

A’[An1BnOsne1] (with A, A’ = alkaline or alkaline-earth metal and B = metal), are described

in the literature 0112

In this context, while looking for new lithium phases, we discovered a hitherto unknown
perovskite with A = Ba and a mixed occupancy of the B site (2/3 Nb and 1/3 Li).
Interestingly, this cationic distribution associated with a perovskite structure implies the
existence of oxygen vacancies to preserve the electroneutrality, leading then to the theoretical

formulation BasLiNb,Ogs[gs. In the literature, a perovskite with the same set of cations but



without oxygen vacancies, BasLio7sNby250s, Was reported in 1973. % This perovskite
crystallizes in a cubic cell at Room Temperature (RT) (S.G. Pm-3m, a=4.095A) and
presents an irreversible structural transformation above 1300°C from cubic to hexagonal
symmetry (S.G. P6s/mmc, a=5.803 A and ¢=19.076 A) due to a partial Li and Nb

ordering.**

Herein, we propose to characterize the perovskite phase BasLiNb,Ogs[los with a special
attention to the effect of the presence of oxygen vacancies. Its structural determination is
based on the combination of a wide range of experiments (X-ray and neutron diffraction,
transmission microscopy, DTA, NMR and XPS spectroscopy) and theoretical calculations
based on Density Functional Theory (DFT). Finally, the optical properties evolution upon

heating was investigated from both UV-visible spectroscopy and theoretical simulations.

= EXPERIMENTAL SECTION

Synthesis. BasLiNb,Ogs[los and BasLio7sNb, 2509 samples were synthesized by using
conventional solid state route between stoichiometric amount of dried Li,COj3 (sigma Aldrich,
99%), BaCOg3 (prolabo, 99.5%) and Nb,Os. This last oxide was prepared by dehydration of
HNbO; at 600°C for 15 min, the HNbO3; compound being prepared according to the
procedure described by Rice and al.'®> The mixtures were then pelletized and heated at 900°C
for 12 hrs.

To improve the crystallinity of the samples, powders were introduced in platinum tubes after
the synthesis and dried under vacuum at 150°C over night. Tubes were then sealed by arc
melting and heated at 1400°C for 12 hrs.

For all heat treatments, a natural cooling of the furnace was applied.

Powder Diffraction Experiments. The Powder X-ray Diffraction (PXRD) data of

BasLiNb,Og s[5 and BasLig 75Nb; 2509 were collected in air with a PANalytical X’pert Pro



diffractometer equipped with the X’Celerator detector using Co Ka radiation. The data were
collected in the 5-130° 20 range with a 0.017° step and a counting time of 220 seconds per
step.

The Powder Neutron Diffraction (PND) data were recorded at ILL Grenoble on the D2B high
resolution neutron diffractometer for BasLiNb,OgsClos prepared at 900°C (A = 1.594678 A;
angular range (°20) = 0.05-159.95; step scan increment (°260) = 0.05; counting time = 4 h).
For BasLiNb,Ogs[os heated at 1400°C in a sealed platinum tube, the data have been
recorded on the 3T2 instrument at the LLB Saclay (A = 1.228917 A; angular range (°20) =
4.50-120.45; step scan increment (°20) = 0.05; counting time = 4 h)

Treatment of all diffraction data was carried out by the Rietveld method™® using Fullprof
software’’” with a pseudo-Voigt function to describe the peak shape. The background level
was determined manually before being refined.

Transmission Electron Microscopy (TEM). The TEM study on BasLiNb,Ogs[os was
performed on a JEOL JEM 2100 HR electron microscope operating at 200 kV and equipped
with a side entry *35° double-tilt specimen holder. To promote random orientation of
crystallites, the samples were ultrasonically dispersed in ethanol and one drop of this
suspension was deposited onto a holey carbon-coated copper grid before a final air drying.
X-ray Photoelectron Spectroscopy (XPS). The XPS measurements were carried out with a
Kalpha ThermoFisher Scientific using Al radiation (hv = 1486.6 eV) on BazLiNb,Ogs[gs
powder sample heated at 1400°C in a sealed platinum tube. No Ar etching was used prior to
data acquisition so as not to induce a niobium reduction as already reported in the literature.™®
The X-ray spot size is 200 um and the analysed depth is between 3 and 5 nm. In such
conditions, all atoms with a Z number greater than or equal to 3 are detected as long as their

content is at least 0.2% at.



Solid-state NMR. All NMR experiments have been performed on a Bruker 300 WB
spectrometer operating at a magnetic field of 7 T. "Li spectra have been acquired as one-pulse
experiments on a 1.3 mm dual channel probe under 40 kHz magic angle spinning (MAS). 8
scans were accumulated, the recycle delay was 300 s. **Nb experiments were done as Hahn
echo experiments with the same probe under 60 kHz MAS. 160 K scans were accumulated,
the recycle delay was 200 ms. Another set of “*Nb experiments was performed under static
conditions as WURST-QCPMG on a 2.5 mm dual channel VTN probe. Non-adiabatic
WURST pulses of 200 us with a nominal sweep width of 1 MHz and identical excitation and
refocusing power were applied. The total echo time was 440 us; 16 echoes were acquired and
co-added. Spectral uniformity of the excitation and refocusing was improved by adding
spectra with both high-to-low and low-to-high frequency sweep pulses. As the actual range of
excitation uniformity was 500 kHz (limited by circuitry and/or pulses), a combination of three
spectra with carrier steps of 300 kHz was used to ensure there was no spectral distortion in the
range of interest and to enhance this range. The three partial spectra exhibit a continuous
transition and were combined to the total spectra shown.

