Inorganic Chemistry

pubs.acs.org/IC

Detecting Non-bridging Oxygens: Non-Resonant Inelastic X-ray
Scattering in Crystalline Lithium Borates

Gérald Lelong,*’T Guillaume Radtke, Laurent Cormler, Hanane Bricha, Jean Pascal Rueff**
James M. Ablett,* Delphine Cabaret,” Frédéric Gélébart,” and Abhay Shukla

"Institut de Minéralogie de Physique des Matériaux et Cosmochimie (IMPMC), Sorbonne Universités—UPMC Univ Paris 06, UMR
CNRS 7590, Muséum National d’Histoire Naturelle, IRD UMR 206, 4 Place Jussieu, F-75005 Paris, France

J:Synchrotron SOLEIL, L’'Orme des Merisiers, BP 48, Saint Aubin, 91192 Gif sur Yvette, France
SLaboratoire de Chimie Physique-Matiére et Rayonnement, Sorbonne Universités-UPMC Univ Paris 06/CNRS-UMR 7614, 75005

Paris, France

ABSTRACT: Probing the local environment of low-Z elements, such as oxygen, is of
great interest for understanding the atomic-scale behavior in materials, but it requires
experimental techniques allowing it to work with versatile sample environments. In this
paper, the local environment of lithium borate crystals is investigated using non-
resonant inelastic X-ray scattering (NRIXS) at energy losses corresponding to the
oxygen K-edge. Large variations of the spectral features are observed close to the edge
onset in the 535—540 eV energy range when varying the Li,O content. Calculations
allow identification of contributions associated with bridging oxygen (BO) and non-
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bridging oxygen (NBO) atoms. The main result resides in the observed core-level shift 580 535 50 545 550

of about 1.7 eV in the spectral signatures of the BO and NBO. The clear signature at

535 eV in the O K-edge NRXIS spectrum is thus an original way to probe the presence of NBOs in borates, with the great
advantage of making possible the use of complex environments such as a high-pressure cell or high-temperature device for in situ

measurements.

B INTRODUCTION

Oxygen is the archetypal ligand in crystalline and glassy oxides.
It can be found as “bridging” (BO or @) or as “non-bridging”
(NBO) depending on its connectivity to the network. By
definition, a BO is bonded to exactly two network cations. The
non-bridging oxygens, which bear a negative charge and are
bound to only one network cation, are known to play a key role
in ionic transport by acting as a “mediator” during ion
mlgratlon 2 Moreover, the concentration of NBO is a good
indicator of the breakdown of the network connectivity and
strongly affects physicochemical properties, such as the
diffusivity and viscosity of the relative glasses and melts.
Interest for NBOs is high in Materials and Earth Sciences,
especially in the understanding of mechanisms involving NBOs
in materials placed under extreme conditions (high temperature
and/or high pressure).>*

Alkali borate binaries exhibit a richness of crystalline
structure spreading over a wide range of alkali oxide content.
By taking into account the different known polymorphs, about
75 crystalline alkali borates are presently reported.” Their
framework structures are all based on BO; triangles, BO,
tetrahedra, or a combination of both. Addition of alkali oxide
to pure B,O; converts BQ; triangles to negatively charged four-
fold coordinated boron units, which causes a widening of the
B—@—B angle distribution. This conversion is unique to borate
systems and results in an increase in network connectivity,
contrary to other oxide binaries (silicates, germanates, ...).
Above 30—40 mol % alkali oxide content, the (B@,)~
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tetrahedra are then replaced by triangular units containing
one to three negatively charged NBOs, leading to depolyme-
rization of the borate framework.® Though the network
structure is usually described in terms of connections between
the basic structural units (BO; and BO,), the O sites also reflect
the network topology and degree of network polymerization.
To fully understand the versatility of the crystalline borate
structure and to a second extent the borate glasses and melts, it
is essential to detect and understand the role of NBOs.

