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ABSTRACT: The two room-temperature NaNbOs polymorphs crystallizing with orthorhombic symmetry have been
successfully isolated at using a new preparative method. The pure polar phase, annealed at 600 °C under air after
hydrothermal treatment at 200 °C, adopts the P2ima space group, whereas the well-known and thermodynamically stable
form with the Pbma structure is obtained at higher temperatures under air (T =950 °C). Thanks to the combination of
powder-XRD Rietveld analysis, 2’Na solid-state NMR spectroscopy and second harmonic generation studies, structural
features of both these polymorphs reveal clear structural differences. The stability of each atom site is investigated by
mean of bond distances, Madelung potentials and DFT calculations. The key role of Na atomic positions is highlighted,
especially how they influence the [NbOs] octahedron distortion. In the polar P2ima-phase, the higher distortion both
along the apical axis and the equatorial plane is consecutive to the relaxation of the overall network with the stabilization
of Na atoms in two sites sharing the same symmetry. Focusing on oxygen mobility, both polymorphs show distinct
reactivities toward reductive heat treatments: as characterized by thermogravimetric analysis and ESR measurements,
the Pbma framework is relatively insensitive, while the P21ma one yields a non-stoichiometric oxide with a Nb*" content
of 18 % corresponding to NaNbO2.o1 chemical composition. The fine control in phasic purity together with advances on
the structural features of room-temperature phases should benefit both non-linear optical applications and photocatalytic
performances of sodium niobates.

INTRODUCTION

The lead-free alternatives to the piezoelectric
material PbZri«TixOs (PZT) have been widely
investigated these last 15 years;'™* among them, KxNai-
«NbO3; (KNN) is the most promising solid solution,

combined to other species, the structural variety of
NaNbO; has again been demonstrated to have a strong
impact on the catalyst efficiency, especially between
the centrosymmetric orthorhombic structure and the
cubic one.'*!* Interestingly, all the catalyzed reactions

whereas LiixNaix«NbOs; (LNN) phases also display
interesting ferroelectric properties at low Li contents
(x<0.15).>¢ The composition and temperature
dependences of KNN and LNN oxides have been
largely explored, with complex structural features
associated to various tilting modes of [NbOs] octahedra
in these derived perovskite networks.>® The common
elements Na and Nb in these series combined to the
occurrence of various polymorphs at room temperature
naturally leads to focus specifically on the end member
NaNbQO;.>* This composition has attracted interest
more recently as a photocatalyst for several reactions,
namely hydrogen evolution,'*” CO; reduction!*!>!8:1
and degradation of various organic molecules.?** In
the final catalyst consisting of the niobate alone or

involve oxygen-based small species as intermediates,
underlying the role of oxygen deficiency and mobility
in sodium niobates.”> However, to our knowledge,
some polymorphs of NaNbOs; are still to be
investigated, e.g. the acentric room-temperature
polymorph crystallizing in an orthorhombic space
group.

Several authors mention the occurrence of at least
seven allotropic forms of NaNbOs; as a function of
temperature from 930 to 15 K, corresponding to cubic,
tetragonal, orthorhombic and rhombohedral space
groups related to the perovskite network.?*2’ The high-
and room-temperature phase transitions are mainly
consisting in the tilting of the [NbOs] octahedra,
whereas the low-temperature transitions are associated



to the off-centered displacements of niobium atoms as
well as the distortion of the [NbOs] octahedra. It must
be pointed out that similar Madelung energies or free
energies of all these varieties account for competing
structural instabilities, giving rise to all these allotropic
forms.?®?° However, as far as the accurate structure
determination is concerned, the main difficulties arise
from the slight differences between diffraction patterns
especially for the phases which stabilize around room
temperature.’®*° In order to find the best model for
structural analysis of NaNbOs at room temperature,
complementary experimental techniques are necessary.
The combination of structural refinements from X-Ray
powder Diffraction (XRD) and *Na solid-state Nuclear
Magnetic Resonance (NMR) measurements to probe
the local environments of sodium ions allows solving
these ambiguities. In addition, the specific technique of
optical Second Harmonic Generation (SHG) is useful
in the case of compounds that do not possess inversion
symmetry. Moreover, Madelung potentials and Density
Functional Theory (DFT) calculations allow extracting
the stability and bonding of each atomic site. All these
slight differences of NaNbO; allotropic forms must be
critically described in regard of their reactivity and their
optical band gap, which give valuable information
about the chemical bonding and the consequences of
the K* or Li* substitution for Na* in the case of KNN
and LNN piezoelectric and ferroelectric phases, but
also on surface activity towards several catalyzed
reactions.