Optical measurements (UV—Visible—Near-Infrared Spectroscopy). UV-vis diffuse
reflectance spectra were recorded at room temperature from 300 to 1000 nm with a 1 nm step,
using a Shimadzu UV-2700 spectrophotometer. The 100% reflectance was obtained with a
Halon powder reference. The reflectivity spectra (R) were transformed into the absorption o/S
spectra using a Kubelka—Munk transformation.

Density Functional Theory (DFT) calculations. All calculations were carried out within the
Density Functional Theory (DFT) as implemented in the Vienna ab initio Simulation Package
(VASP).* -2 For electron exchange and correlation we used the Generalized Gradient
approximation as parameterized by Perdew, Becke, and Ernzehof (PBE)*** and the meta-

GGA SCAN functional. Atom cores are described through the projector augmented wave



(PAW) method.?* % The kinetic energy cutoff for plane wave expansions was set to 500 eV,
and the Brillouin zone was sampled by Monkhorst—Pack meshes.?® Atomic positions were
optimized until forces were converged to lower than 3.10 % eV/A. DOS were shifted so that
the Fermi level lies at 0 eV. The presence of defects (oxygen vacancies) and the Nb/Li
distribution have been considered using a supercell approach. Two different models have
been envisioned with hexagonal and tetragonal symmetries, respectively. More details about

the construction of these models are provided in the discussion.

= RESULTS AND DISCUSSION

Characterization at RT (PXRD, PND and TEM)

In this first part, we discuss the structural characterization at room-temperature of
BasLiNb,Ogs[p5 sample in comparison to BasLip7sNb2 2509 using X-ray/neutron diffraction
and TEM technique. The color of the two perovskite phases after the synthesis at 900°C was
slightly different: BasLio7sNb22509 was white whereas BasLiNb,Ogsldos was light beige.
These compounds are noted hereafter in the paper respectively as White-Og and Beige-Ogss.
PXRD patterns were essentially identical (Figure 1) with relatively wide hkl lines for the two

perovskites indicating a low crystallinity.
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Figure 1 : PXRD patterns of BasLio.7sNb2.2505 and BasLiNb:Ogslos (v : Kg) |

respectively quoted as White-Os and Beige-Os.s

According to ref 13, all the lines for both compounds have been indexed in the cubic Pm-3m
space group (n°221) with very close cell parameters (Table 1) confirming thus the purity of
each sample and meaning that there is no ordering between lithium and niobium cations

visible by PXRD.

Table 1: Color and cell parameter (A) of Ba3Lig 75Nbs 2500 and Ba;LiNb,Og 5 5

x=0 x=0.25
Formulation Ba;Lig 75Nb2 2509 Ba;LiNb->Og 5L 5
Synthesized at 900°C White - 4.1082(2) Light beige - 4.1085(2)
) White
Aigrtafmahug at 14007 ac = 4.11434(6) Purple — 4.10731(6)
1 FLtube Ahexa = 5.79941(6); Chexa = 19.0668(2)

The well-known Goldschmidt tolerance factor (t) %" of the ABO; perovskite structure
characterizes the influence of the ionic radii on the symmetry. Usually, a hexagonal symmetry
is preferred if t is over 1.05, while for 1 <t < 1.05 a cubic symmetry is expected. For smaller t

values, tetragonal (0.97 <t<1.0) or orthorhombic/monoclinic (t < 0.97) distortions are
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observed. % Here, the ionic radius for the Nb/Li cations was calculated based on the
proportion of Nb and Li cations in the B site for each compound. For White-Og and
Beige-Ogs, the so-obtained t values are, respectively, 1.03 and 1.04, which corresponds to the
domain where the cubic symmetry is preferred, in good agreement with the PXRD results.

To ensure that the two compounds are effectively different, structural refinements were
performed from PXRD data by considering the two chemical formulations BagLig75Nb2.250q
and BasLiNb,Og s as possible for the two compounds. Due to the different niobium quantity in
the two formulations, it should be possible to differentiate BaslLip7sNb2509 from
BasLiNb,Ogs[ps from PXRD data. As shown in Table 2, better reliability factors are
obtained with the chemical formulations BaszLig7sNbo2509 and BasLiNb,OgsCg s,

respectively for White-Og and Beige-Ogs.