A variety of spectroscopic techniques has been used to
selectively probe the oxygen environment. X-ray photoelectron
spectroscopy (XPS) can detect and quantify NBOs in minerals,
crystals, and glasses, but this is a surface-sensitive technique
requiring ultrahigh vacuum conditions, which often appears as
an important limitation for in situ measurements.” Electron
energy loss spectroscopy (EELS) can be easily used to study
the unoccupied states of light elements such as oxygen. Even if
some studies have tried to decompose the O K-edge spectrum
in BO and NBO components in Ca aluminosilicate glasses or
Na borate glasses, no real evidence of a clear and distinguish-
able spectral signature characteristic of BO or NBO has been
found yet.*® Moreover, these type of studies are often
hampered by the use of incident high-energy electrons at the
origin of important irradiation damage, especially on insulating
materials such as borates,”'® rendering such studies quite
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Table 1. Parameters Employed for Generation of the Pseudopotentials®

atom Li
valence states 25 (1.53)
2p°° (1.53)
local part s
nonlinear core corrections yes

B (¢} O (core—hole)
25> (0.82) 25> (0.61) 25> (0.61)
2p* (0.82) 2p* (0.61) 2p*° (0.61)
p p p
no no no

“The core radii of the valence states are indicated in parentheses in Angstroms.

difficult to achieve. '"O triple-quantum magic angle spinning
(3QMAS) and to a second extent ''B multiple quantum magic
angle spinning (MQMAS) nuclear magnetic resonance (NMR)
are very efficient to discriminate the BOs and the NBOs. "'~
However, use of isotopically enriched samples is a major
limitation for studying natural samples or for a systematic study.
Furthermore, none of the above techniques are very well suited
for in situ high-temperature/high-pressure measurements,
although relatively moderate temperature (EELS, NMR 15,16
and pressure (NMR)'” ranges can be explored with these
techniques.

A promising direction relies on use of the non-resonant
inelastic X-ray scattering (NRIXS) to probe the O K-edge.
Using high-energy incident X-rays, NRIXS is bulk sensitive and
can be used as a substitute for ultrasoft X-ray absorption
spectroscopy (USXAS) for K-edges of light elements (B, C, O,
...), since USXAS has a low penetration depth, as all
spectroscopic techniques using soft X-rays.'® Like EELS, the
K-edges are obtained in the energy loss domain. However,
based on hard X-rays, NRIXS allows the use of complex
environments, and recent in situ high-pressure studies at the O
and B K-edges clearly demonstrate the potentialities of the
technique."”>® Contrary to the B K-edge, which is now
relatively well understood, specific signatures observed at the O
K-edge remain unclear in alkali borates. Unraveling the origins
of these features requires therefore a systematic comparison of
the experimental data with calculations, similar to what has
been done on silicates.”*

The eight known crystalline structures of the Li,O—B,0;
system extend over a wide Li,O/B,0j ratio, allowing detection
of the successive structural evolution: BO;/BO, conversion and
the appearance and concentration effect of NBOs as a function
of Li content.>”*?® The Li,0—B,0; system is thus perfectly
suited for a systematic study of the local environment of the
oxygen atoms at room temperature, prior to in situ HP and/or
HT measurements. By coupling the precise knowledge of the
different lithium borate crystalline structures with the
experimental NRIXS spectra and theoretical calculations, we
are able to finely interpret the oxygen K-edge signals, explore
the structural and electronic properties of O—B bonds, and
show that the O K-edge can be used as a sensitive probe of the
presence of NBOs.

B EXPERIMENTAL DETAILS

In order to span a large lithium concentration range, six lithium borate
crystals have been prepared with the following molar compositions:
3Li,0:11B,0;, Li,0:2B,0;, Li,0:B,0; 3Li,0:2B,0;, 2Li,0:B,0s,
and 3Li,0:B,0;. Lithium borate crystals have been synthesized using
the procedure described by Mathews et al.”’ Lithium carbonate
Li,CO; and boric acid H;BO; (reagent grade) were mixed in
appropriate quantities and placed in a platinum crucible for melting at
1225 K for 15 min. Once melted, the sample is quenched, ground into
powder, and finally heated at 823 K for 48 h. A final 1 day thermal
treatment is then applied at a temperature between 823 and 1073 K
depending on the chemical composition of the sample.