Depending on the synthesis route, solid-state
approach and sol-gel techniques for instance, two
varieties are observed at room temperature.’’ Both
structures are  distorted perovskites network.
Accordingly, the Goldschmidt tolerance factor,
describing the deviation to the ideal cubic structure
using a geometrical argument, is 0.97 for NaNbOs,
taking into account ionic radii of from Shannon et al.
with r(Na'[XII])=1.39 A, r(ND*'[VI])=0.64 A and
r(O*[VI]) = 1.40 A" The first form crystallizing in
the orthorhombic system and Pbma space group is the
most cited in the literature with a=ap\/2, b =4a,,
c=ay\2, where a,~39A represents the lattice
parameter of the idealized cubic perovskite.® Three
independent [NbOs] octahedra tilts occur in this
supercell that also contains two crystallographic
distinct Na sites. By applying an electrical field, an
acentric ferroelectric phase is detected.>* This polar
phase crystallizes also in the orthorhombic symmetry in
the P2ima space group, but the smaller unit cell with a
twice smaller b parameter (a ~ ayV2, b ~ 2a,, ¢ ~ a,\2)
is associated with less tilting modes for [NbOs]
octahedra. In addition, several authors mention that the
number of phase transitions in NaNbOs vary as a
function of particle size and that NaNbOs; with
submicrometer particle sizes favors the polar P2ima
space group at room temperature.*>*¢ By sol-gel
technique, starting with Na and Nb alkoxides followed
by annealing under air at T =950°C, a probably
monoclinic phase strongly related to the orthorhombic
space group P2ima can be stabilized.>**” Indeed, high
resolution X-ray and neutron powder diffraction
patterns reveal slight deviations from P2ima space

group. However, »Na solid-statt NMR and second
harmonic generation measurements confirm the
occurrence of a polar phase. Furthermore, a mixture of
the two orthorhombic varieties, Pbma and P2ima, is
systematically obtained at room temperature when
starting with a classical solid-state route after several
grinding and annealing under air up to T =950°C.%
Then, a question remains unanswered: which synthesis
route would stabilize separately the two orthorhombic
forms at room temperature, in order to perfectly
characterize their structural features, their reactivity
and their optical properties?

In this paper, we implement another synthesis route
to stabilize the two orthorhombic varieties as pure
phases at room temperature. A comparative study then
highlights their relative stability as well as their distinct
reactivity and optical properties, which are discussed
consequently to their structural differences. On the
basis of powder XRD Rietveld analysis and *Na solid-
state NMR investigation, the local distortion of [NbOs]
octahedra, their tilting as well as the Na" local
environments are described. The chemical bonding and
the stability of all atomic sites are evaluated using
various models: (i) Madelung potentials are calculated
based on an ionic model and (ii) partial and total
densities of states are obtained from DFT. Diffuse
reflectance spectra of both oxides allows to compare
their optical band gap. As the dominant SHG
interaction mechanism exists only in materials that lack
inversion symmetry, the SHG intensity versus the
incident power is measured for both oxides in the Pbma
(centrosymmetric) and P21ma (acentric) space groups.
Finally, Thermogravimetric Analysis (TGA) under
Ar:H> (95:5%vol.)) and Electron Spin Resonance
(ESR) allow quantifying the Nb>* reduction into Nb*"
related to the stability of the Nb site in both
polymorphs.