Table 2 : Reliability factors for refinements of White-O, and Beige-Oyg s

White-O,

Refined as BasLij 7sINbs 2500 Rp=691 | Rwp=732 | Rexp=3.75 | chi*=3.08 | Rg=1.63

Refined as Ba;L.iNb,Oqg s Rp=113 | Rwp=133 | Rexp=593 | chi*=5.03 | Rg=8.87
Beige-Oys
Refined as Ba;LiNb,Og 5 Rp=751 | Rwp=7.67 | Rexp=3.94 | Chi*=3.78 | Rg=1.71

Refined as Ba;Lig75sNb; 2504 Rp=123 | Rwp=13.1 | Rexp=3.75| chi*=122 Ry =9.69

As neutron diffraction is more sensitive for the location of light atoms, a complete structural
refinement for Beige-Ogs with neutron data was then undertaken, to confirm the presence of
oxygen vacancies, the Nb/Li ratio (2/1) and to check if there was a superstructure not detected
by PXRD. With this neutron data set, we observed that all the hkl lines could be indexed in
the simple cubic cell deduced from the PXRD study (S.G. Pm-3m) (Figure 2). This means
that the octahedra are regular and not tilted, otherwise additional hkl lines, corresponding to a
larger cell, would be observed. It can also be noted on this figure that no obvious diffuse

scattering in the background is observed.
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Figure 2: Qbserved, calculated and difference PND patterns of Beige-Oss synthesised at 900°C (S.G

Pm-3m). Vertical bars are related to Bragg reflection positions.

The structural refinements were carried out with the classical perovskite model in the Pm-3m
space group: one crystallographic site for each kind of atom (1b for Ba, 1a for Nb and Li and
3d for O) and one isotropic displacement factor for each site. The oxygen site occupancy rate
was refined as well as the Nb/Li ratio with a condition of full site occupancy. The refinement
converged quickly towards good reliability factors and to the chemical formulation
BasLio.o6(1)ND2.04(1)Os48), confirming thus the presence of oxygen vacancies. This
formulation almost respects the necessary electroneutrality: 17.16 positive charges versus
16.96 negative charges. Table 3 gathers the cell parameters and the refined profile parameters
for the PND data. Atomic coordinates, isotropic thermal parameters and bond valence sums
are reported in Table 4 with selected interatomic distances. A refinement with anisotropic
displacement parameters has been carried out but did not reveal any particular atomic motion

and did not improved the results.



Table 3: Structure refinement results of Beige-Og s from PND data in the Pm-3m S.G.

Beige-Os s
Space group Pm-3m
Cell parameter (A) 4.10733(3)
R, 10.6
Ruwp 10.6
Rexp 3.18
v 11.0
Bragg R-factor 1.33
n 0.33(2)
Halt-width parameters:
u 0.074(2)
v -0.082(4)
W 0.093(2)

Table 4: Atomic coordinates, B, (Az), bond valence sums (Xv) and selected interatomic

distances (A) for Beige-Oyg 5 from PND data in the Pm-3m S.G.

Atom site X y z Bio(AY) sof Atoms Yv V epected
; number Xt

Ba 1b 0.5 0.5 0.5 0.70(3) 1 3 2.1 2

Nb la 0 0 0 0.21(3) 0.681(4) 2.04(1) 39 5

Li la 0 0 0 0.21(3) 0.319(4) 0.96(1) 1.2 1

0] 3d 0.5 0 0 1.07(2) 0.942(6) 8.48(5) 1.8 2

Distances:

Nb/L1-O : 6 x 2.0537 ; Ba-O : 12 x 2.9043

As for all simple 3D cubic perovskites, the Beige-Ogs structure is constituted of corner-
sharing regular BOg octahedra, the B site being statistically occupied by two thirds of Nb and
one third of Li. If we consider such a Li/Nb statistical occupancy and the ionic radii of Nb>*

(0.64 A) and Li* (0.76 A), taken in an octahedral environment from the Shannon table,?® we
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obtain an effective ionic radius of 0.68 A for the B cation. It leads to an expected B-O
distance close to 2.03 A, not very far from the observed one (2.0537 A). We can note that the
partial occupation of the oxygen site (94.4%) means that the B cations can be locally
surrounded by less than 6 O anions. To go further, we have estimated the bond valence sums
(BVS)* using Ry values of 2.290, 1.911 and 1.466 for Ba®*, Nb°>* and Li* ions respectively,
and taking into account the partial occupancy of the oxygen site. The A site of the perovskite
structure is fully occupied by Ba®** cations (Ba-O distance of 2.9043 A) leading to a BVS
value of 2.1, close to the expected value of 2.0. Concerning the B site, either occupied by Li*
or Nb** ions, the BVS values obtained for an octahedral environment are 1.2 and 3.9 for Li*
and Nb>* ions. These values significantly deviate from the expected ones (1.0 and 5.0 for Li*
and Nb>* ions respectively). This can be explained by the statistical occupancy of the B site
leading consequently to B-O distances values intermediate between Nb-O and Li-O distances
reported in the literature (Li* has a larger radius than Nb®*). It leads to a too large (too small)
site for Nb>* ions (Li* ions) and thus a smaller (larger) BVS value. However, for the Li* ions,
the 1.2 BVS value could be due in addition to a preferential localization of O* vacancies
around this cation. To check that these anomalous BVS values are due to the statistical
occupancy, we have analysed the optimized geometries of three models (noted H1, H2 and
H3 in DFT calculations part) which differ by the Li/Nb ordering. In the 3 cases, the BVS
values of Li and Nb are, respectively, 1.0 and 4.7 after the geometry optimization. It confirms
that after relaxing locally the environment around both cations, the BVS values agree with the
expected ones.

To complete this structural part, a TEM study was performed on Beige-Ogs. In addition to the
intense reflections related to the cubic cell, weak diffuse scattering signals have been
observed on some diffraction patterns (Selected Area Electron Diffraction mode), and High

Resolution Electron Microscope (HREM) images showed irregular contrasts (Figures S1 and
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S2). These observations suggested a local ordering Nb/Li and/or vacancies/O, without being
able to clearly identify the origin.