The purity of the crystalline phases for each compound has been
checked using powder X-ray diffraction (Cu Ka radiation on a
Panalytical X’pert pro MPD). Diffractograms were compared with the
literature,”***™** and the following crystalline phases have been
identified

3Li,0: 11B,0; — Li;B;;04
Li,O: 2B,0; — Li,B,0,
Li,O: B,0; — a-LiBO,
3Li,0: 2B,0; — LigB,0,
2Li,0: B,0; — a-Li,B,0;
3Li,0: B,0; — Li;BO;

NRIXS measurements were ferformed on the GALAXIES beamline
at the SOLEIL Synchrotron.*® Polycrystalline samples were ground
into a powder and placed into 2 mm circular holes drilled in the
aluminum sample holder. The incident beam was monochromatized
with a Si(111) double-crystal monochromator and the beam focused
to ~100 (H) X 30 (V) um?. Scattered radiation was analyzed with 4
spherical Si(660) analyzers (R = 1 m) and detected with an avalanche
photodiode (APD). Spectra were collected by keeping the analyzers
fixed at their backscattering energy of 9.720 keV (Bragg angle ~ 86°)
while scanning the incident X-ray energy. For example, the O K-edge
at 535 eV was measured by varying the incident X-ray energy around
10.255 keV. The total energy resolution of the setup was ~1.5 eV. All
measurements were made at an average scattering angle of 40° in 26.
Under these conditions all 4 analyzers are in a low exchanged
momentum ¢ configuration (q ~ 3.37 A™"), and their signal can be
summed. An accumulation time of at least 5 h was necessary to achieve
good statistics.

B COMPUTATIONAL DETAILS

All calculations presented hereafter have been performed using the
suite of codes QUANTUM ESPRESSO>® based on density-functional
theory. Norm-conserving pseudopotentials®® in the Kleinman—By-
lander”” form have been generated according to the parameters
summarized in Table 1 and using the generalized-gradient
approximation of Perdew, Burke, and Ernzerhof®® for exchange and
correlation. Particular care has been taken to minimize core overlaps in
the presence of short B—O bond lengths (~1.31—1.45 A) within the
BOj; structural units. Consequently, a cut-off energy of 140 Ry for the
plane-wave expansion was necessary to reach a convergence of the
total energy better than 1 mRy/atom. The pseudopotential of the
oxygen-absorbing atom was obtained by removing one 1ls core
electron from its electronic configuration.

NRIXS spectra for the O K-edge were calculated in a continued
fraction approach® using the XSPECTRA module.***' The all-
electron final-state wave function of the absorbing atom was
reconstructed using two p projectors within the projector-augmented
wave method.** Although this module is primarily intended to model
X-ray absorption spectroscopy, its use for NRIXS remains valid as long
as dipole-allowed electronic transitions dominate higher order terms.
In our experimental conditions (i.e, in the low-q regime), the
argument (gr) of the exponential operator appearing in the expression
of the NRIXS dynamical structure factor'® remains indeed well below
unity (for an O 1s orbital mean radius (r) ~ 0.1 A and qr < 1),
justifying therefore this approximation.
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Table 2. Description of the Supercells Employed for the Self-Consistent Field and NRIXS Spectra Calculations®

compound cryst struct supercell k-point grid
Li;B;; 0 ref 26 1 X 1x1 (128 atoms) 2XS5X4
Li,B,0, ref 29 1 X 1x1 (104 atoms) 4%X4x%x3
a-LiBO, ref 31 2 X 2 X 2 (128 atoms) 3X4x3
LigB,0q ref 26 3 X 1 X1 (228 atoms) 4X2X4
a-Li,B,04 ref 30 1 X2 x 1 (176 atoms) 3X4x%x2
a-Li;BO; ref 33 3 X 1x 1 (84 atoms) 4X4x%5S