RESULTS AND DISCUSSION

Phase selectivity among room-temperature
polymorphs. In a first step, a Rietveld refinement was
carried out on powder obtained after hydrothermal
route in autoclave at 200 °C before annealing under air.
Considering separately the two structural hypotheses,
Pbma and P21ma (Supporting Information, Figure S1),
the fit remains unsatisfactory. The differences appear
clearly on XRD patterns by analyzing the key low
intensity peaks between 35°<26<45°. Finally, a
phase mixture with 2/3 of Pbma and 1/3 of P2ima
structural hypotheses leads to the best fit with
remarkable accordance in the 35 °<26<45 ° region.
The sample consisting of a mixture of two phases was
then annealed under air at either T = 600 °C during 6 h
or at T =950 °C during 24 h, yielding a white powder
in both cases. Rietveld refinements of XRD data
revealed an excellent fit to the P2ima and Pbma space
groups, respectively, as observed on Figure 1. The key
inset in the 35 © <26<45 ° region clearly shows the
good agreement of the refinements in both cases
considered separately, but also the difference between
the two space groups. Indeed, both structures are very
similar and thus, their XRD pattern are similar as well.



The main difference consists in the cell parameter b
being twice as large in the Pbma case. Consequently,
inter-reticular planes (hkl) with k-odd Miller indices in
Pbma space group have no equivalent in the P2ima
space group, and thus no signal is detected at the 26
angles corresponding to their Bragg distance diw.
Accordingly, Table 1 displays good reliability factors
of the Rietveld refinements with similar cell parameters
and atomic positions in both cases, after the doubling of
the b cell parameter has been taken into account. The
higher crystallinity of the Pbma phase synthesized at
T =950°C for 1 day (average coherent domain size
around 170 nm) is qualitatively observed on the XRD
patterns with narrower peaks compared to the oxide
crystallizing in the P2ima space group (average
coherent domain size around 120 nm) and obtained at
lower temperature (T =600 °C) during a shorter time
(6h). As mentioned in the literature, NaNbO;
undergoes a particle-size-induced phase transition from
Pbma to P2ima space group.’>* Limited temperature
and time applied during the annealing are clearly key
aspects to control crystal size expansion and thus
monitoring the phase purity. More importantly,
coupling a hydrothermal route and an annealing
treatment under air at various temperatures happens to
be a very simple method to access both pure NaNbOs
polymorphs at room temperature, and especially in the
P21ma space group.
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Figure 1. Powder XRD Rietveld refinements of NaNbOs
structures crystallizing in the Pbma and P2ima space
groups, obtained after hydrothermal synthesis at
T =200°C during 24 h followed by heat treatment under
air at 600°C during 6h and 950°C during 24 h,
respectively. Insets: zoom of the powder XRD patterns in
the region 35.5<20<44.5 °.

Table 1. Refined unit-cell parameters and atomic
positions of NaNbOs structures in the Pbma and
P21ma space groups.

Pbma P2,ma
air, 950 °C air, 600 °C

a(A) 5.5693(3) 5.5601(7)
b (A) 15.5177(1) 7.7705(10)/15.5412
c(A) 5.5046(3) 5.5142(7)
V (A3) 475.72(7) 238.24(9) / 476.48=
€ (nm) 174(3) 117(3)
Rp (%) 4.15 3.90
wRp (%) 5.33 528
Rall (%) 4.27 5.10
Nb x 0.26979(16) 0.2619(3)

y 0.1249(2) 0.2510(5)

z 0.2423(3) 0.2496(9)
Na1 x 075 0.272(4)

y 0 0

z 0.2606(14) 0.746(4)
Na2 x 0.7853(10) 0.291(2)

y 025 0.5

z 0.2611(15) 0.750(4)
o1 x 025 0.229(4)

y 0 0

z 0.302(2) 0.290(3)
02 x 0.2494(18) 0.193(3)

y 0.25 0.5

z 0.176(2) 0.151(3)
o3 % 0.0343(15) 0.034(3)

y 0.1460(5) 0.275(2)

z 0.5327(11) 0.551(3)
04 % 0.4602(12) -0.032(3)

y 0.1134(6) 0.229(2)