Temperature behaviour study of Beige-Og s and White-O.

To improve the crystallinity of both samples, an annealing at high temperature was
performed. For this, the compounds were placed in a sealed platinum tube before being
heated 12 h at 1400°C to prevent a possible lithium volatilization as frequently observed with
lithium oxides. This temperature was chosen not only to effectively improve the crystallinity
but also to check the existence of a hexagonal form for BazLiNb20ssldos as observed for
BasLig75Nb2 2509 in ref 14.

The PXRD patterns recorded after the heating revealed thinner hkl lines for both compounds,
confirming an improved crystallinity (Figure S3). For Beige-Ogs we observed the
preservation of the cubic cell with similar refined cell parameters (Table 1). For White-Oy, the
PXRD pattern was completely different indicating that the structural transition previously
mentioned in ref 14 has occurred (Figure S4). Indeed, most of the hkl lines could be indexed
in the hexagonal cell (S.G. P6s/mmc) while the remaining ones correspond to the cubic
variety.

In addition to the improvement of the crystallinity, we observed that surprisingly, the color of
Beige-Ogs turned to pink (sample termed hereafter Pink-Ogs) (Figure 3) while White-Og

remained white.

Figure 3: BasLiNb,0;z sy 5 before and after the annealing at 1400°C in a sealed platinum tube

showing the change in color, Beige-Og 5 (left) and Pink-Og s (right)
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Given this significant color change, a new complete structural determination was undertaken
on Pink-Ogs sample from PND data (Figure S5). An identical structure to that of Beige-Ogs
was obtained indicating that no structural modification, from the viewpoint of PND, has
occurred during the heating step in platinum tube (Tables S1 and S2).

The TEM study performed on this sample revealed, as for Beige-Ogs, additional diffuse
reflections and inhomogeneous contrast in high resolution images (figure S6).

XPS experiments were then performed on the Pink-Og s sample in order to check if the color’s
change was due to a partial reduction of the niobium cations during the annealing at 1400°C.
Spectral lines of Nb 3ds, and Nb 3ds, are represented in Figure S7. The observed signals are
consistent with the presence of only Nb**, since a partial niobium reduction (Nb** or Nb*")
would imply additional signals at lower energy™® (=203.5eV for Nb*" and =205 eV for
Nb*). As it could be argued that only a tiny portion of niobium, not detectable by XPS, was
reduced, we have then performed Electron Paramagnetic Resonance (EPR). Indeed, Nb** ion
has a 4d* electronic configuration, and we must be able to detect it if present in the samples.
X-band EPR experiments were performed which have a sensitivity of about 102 spins/g, i.e. a
[Nb*]/[Nb] ratio of about 5x10™° for the studied compounds. However, no EPR signal,
characteristic of Nb** ions, has been detected, this excluding that the color change is due to a
partial reduction of some Nb>* ions. This point concerning the color change is discussed later
in the DFT section.

Solid-state NMR

NMR experiments were performed to probe the differences in the local environment between
Beige-Ogs and Pink-Ogs and the changes with respect to White-Og, which has no oxygen

vacancy. Figure 4a shows the ‘Li MAS spectra of the three samples.
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Figure 4 : NMR spectra of materials White-Oq (blue), Beige-Og: (green), and Pink-
Og: (red). (a) 7Li, 40 kHz MAS. (b) **Nb, 60 kHz MAS. The asterisk denotes the first
spinning sideband. (c) **Nb, static, scaled to the same maximum.

Apart from a broad foot of unclear origin, a single resonance at -2.95 ppm is observed in
White-Os, confirming the presence of a single Li site. In contrast, the "Li signal of Beige-Ogs
shows two maxima, one of them having a resonance frequency (-2.8 ppm) close to that of
White-Og. The new partial signal at -1.6 ppm is thus interpreted as stemming from
undercoordinated lithium in the samples containing oxygen vacancies, i.e. most probably
five-fold coordinated Li. It is broader, reflecting the higher degree of disorder due to the
vacancies. Also the signal of Pink-Ogs appears to consist of these two resonances, with either
different populations, signal positions or widths (disorder).

%Nb spectra have been acquired in static mode and under MAS (Figure 4b and 4c). The static

%Nb spectra show the central transition (Figure 4c), which is however so broad that it has to
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be composed of three spectra acquired with frequency modulated broadband pulses at three
different carriers (see Experimental for details). Already the signal of White-Og shows a shape
that is typical for a broader distribution of quadrupolar coupling due to disorder, albeit some
residual features of 2" order quadrupolar coupling line shapes can be recognized. The
spectrum of the same compound under MAS, with a much better resolution, confirms that
these features are not due to two different sites (Figure 4c). The disorder is due to the
statistical Nb/Li distribution in the second cation neighbour of the niobium.** The static **Nb
spectra of the two vacancy phases are qualitatively similar, while the above features are
broadened out by the additional disorder introduced by the vacancies. This is also visible in
the *Nb MAS spectra. However, while the quadrupolar coupling, essentially already showing
an almost fully disordered signal, is not able to identify a five-fold coordination, the chemical
shift would be able to do so. The signal maximum of about -940 ppm corresponds to the
upper limit of the chemical shift range of 6-fold oxygen coordinated niobium (including the
isotropic quadrupolar shift).3 It would also match a 5-fold coordination, however, a change
of a non-negligible part of the cations to a five-fold coordination should be reflected in the
spectra by a second signal further downfield (as seen for "Li) or at least a broadening into that
direction. A slight broadening is observed, however upfield, and it can be explained by the
quadrupolar coupling. One explanation for the discrepancy to the Li spectra would be that the
oxygen vacancies are situated between two lithium cations (hypothesis 1). This interpretation
would also explain the relatively high 5-coordinated Li signal. Another possibility would be
that the higher asymmetry of a five-fold Nb coordination increases the quadrupolar coupling
so that these *Nb signals are, in combination with disorder, broadened beyond detectability
(hypothesis 2). These two hypotheses will be discussed in the analysis of the DFT