“The shortest distance between absorbing atoms is given in Angstroms.

no. of inequivalent O sites shortest distance between absorbing atoms

18 7.79
4 9.47
2 8.71
9 9.17
10 9.47
3 8.31

For each compound, the resulting spectra have been calculated
according to the following procedure. In a first step, the individual
spectra corresponding to each crystallographically inequivalent oxygen
site in the unit cell were calculated in the full core—hole (FCH)
approximation, ie., by including a single oxygen absorbing atom in a
supercell and by accounting for the photoelectron through an
additional uniform background charge. These calculations have been
performed using the experimental crystal structures reported in the
literature. Use of supercells was necessary to provide a sufficient spatial
separation (~8 A) between the absorbing atom and its periodically
repeated images and thus to avoid any spurious interactions. A
summary of the supercells employed for the different compounds
under study is shown in Table 2 together with the corresponding k-
point Monkhorst—Pack grids used for both self-consistent field and
NRIXS spectra calculations. A constant broadening parameter of 1 eV
has been used in the continued fraction. This broadening was
deliberately set to a lower value than the experimental resolution to
allow for a better visualization of fine spectral features.

For each compound, the relative core-level shifts between individual
spectra have been evaluated in a second step. First, the energies of the
lowest unoccupied state for each individual spectra calculated in the
FCH approximation have been aligned. Then, the excitation energies
corresponding to each inequivalent oxygen atomic site have been
computed as the total supercell energies in the excited core—hole
(XCH) approximation, ie., by promoting the photoelectron in the
lowest available conduction state. In these two steps, the oxygen site
with the lowest excitation energy has been taken as the reference site.
Finally, the relative core-level shifts, corresponding to the differences
between these excitation energies, were applied to each individual
spectra. In a given compound, for which site i is the reference site, the
calculated spectrum for site j was therefore shifted by the energy

Atrs = Excn — Excu + €rcn — €kcn

= (Bfcn — €tcn) — (Excn — €ren)
where Efcy is the total supercell energy calculated in the XCH
approximation for an absorber atom located in site k and ek is the
energy of the lowest unoccupied state calculated in the FCH
approximation for an absorber atom located in the same site. This
approach is known to provide accurate alignments of spectra arising
from distinct inequivalent sites within a given crystal and a set of
calculations performed in the same, sufficiently large, supercell.” In a
final step, the O K-edge spectrum was obtained as a weighted average

of these individual components accounting for the multiplicity of each
oxygen atomic site.

B RESULTS AND DISCUSSION

The phase diagram of the Li,O—B,0j; system is extremely rich
in crystalline structures. Even though it has been explored over
the last five decades, some structures have been only resolved
very recently, such as Li;B;;0.5 LiB4Oy, and Li,B,O4
compounds.”**® The wide range of accessible compositions
opens the possibility to closely follow the evolution of network
topologies upon addition of lithium oxide into pure B,O;.
Figure 1 shows a complete overview of the 6 crystalline
compounds studied in this paper. Below 33 mol % of Li,O, the
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Figure 1. Structural description of the six studied crystals in the Li,O—
B,0O; binary. Lithium atom, oxygen atom, BO; triangles, and BO,
tetrahedra are colored in yellow, red, green, and blue, respectively. The
crystal structure, the constituting units describing the environment of
oxygen and boron atoms, and a summary of the coordination of each
compound are given.

crystalline structures are fully polymerized and composed of
B@; triangular and BQ@, tetrahedral units, corresponding to
three-fold 3!B- and four-fold /B-coordinated boron atoms,
respectively. The proportion of four-fold #/B-coordinated
boron atoms increases monotonically to reach the maximum
value of 50 mol % for Li,B,O,. In this latter compound, two
B@, units are linked together by vertices. Beyond 33 mol %, all
B@,” units disappear abruptly in favor of NBOs and triangular
units. As a consequence, all remaining crystals are composed
exclusively of three-fold-coordinated boron atoms linked or not
by vertices though @. The concentration of NBOs increases
linearly from LiBO, to Li;BO; following a reduction of
dimensionality caused by depolymerization of the network.”®
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The O K-edge NRIXS spectra of the six crystalline
compounds Li;B,,0g, Li,B,0,, LiBO,, LigB,O,, Li,B,Os, and
Li;BO; accompanied by vitreous v-B,Oj; are shown in Figure 2.