z -0.0417(11) 0.016(3)
B, (Nb)(A2) 0.5 0.5
Beo(Na) (A2) 1 1

_B(O)(A) 1 1

There is a clear structural relationship between these
frameworks, taking into account the doubling of the b
cell parameter for the Pbma hypothesis. The atomic
networks are further compared from the point of view
of distortions by means of Nb-O bond lengths
(Figure 2). Along the b direction, the O2-Nb-Ol
bonding is more distorted in the P21ma space group,
with a long Nb-O2 distance (2.05 A) compared to Nb-
Ol in the same structure, but also compared to both Nb-
01 and Nb-O2 in Pbma space group (1.97 and 1.98 A).
In both allotropes, [NbOs] exhibits a second distortion
perpendicular to the b axis which involves infinite Os-
Nb-O3-Nb-O4 bond sequences in the equatorial plane
with alternating long (ca. 2.1 A) and short (ca. 1.9 A)
bonds (red distances in Figure 2a). However, this
distortion is more pronounced for the P2ima
polymorph, as the absolute deviations from average
distance value are systematically higher than for Pbma
(red values in Figure 2b). The second order Jahn-Teller
(JT) effect of Nb*" ions arises from mixing vacant 4d-
character conduction bands and filled 2p-character
valence bands. It occurs when the d levels are
sufficiently lowered as the cation becomes smaller and
more highly charged. It is induced in structures with
relatively low bandgap energy such as sodium niobiates
with perovskite frameworks. This aspect is further



discussed in the forthcoming paragraph related to the
optical band gap and associated figures. Then a
spontaneous second-order JT distortion can be
observed in the P2ima and Pbma polymorphs. It is
important to analyze the reason for the [NbOs]
octahedron to be more distorted in the P21ma network,
although it is prepared at lower temperatures. Looking
closely at Na sites, both phases display two structurally
distinct coordination sites Nal and Na2. Average bond
distances <Nal-O> and <Na2-O> are almost identical
in the P21ma structure but rather different in the Pbma
network (Table S1). The largest average bond distance
is identified for <Nal-O> in the Pbma space group
corresponding to the Nal coordination site with a
rotation axe, a symmetry operator that is exclusive to
this Na site.
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Figure 2. [NbO¢] octahedra distortion of NaNbO;
structures for Pbma and P2ima space groups. a) Each
structure displays two adjacent octahedra with Nb atoms
at the center (grey) and Nb-Oi distances in angstroms for
i=1, 2 (black) and i=3, 4 (red); b) table of Nb-Oi
distances and deviation to average for each structure, red
values highlight higher absolute deviations for the phase in
P21ma space group.

The local environments of sodium atoms were
further investigated using *Na solid-state NMR.
Sodium nuclei, with a nuclear spin quantum number
1=3/2, carry an electric quadrupole moment
0=10.4fm? As a consequence, they are highly
sensitive to Electric Field Gradient (EFG) arising from
a non-spherical distribution of the electric charges
around the nuclei. Then, 2?Na NMR spectra, including
central and satellite transition lines, may be of complex
shape. This is reflected by the strength of the
quadrupolar interaction and the anisotropy of the EFG.
Nonetheless, spectra can be simulated considering the
effects of first and/or second order quadrupolar
interactions. Such a simulation depends of three main
parameters: Oiso the isotropic chemical shift, Co the
quadrupolar coupling constant (Co =0 for spherically
symmetric EFG) and 70 the asymmetry parameter of
the EFG (0< 1o <1; 1no=0 for axially symmetric
EFG). #Na MAS NMR spectra of both NaNbOs
polymorphs are presented on Figure 3 (black lines).
Each spectrum can be described as the sum of two
components (green subspectra) characterized by
different sets of diso, Co and 770 parameters (Table 2)