calculations part.
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Before discussing the theoretical results, let’s first summarize the main conclusions arising
from the experimental investigations. NPD confirms oxygen vacancies in both
BasLiNb,Ogs[p5 samples while TEM suggests a local ordering Nb/Li and/or vacancies/O.
Concerning the NMR, it shows multiple environments for Li but is less conclusive for Nb.
The following theoretical investigation has thus two main objectives : the first one concerning
the structural characterization and the second one related to the understanding of the optical
properties.

Structural characterization based on DFT calculations

In order to investigate the effects of the Li/Nb and oxygen-vacancy distributions on the
atomic and electronic structures, we have realized DFT calculations by generating 2 types of
models, both leading to the chemical formulation [BagLi;NbsO1g]*. A point defect must be
added to have charge neutrality. Here, it corresponds to one oxygen vacancy, thus leading to
the formulation BagLi,NbsO701, which corresponds to the composition of the new
perovskite studied in this article. The first model is based on the hexagonal cell (Figure S8),
with a doubling of ¢, The second model is based on a tetragonal (av2 x av/2 x 3a) supercell
(with a, the cubic cell parameter). Both contain 4 Nb and 2 Li, but while the hexagonal cell is
based on 6 slabs, the tetragonal one is based on 3 slabs. For that reason, the hexagonal
supercell has been used to probe the effect of the Nb/Li distribution and the vacancy position,
while the tetragonal cell was used to probe the effect of the concentration of oxygen
vacancies.

In the hexagonal model, 3 Li/Nb orderings have been envisioned, noted H1, H2 and H3
(Figure 5). One way to distinguish these three models is to consider the shortest Li-Lli

distance which increases from H1 to H3.
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Figure 5 : Schematic representation of the optimized geometries of the 3 theoretical models based on a
hexagonal supercell (H1, H2 and H3), using meta-GGA SCAN functional. Lithium, niobium, barium and
oxygen atoms are represented in yellow, blue, grey and red. The octahedra NbO, and LiO, are
represented in blue and yellow. These three models are without oxygen vacancy and differ by the Li/Nb
ordering. The charge neutrality was assumed by imposing a homogeneous background charge.

Before creating an oxygen vacancy, we have performed geometry optimization of these three
models, by including a background charge to ensure the charge neutrality. The resulting
relative energies evidenced that the H3 model is significantly more stable than the two other
ones, with 4.6, 0.8 and 0 eV for H1, H2 and H3, respectively (H3 taken as the reference
energy). It evidences that the Li/Nb distribution strongly impacts the stability of the system,
with a preference to situations avoiding short Li-Li distances. H3 corresponds to the most
homogeneous distribution of Nb>* and Li* in such a hexagonal supercell, with a succession of
2 Nb-layers and 1 Li-layer in all directions, allowing to minimize the Madelung energy. It is
also interesting to notice that the band gap increases from H1 to H3. H1, the less stable model

is metallic and H2 and H3 semiconductors with Eq = 1.9 and 3.3 eV, respectively (Figure 6).
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Figure 6 : Densities of states (DOS) of models without oxygen vacancy (left) and simulation of the optical
properties of models (right) with or without oxygen vacancy. Total DOS are represented in black and partial DOS
of oxygen and niobium in red and blue, respectively. The Fermi level is defined as the reference of energies. The
optical properties of the models without oxygen vacancy are shown in grey and the ones with oxygen vacancy in
black, blue and red, for an oxygen vacancy Li-V-Li, Li-V,-Nb and Nb-V,-Nb, respectively.

The next step is to consider the impact of the oxygen vacancy for these 3 Li/Nb orderings in
the hexagonal model. The notation will be Hy[1Vo] with x =1, 2 or 3 and 1V, to specify that
one oxygen vacancy has been created. All oxygen atoms have two cation neighbours (corner
sharing octahedra), thus leading to three types of oxygen vacancies (Vo), i.e. Nb-Vo-NDb, Li-
Vo-Nb and Li-Vo-Li. The latter is only possible with H1. Seven oxygen vacancy systems
have thus been generated. Their relative energies, after geometry optimization, are

represented as function of the Li-Li distance in Figure 7.
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Figure 7 : Relative energies of the oxygen vacancy models as function of the Li-Li distance. The most
stable structure, i.e. H3[1V] with an oxygen vacancy between Nb and Li, has been chosen as the
reference of energies. Li-Vg-Li, Li-Vo-Nb and Nb-V5-Nb correspond to oxygen vacancies between 2 Li,
Liand Nb, and 2 Nb atoms, respectively