NBO: 100%

NBO: 80%

NBO:66%

Intensity

NBO: 0%

NBO: 0%

NBO: 0%
il IR VR EETErare

525 530 535 540 545 550 555 560
Energy Loss (eV)

Figure 2. O K-edge NRIXS spectra for the six crystalline compounds
of the Li,O—B,0; system. Li content increases from bottom to top,
starting from a Li,O concentration of 21 mol % in Li;B;;0,4 (green)
to 75 mol % in Li;BO; (blue). O K-edge spectrum of vitreous B,0,
(black) is shown as an example of a pure 3-fold-coordinated boron in a
fully coordinated network. Gray-colored area around 535 eV indicates
the spectral signature of the non-bridging oxygens (NBO). Proportion
of NBO is also given for each composition. Two O K-edge spectra of
LiBO, (plain line and dashed line) were measured at two different
orientations.

Due to the lamellar structure of LiBO,, preferential orientations
of the crystalline powder of LiBO, are adopted in the sample
holder (See Figure 1). In order to illustrate this point, two O K-
edge spectra of LiBO, are presented in Figure 2 recorded on
the oriented powder and on a bulk polycrystalline sample.
Though the peaks do not change in position, it is difficult to
assess the exact relative intensities of the main features
composing the isotropic O K-edge NRIXS spectrum.

v-B,0; is used here as a reference of a fully polymerized
network composed only of bridging oxygens (@) and BQ,

units. Unambiguously, addition of alkali cations leads to large
changes in the O K-edge spectra. The O K-edge spectrum of v-
B,0; (0% NBO) is composed of a narrow peak at 537 eV and a
broader one around 546 eV, corresponding, respectively, to
electronic transitions from a 1s core state to unoccupied
antibonding 7* and ¢* orbitals of the BOj; structural units.
Both peaks are related to two-fold-coordinated oxygen atoms
with a relatively narrow *B—@—FB angle dispersion.'® The
spectrum of Li;BO; (100% NBO) is similarly simple with a
broader and shifted 7* peak. In between, upon addition of
lithium oxide, considerable changes occur. First, the intensity of
the narrow peak at 537 eV decreases until Li,B,O, and
simultaneously, the broad peak shifts to lower energies (543
eV). Both changes coincide with the appearance and increase of
the concentration of /B atoms. Substitution of a planar BO,
triangle to a BO, tetrahedron modifies strongly the topology by
widening the angular B—@—B distribution and increasing the
©@—B bond lengths. Second, for the four crystals with the
highest Li content, an additional peak appears at 535 eV, whose
intensity increases with the alkali content and the appearance of
the NBO species. Conversely, the intensity of the peak at 537
eV decreases continuously, and this peak almost disappears in
the case of Li;BO;.

The calculated O K-edge spectra are compared to the
experimental NRIXS data in Figure 3 for the series of crystals
under study. An energy shift of 535 eV has been applied to all
theoretical spectra to match the experiments. Simulations
reproduce well the overall shape of the experimental spectra,
dominated by electronic transitions from the 1s core state to
the narrow 7* and broader o* antibonding states associated
with the BO; structural units.

The major insight brought by these calculations resides in the
explanation of the large variations of the spectral features
observed close to the edge onset, in the 535—540 eV energy
range. On considering the decomposition of the theoretical
spectrum into separate contributions associated with the BO
and the NBO atoms, as shown in Figure 3, the transitions to 7*
states can be unequivocally separated into contributions from
these two species, thus providing an experimental signature for
the presence of each species. This is the central result of our
work.