and associated with two distinct Na site environments.
The structural features clearly show that Na2 sites in
Pbma and P21ma space groups (4d Wyckoff position in
Pbma and 2b Wyckoff position in P2ima) share the
same mirror symmetry and the absence of rotation axis
of symmetry, while Nal coordination sites are
characterized by a different rotational symmetry with a
C» axis in Pbma space group (4c Wyckoff position in
Pbma and 2a Wyckoff position in P2ima). Thus, the
NMR subspectra with Co =1 MHz and 70 = 0.8 (deep
green components in Figure 3) can be associated with
Na2 sites while the other subspectra (light green) are
unambiguously attributed to Nal sites where the
sodium nuclei are influenced by more or less
asymmetric electric field gradients. The asymmetry
parameter of the EFG tensor 7o is a measure of
deviation from cylindrical symmetry. Accordingly, it is
close to 0 for Nal sites in Pbma polymorph and close
to 1 for Nal sites in P2ima (Table 2). Moreover, the
values reported in Table 2 are in good agreement with
theoretical and experimental data from the literature
predicting the same site assignement.’® Comparing
experimental 1D ?Na MAS-NMR spectra, both phases
are distinguished in the chemical shift region -
30 < 6<-20 ppm, where Nal component is exclusively
detected.

Pbma
Na2
Na1
20 0 20 -40 60
shift (ppm)

P2,ma o
JL & -
04 g 04

Na2

20 0 -20 -40 -60
shift (ppm)

Figure 3. 2’Na solid-state NMR of NaNbO3 structures in
the Pbma and P2ima space groups and Na local
environments calculated from powder XRD Rietveld
refinements. 2Na MAS (10 kHz) NMR experimental
spectra (black) and simulated signals (deep and light
green) associated with the two Na sites. Structures: sodium
(deep and light green) surrounded by oxygen with Na-O



distances (red, A). Planar or rotational symmetry operators
are represented for each Na site. *unidentified signal.

Table 2. 2Na NMR parameters of Nal and Na2 sites
in Pbma and P2ima space groups: the isotropic
chemical shift &s, the quadrupolar coupling
constant Co and the asymmetry parameter of the
electrical field gradient 7.

Pbma P2;ma

Na1 Na2 Na1 Na2
S (ppm) -0.9(4) -46(4) -1.5(4) -5.3(4)
Cgo(MHz) 22(1) 1.0(1) 2.1(1) 1.0(1)
Na 0.0(1) 0.8(1) 0.8(1) 0.8(1)

The two Na sites exhibit different symmetries in the
Pbma space group, whereas they share the same mirror
symmetry in the case of P2ima. The absence of
rotational symmetry for the two Na coordination sites
in the polar phase, P2ima, creates less constraints in the
network and, consequently, the [NbOs] octahedron
distortion is higher. On the basis of competitive bonds
along Na-O-Nb or inductive effects around O* ligands
in the perovskite network, the stabilization of a larger
(Nal) and a smaller (Na2) coordination sites with two
various symmetries in Pbma structure contributes to
decrease the [NbOs] second order Jahn-Teller
distortion. The driving force of second Jahn-Teller
distortion of the [NbOs] octahedron is then the degree
of liberty and site symmetry of Na local environments.
The symmetry of NaNbOs; weakens from Pbma to
P2ima space group as well as the crystallinity
(annealing under lower temperature and shorter time),
whereas the [NbOs] octahedron distortion in the
metastable P2ima phase increases thanks to the
flexibility of the network and especially the Na
coordination sites. Importantly, 2Na NMR experiments
confirm the XRD results that evidenced the phase
selectivity of the chosen synthesis routes.

Phase selectivity can also be assessed by
measurement of optical non-linear properties of the
structure in the P2ima space group. Optical Second
Harmonic Generation (SHG) is a process that combines
two photons of an incident wave at frequency @, into a
single photon of frequency 2. The dominant electric-
dipole SHG interaction involves three photons, two
input photons of frequency , both taken from the same
laser source, and one output photon at frequency 2w,
which can occur only in materials that do not possess
inversion symmetry. SHG measurements of the
intensities backscattered can be recorded as a function
of the incident power to determine the quadratic
coefficient of the non-linear optical response and
perform relative quantitative measurements of the
susceptibility of a material. Such non-linear optical
quantitative 3D p-imaging measurements in a spin-
crossover micro-crystallite have been successfully
applied in the past.*’ A generalization of this previous
semi-quantitative approach can also be applied to a
statistic assembly of micro-crystallites with an average
granulometry:

Ly < N.< x$P, >2 12, (1)

where N is the number density of micro-crystallites.
It allows to quantify the slope of the quadratic
dependence of the SHG intensity with the incident
power, slope which is proportional to the square of the
average effective non-linear optical susceptibility

< )(é?f >. Note that this experimental procedure is

quite different but complementary to the well-known
method developed by Kurtz and Perry in the late
1960’s.* SHG quantitative measurements were
performed on both oxides crystallizing with the Pbma
and P21ma space groups and are reported on Figure 4.
The intensity of back-scattered photons at 2@ is plotted
as a function of the incident source power at @ and fit
nicely the quadratic function given by Equation 1. The
phase annealed at T=600°C, which adopts the
acentric orthorhombic P21ma network, exhibits a very
intense SHG active signal, with a slope 100 times
higher than the other oxide annealed at higher
temperatures. The signal detected in this case cannot be
attributed to the centrosymmetric structure in Pbma
space group. It could be due to P2ima contamination,
which then, following Equation 1, would be ca.
1 %vol., since the density of the two forms are very
similar. Another possibility is the local surface
polarization of small molecules, such as water, which
would provide acentric species to generate an induced
second harmonic signal. The surface charge density and
the associated potential are important characteristics of
interfaces. This interfacial contribution is a Kerr
contribution called Electric Field Induced Second
Harmonic (EFISH) which involves the third-order
susceptibility ¥® of the material (which is strong for
such perovskites materials) and the interfacial potential.
Despite the fact that the origin of this residual signal
remains unclear, SHG is in agreement with powder
XRD Rietveld and *Na NMR data, confirming
unambiguously the stabilization of two pure
polymorphs of NaNbO; at room temperature. They
share a lot of structural similarities, however some
differences must be pointed out, such as the distortion
of Nb site and symmetries of Na sites, in addition to the
well-known absence of inversion center in the case of a
P2ima space group. In the following section, the
stability of all atomic sites in the polymorphs are
compared using energy calculations, and the
occurrence of the metastable acentric phase 1is
discussed.
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of NaNbOs structures in the Pbma (centrosymmetric) and
P2ima (acentric) space groups.

Energy considerations. In order to investigate site
energies and chemical bonding in P2yma and Pbma
frameworks, two approaches were considered. The first
one, based on a simple ionic model,* allows calculating
the Madelung potential of each crystallographic site,
whereas the second one consists in determining the
partial and total density of states (DOS), giving access
to the center of gravity of the partial DOS of each non-
equivalent atom. As reported in Table 3 for niobium
and oxygen, the relative stability of atoms or atomic
sites follows the same trend in both approaches. Table 4
shows that whatever the space group, the Nal site is the
most unstable from the point of view of Madelung
potential, and the differences in Madelung potentials
and average energy between Nal and Na2
crystallographic site are larger in the Pbma structure.
The lowest absolute potential and energy are obtained
in this space group, for the Nal site involving a
rotational symmetry. Furthermore, the Madelung
potential and average energy of Ol species in the
vicinity of this Nal site are the highest among the four
oxygen positions. Lastly in the Pbma space group, the
same effect is observed with the stabilization of Na2
site and the destabilization of O2 atomic position in the
vicinity of Na2. Concerning the P21ma space group, the
Madelung potentials and average energies of Nal and
Na2 sites are closer. The stability of O1 and O2 apical
sites are also closer but in average lower than in Pbma
space group. Besides, the higher the absolute values of
potentials and energies of Nal (Na2) site, the lower the
values of O1 (O2) environment. In both structures, the
two Nal and Na2 atomic positions thus strongly

influence O1 and O2, i.e. the apical oxygen atoms in the
[NbOs] octahedron.

Table 3. Madelung potentials (Vv) and average
valence energies (<E>) with respect to the Fermi
level, for Nb and O atomic sites in NaNbQs3, in the
Pbma and P2ima space groups. <E> values were
calculated from DFT. The experimental crystal
structures were used as input for all calculations.