It shows some systematic features. Creating an oxygen vacancy between one Nb>* and one
Li* (blue circle) is more favourable than between two Nb>* ions (red circle), with an energy
difference of 1.5, 1.1 and 0.6 eV for H1, H2 and H3, respectively. In the case of H1, it is also
possible to create an oxygen vacancy between two Li* ions. This calculation (black circle),
among the H1[1Vo] models, leads to the lowest energy, i.e. 4.2 and 5.7 eV lower in energy
than Li -Vo- Nb and Nb-Vo-NDb, respectively, matching to hypothesis 1 for the absence of a
second Nb®>* NMR signal. In summary, the most stable system remains H3[1V¢] with Li-Vo-
Nb. However, H1[1V] with Li-Vo-Li is significantly stabilized, strongly reducing the energy
difference between these two models from 4.6 to 1.0 eV, when Vg is created. It means then
that oxygen vacancies will preferentially form between two Li™ ions, if such a situation occurs

in the compound, then between Li* and Nb**, and finally between two Nb>* ions.
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Optical properties from DFT calculations

Figure 6 shows, in addition to Densities Of States (DOS) of H1, H2 and H3 (without Vo), the
related optical spectra (in grey). The optical properties are described considering the
imaginary part of the dielectric function (&,), which characterizes the photon absorption. The
evolution of the optical properties after creating one oxygen vacancy are represented using
black, blue and red plain lines for Li-Vo-Lli, Li -Vo- Nb and Nb-Vo-Nb, respectively. Before
discussing the effect of Vo, let us discuss the impact of Li/Nb distribution on the optical
properties of H1, H2 and H3 models. As mentioned above, the band gap increases from H1 to
H3, as evidenced in the DOS, which is mainly constituted of O(2p) states in the Valence Band
(VB) and Nb(4d) states in the Conduction Band (CB). While the Nb(4d) band is clearly
empty in H2 and H3 calculations, it is slightly occupied in H1 due to its metallic character.
Looking at the projected DOS (pDOS) of H1 (Figure 6), it appears that the states at the Fermi
level (E) are related to the oxygen connecting the two Li* ions. It is interesting to notice that
this oxygen does not interact with niobium, and only H1 shows this feature. The pDOS shows
no overlap between Li and O states, confirming the ionic character of the bond, but evidences
an overlap between Ba and O states. And, indeed, shorter Ba-O distances in this region of 2.5
A are obtained in our calculations, compared to the more stable H3 model where the Ba-O
distances are about 2.9 A. One simple explanation is the necessity to compensate the high
concentration of Li* ions in H1, which leads to strong deficiency of positive charges in the
compound (electrostatic screening). Interestingly, removing this oxygen leads to the most
stable H1[1Vo] model (Figure 7). The two others, by keeping this oxygen, remain metallic as
evidenced in the simulations of the optical absorption properties (blue and red curves). In
contrast, H1[1Vo] with Li-Vo-Li exhibits semi-conductive properties (black curve) with an

optical gap of about 1.2 eV. The two other systems and their Vo-derivatives show semi-
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conductive properties. In the case of H3, the optical properties are nearly unchanged when
creating an oxygen vacancy, with an optical band gap of about 3 eV. In contrast, significant
evolutions are observed in the &, simulations when Vg is created in H2, with an optical band
gap going from 2.2 eV (without Vo) to 1.4 and 0.8 eV for Li -Vo- Nb and Nb-Vo-Nb,
respectively. To summarize this part, it clearly appears that two levers can be envisioned to
tune the optical properties of the system: (1) the Li/Nb distribution and (2) the oxygen
vacancies position. Neglecting the metallic models (highly unstable), optical absorptions in
the visible range are found for H1 (with Li-Vo-Li), H2 (with Li -Vo-Nb) and H2 (with Nb-
Vo-Nb). It should be noted that their intensity remains small, and indeed the pink color of our
samples is faint. However, the fact that the color of the powder changes upon heating, without
changing the X-ray diagram (except a better crystallinity), could be explained by a core-shell
model, with the idea that the defects could migrate from the inner to the outer of the particle.

To test the idea that a higher concentration of vacancies in the shell could explain the change
of optical properties, we have used the tetragonal model presented before, noted T1, leading

to a lowering of symmetry from Pm-3m to P4,/nmm. From T1, we have created one Vo,

noted T1[1Vo], and two Vo, noted T1[2V,], leading to the formulations BagLi,Nb,O17[]; and

BasLi,NbsO16,, respectively. In both systems, the oxygen vacancies correspond to Li-Vo-

Nb. For T1[2V0], the charge neutrality was assumed by imposing a homogeneous background
charge. Finally, a lowering of symmetry is observed leading to space groups P4mm for these
two oxygen vacancy models. It leads to tiny evolutions of the cell parameters, with deviations
smaller than 0.6% on the cubic cell parameter. Indeed, the effective cubic cell parameters are
both equal to 4.118 A for T1[1Vo] and T1[2Vo], very close to the experimental value of
4.107 A. The presence of oxygen vacancies leads to undercoordinated Li, Nb and Ba atoms.

All the calculated distances are given in S9.
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Figure 8 shows the total densities of states (DOS) of the two T1 models, and the partial DOS

projected on the O(2p) and Nb(4d) states.