Although the oxygen K-edge is sensitive to the complex
electronic structure associated with the short- and extended-
range structures, the peak observed at 535 eV can be
interpreted in the first approximation as arising from transitions
to 7% states of oxygen in BOj; structural units and is associated
with NBO atoms, whereas the peak located at 537 eV is related
to transitions toward the same antibonding states but associated
with the bridging oxygen atoms. Decomposition of the O K-
edge further shows that the relative intensities of these two
peaks are closely related to the NBO/BO ratio present in each
crystal structure. For low Li contents (Li;B;,0,4 and Li,B,0,),
NBOs are absent and a unique peak arising from BOs is
observed at 537 eV. A further increase of the Li concentration
leads to the appearance of NBOs with increasing numbers of
NBO on moving from a-LiBO, to LisB,Oy and a-Li,B,O:s.
Correspondingly, the intensity of the 535 eV peak increases
with respect to the intensity of the 537 eV peak. This effect is
particularly well reproduced in the calculations. In the limiting
case of Li;BO;, the low energy loss contribution of NBOs
explains the shape of the experimental spectrum.

A qualitative explanation of the origin of this core-level shift
can be found in the very different chemical environment of
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Figure 3. Experimental (colored symbols) and calculated (black lines)
O K-edge NRIXS spectra for the six crystalline compounds. Blue and
violet curves represent the respective contribution of the bridging
oxygens and non-bridging oxygens (NBO) to the full spectrum. Gray-
shaded area corresponds to the total calculated spectrum.

these atoms. The excitation energy calculated for a given site is
closely related to the capability of the valence electrons to
screen the locally more attractive potential of the ionized
absorbing atom. Formation of iono—covalent bonds between
neighboring atoms tends to delocalize the valence electron
density (the 2s and 2p states in the case of oxygen) along these
spatially oriented bonds and therefore to reduce the efficiency
of this screening.

The O K-edge spectra appear to be a very sensitive probe of
the presence of NBOs in borate sample. The specific signature
of these atoms, i.e., a low-energy peak located at the edge onset
is due to a large core-level shift separating the NBO and BO
contributions by about 2 eV in the experiments.

Let us illustrate this point by the case of a-LiBO,, a crystal
containing only two crystallographically inequivalent oxygen
sites corresponding to a bridging and non-bridging config-
uration. Figure 4 shows the screening density maps
corresponding to the difference of the valence densities

10907

(a) bridging oxygen

Figure 4. Calculated core—hole screening maps for a bridging oxygen
(a) and non-bridging oxygen (b) in the case of LiBO,. These maps
correspond to the difference of valence electron densities calculated for
the ground state and the XCH electronic configurations. The
isosurface of 8.5 X 107> electron per Bohr® is shown. Red and blue
surfaces indicate a deficiency or an excess of electron density,
respectively.

calculated for the ground-state and the XCH electronic
configurations for the bridging oxygen atom in Figure 4a and
for the non-bridging oxygen atom in Figure 4b. The main
difference between these two maps consists in the larger
deviation from spherical symmetry of the valence charge
rearrangement in the case of the bridging atom induced by its
covalent interaction with two neighboring boron atoms instead
of one. The difference between the excitation energies
calculated for these two atoms is 1.73 eV, in good agreement
with the 2 eV separation found experimentally on the NRIXS O
K-edge in a-LiBO,.

In conclusion, both the O K-edge NRIXS measurements of
the six crystalline lithium borate compounds and the theoretical
calculations clearly demonstrated the presence of an additional
feature at 535 eV originating from the non-bridging oxygen
atoms. The intensity of this peak is directly related to the
amount of NBO in lithium borates. This study highlights the
great potentiality of NRIXS at the O K-edge as a unique tool to
probe the oxygen sites without any isotopic enrichment. This
opens research opportunities for structural characterization of a
large variety of boron oxide materials that can be investigated
by in situ O K-edge measurements in complex environments,
such as high-pressure cells and high-temperature furnaces,
together with a fully theoretical interpretation of the O K-edge
spectra.
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