T1[1V,] T1[1V0] - T1[2V,]

Densities of states (a.u.)

-7 -6 -5-4-3-2-10 1
Energy (eV)

Figure 8 : Densities of states (DOS) of the oxygen vacancy models T1[1V,] and T1[2V,)] (right) and the related optimized atomic structures (left).
Total DOS are represented in black and partial DOS of oxygen and niobium in red and blue, respectively. The Fermi level is defined as the reference
of energies. Lithium, niobium and oxygen atoms are represented in yellow, blue, grey and red. The octahedra NbOg and LiOg are represented in
blue and yellow. For simplicity, barium atoms are not represented.

The VB from -7 to 0 eV is mainly composed of O(2p) states interacting with Nb(4d) states.
The CB from about 1 to 5 eV is mainly composed of Nb(4d) states interacting with O(2p)
states. Adding one more vacancy to the system leads to a band gap reduction of 0.3 eV, i.e. Eq
= 0.2 eV. It should be noted that these band gap values are not representative of the optical
properties. Indeed, the optical gap could strongly differ from the fundamental one, because it
requires allowed dipolar transitions between the occupied and empty states.

In order to get insight into the evolution of the optical properties under heating of the
Beige-Ogs sample, we have measured the reflectance spectra of Beige and Pink-Ogs. Figure
9a shows the absorption coefficients, deduced from the Kubelka-Munk transformation (KM),

as function of the incident energy.
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Figure 9 : Experimental (a) and simulated (b) optical properties as function of the photon energy of Ba;LiNb,04 5[, . The
experimental data correspands to the absorption coefficient, deduced from the Kubelka-Munk transformation, with Beige
and Pink signals in black and red, respectively. The theoretical data corresponds to the imaginary part of the dielectric

function, which describe the light absorption, with T1[1V,] and T1[2V,] in black and red, respectively.

Our simulations of the imaginary part of the dielectric function ( &) for the 2 models T1[1V¢]
and T1[2Vg] is shown in Figure 9b. &, describes the light absorption and could thus be
compared to KM, although the relative intensities are not comparable because the calculation
considers a bulk compound while the experiment has been done on powder samples. In
addition, the KM absorption coefficient depends not only to absorption processes but
although to light extinction due to diffusion processes. We can thus only compare the optical
gap values between the present measurements and simulations.

Let’s first discuss the KM experimental values. The black curve gives the absorption
coefficient of Beige-Ogs. It shows an absorption band centred at about 3.4 eV with a tail
leading to an optical gap of about 2.8 eV. It explains the beige color which is a mixture of
yellow and white. The red curve shows the absorption coefficient of Pink-Og s, which exhibits
three peaks centred at about 3.3, 2.4 and 1.7 eV, leading to the pink color which is a mixture
of red (due to the largest absorption at 2.4 eV) and white due to the diffusion phenomena

related to the pulverulent nature of the samples. In our simulations, T1[1Vo] and T1[2V(]
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lead to optical gap of about 2.6 and 1.85 eV, respectively. Moreover, the 2 vacancies model
shows 2 absorption bands centred at 3.4 and 2.6 eV. Comparing the two simulations, we see
an evolution of the optical spectrum which nicely reproduces the experimental data, i.e.
appearance of an absorption band inside the visible range and reduction of the band gap value.
These features are the consequence of the evolution of the coordination of Nb species, leading
to a lift of degeneracy of the Nb(4d) states due to the loss of the ideal octahedral coordination.
Indeed, in the proposed core-shell hypothesis, upon heating the oxygen vacancies and Li* ions
migrate towards the surface, leading to the presence of Li-Vo-Li and Li-Vo-Nb defects which
induces highly distorted 6-fold and 5-fold coordinations for the Nb sites inside the shell.
PXRD, PND and NMR will not be highly sensitive to such modification of the first layers of
the particles. However, the presence of distorted NbOg and NbOs environments in the shell of
the particles will lead to a reduction of the band gap and thus will explain the shift of color
from beige to pink upon heating.

We have estimated the quadrupolar coupling frequencies, vq, from the electronic structures
calculated by DFT in order to compare with the experimental NMR values for *Nb. The
spectra alone do not contain enough information for a model for the observed disorder;
therefore, only an order of magnitude was estimated from the line widths, with a peak vq of 1-
2 MHz. In the DFT models without vacancies, i.e. H1, H2 and H3, all Nb are 6-fold
coordinated with vq value ranging from -1.6 to 0.4 MHz, leading to an average value of -0.9
MHz. Similarly, the asymmetry parameter ng is ranging from 0.00 to 0.04, leading to an
average value of 0.01. When incorporating an oxygen vacancy, two types of Nb sites are
present in the simulations, with 5-fold and 6-fold coordinations. For the 6-fold coordinated
Nb sites the vq values sligthly change with an average value of vo = -0.8 MHz (ranging from
-1.8 to 1.4 MHz), while the ng significantly deviate from 0, with an average value of ng = 0.4

(ranging from 0.0 to 1.0). For the 5-fold coordinated Nb sites, the vq values strongly increase
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with an average value of vq = -5.7 MHz (ranging from -6.6 to -4.4 MHz), and the nq average
value is about 0.2 (ranging from 0.1 to 0.3). Signals with these values would be much broader
than those observed experimentally. When taking into account that real signals lose their
features by disorder, they will not be detectable and only contribute to the background from
the satellite transitions. This would explain that undercoordinated Nb sites were not detected

in the NMR spectra (hypothesis 2), in contrast to undercoordinated Li sites.

= CONCLUSION

To summarize, a new perovskite phase with the chemical formulation BasLiNb,Ogs[os has
been discovered, with a statistical occupancy of the B site (with 2/3 Nb and 1/3 Li). PXRD
and PND data show that this compound crystallises in the Pm-3m space group with a cell
parameter of a ~ 4.108 A, as the parent BasLio.7sNb 2509 compound. Upon heating at 1400°C
in sealed platinum, it undergoes a color change from beige to pink without structure change in
contrast to BasLio.7sNb22509 Which remains white and turns to hexagonal. ‘Li solid-state
NMR reveals undercoordinated lithium environments, due to the oxygen vacancies, while in
%Nb NMR only a decrease of the niobium signal is observed without any sign of a
undercoordinated Nb sites. However, DFT calculations show that undercoordinated Nb
cations will exhibit enormous quadrupolar coupling which, in conjunction with disorder,

impedes their observation by NMR.

A core-shell model is proposed as a possible explanation of the change of color upon heating,
due to the migration of both Vo and Li* toward the surface of the particles upon heating. The
DFT calculations evidence that oxygen vacancies are preferentially formed between two Li*
ions, if such a situation occurs in the compound, then between Li* and Nb**, and finally

between two Nb>* ions. The presence of Vo induces distortions in the NbOg octahedra or
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undercoordinated NbOs environments, leading to lift the degeneracy of the 4d(Nb) states
which composed the bottom of the conduction band. It explained the band gap decrease and
the color change upon heating. Both Li/Nb distribution and Vo contribute to reduction of the
band gap, and will be enhanced by a segregation of the defects at the surface of the particle. It
may explain the change of color without observing significant modification of the long-range

order which is governed by the core of the particles.
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Figure captions:

Figure 1: PXRD patterns of BasLio7sNb2.2509 and BasLiNb,Ogslos (v @ Kg) respectively
quoted as White-Og and Beige-Og s

Figure 2: Observed, calculated and difference PND patterns of Beige-Ogs synthesised at
900°C (S.G.: Pm-3m). Vertical bars are related to the Bragg reflection positions.

Figure 3 : BasLiNb,Og sy s before and after the annealing at 1400°C in a sealed platinum
tube showing the change in color, Beige-Og s (left) and Pink-Og s (right).

Figure 4: NMR spectra of materials White-Og (blue), Beige-Og s (green), and Pink-Ogs (red).
(a) 'Li, 40 kHz MAS. (b) *Nb, 60 kHz MAS. The asterisk denotes the first spinning
sideband. (c) **Nb, static, scaled to the same maximum.

Figure 5: Schematic representation of the optimized geometries of the 3 theoretical models
based on a hexagonal supercell (H1, H2 and H3), using meta-GGA SCAN functional.
Lithium, niobium, barium and oxygen atoms are represented in yellow, blue, grey and red.
The octahedra NbOg and LiOg are represented in blue and yellow. These three models are
without oxygen vacancy and differ by the Li/Nb ordering. The charge neutrality was assumed
by imposing a homogeneous background charge.

Figure 6: Densities of states (DOS) of models without oxygen vacancy (left) and simulation
of the optical properties of models (right) with or without oxygen vacancy. Total DOS are
represented in black and partial DOS of oxygen and niobium in red and blue, respectively.
The Fermi level is defined as the reference of energies. The optical properties of the models
without oxygen vacancy are shown in grey and the ones with oxygen vacancy in black, blue
and red, for an oxygen vacancy Li-Vo-Li, Li-Vo-Nb and Nb-Vo-Nb, respectively.

Figure 7: Relative energies of the models with oxygen vacancy as function of the Li-Li

distance. The most stable structure, i.e. H3[1V] with an oxygen vacancy between Nb and Li,
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has been chosen as the reference of energies. Li-Vo-Li, Li-Vo-Nb and Nb-Vo-Nb correspond
to oxygen vacancies between 2 Li, Nb and Li, and 2 Nb atoms, respectively.

Figure 8: Densities of states (DOS) of the oxygen vacancy models T1[1Vo] and T1[2V(]
(right) and the related optimized atomic structures (left). Total DOS are represented in black
and partial DOS of oxygen and niobium in red and blue, respectively. The Fermi level is
defined as the reference of energies. Lithium, niobium and oxygen atoms are represented in
yellow, blue, grey and red. The octahedra NbOg and LiOg are represented in blue and yellow.
For simplicity, barium atoms are not represented.

Figure 9: Experimental (a) and simulated (b) optical properties as function of the photon
energy of BagLiNb,Og sy 5. The experimental data corresponds to the absorption coefficient,
deduced from the Kubelka-Munk transformation, with Beige and Pink signals in black and
red, respectively. The theoretical data corresponds to the imaginary part of the dielectric
function, which describe the light absorption, with T1[1Vo] and T1[2V(] in black and red,

respectively.
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Upon heating, a migration of both Vo and Li* toward the surface of the BazLiNb;Ogs[gs

particles leads to a color change from beige to pink.
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