Pbma P2,ma
sitefatom  V,, (V) <E>(eV) V, (V) <E>(eV)
Nb -52.0 -3.676 -52.1 -3.779
(o)} +27.1 -2.841 +25.7 -2.842
o2 +23.9 -2.225 +23.6 -2.108
03 +24.3 -2.257 +26.2 -2.850
o4 +25.7 -2.673 +24.6 -2.503

Table 4. Madelung potentials (Vm)) and average
energies (<E>) of Na 3s-character bands, in the
Pbma and P2ima space groups. <E > values were
calculated from DFT.

Pbma P2.ma
site/atom V), (V) <E=> (eV) Vy (V) <E=> (eV)
Na1 -11.6 +11.80 -12.8 +11.93
Na2 -15.0 +12.49 -13.8 +12.13

Regarding oxygen sites in the equatorial planes, the
O3 is more stable in the P2ima network, while O4 is
more stabilized in the Pbma space group. However, by
considering average Madelung potentials and energies
between O3 and O4, it appears that the oxygen atoms
in the equatorial planes are more stable in the P2ima
framework. Furthermore, the average potentials and
energies between Ol and O2 sites are higher in the
Pbma than in the P2ima networks. O2 and O3 are the
most unstable in the Pbma structure, whereas only the
02 atomic position is clearly the unstable anionic
species in the P21ma network. Finally, a stabilization of
the apical oxygen atoms in the phase of Pbma space
group (higher potentials and energies of Ol and O2) is
accompanied by a destabilization of equatorial oxygen
atoms (lower potentials and energies of O3 and O4).
This effect of apical oxygen destabilization in the
P2ima space group contributes, by competing
interactions, to stabilize the O3 and O4 oxygen atoms
in the equatorial planes (average values).

The total DOS of NaNbOs in the Pbma and P2ima
structures are depicted on Figure 5, as well as partial
DOS for non-equivalent sodium and oxygen atoms. The
partial DOS for Na atoms (Figure 5a) shows clear
differences between P2ima and Pbma structures in the
low energy region of 3s-character bands, which
especially reveals again the clear differentiation of Nal
and Na2 in the Pbma space group. For oxygen sites
(Figure 5b), the partial DOS contribution around the
Fermi level in the Pbma framework shows the higher
instability of O3 compared to the other ones, in
agreement with the previous analysis. In the P2ima
network, the O2 atomic position in the vicinity of Na2
is the most unstable, as mentioned in the previous
paragraph. The total DOS in the Pbma and P2ima
frameworks (Figure 5c) displays very close band gaps
around 3.5 eV, with a more pronounced band edge in



the case of Pbma. A slightly higher band gap is
expected for the P21ma structure associated to a slightly
lower crystal field splitting of Nb**(4d). Accordingly,
diffuse reflectance spectra of the two polymorphs,
represented on Figure 6, confirm band gaps both at ca.
3.4 eV, though slightly higher in the P2ima network.
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Figure 5. Partial and total density of states of NaNbO3 in
the Pbma and P21ma space groups. a) Nal and Na2, b) O1,
02, O3 and 04, and c) total density of states.
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Figure 6. Diffuse reflectance of NaNbO; after
hydrothermal synthesis followed by annealing 6 h at
600 °C (P21ma) and 24 h at 950 °C (Pbma).

All in all, taking into account the structural study and
relative stability considerations, the relaxation of
equatorial Nb-O bond distances in the P2ima
framework is associated to similar Nal and Na2 sites
(stability and symmetry), leading to the destabilization
of O1 and O2 apical oxygen atoms, especially O2 in the
vicinity of Na2. These effects, which are not found in
the Pbma structure, are key parameters to understand
the stabilization of the lower symmetry structure in the
P2ima space group. Calculations confirm the strong
influence of Na chemical bonding which contribute to
perturb the Nb3* second-order Jahn-Teller distortion in
NaNbO:s. From these results, it is pertinent to question
the mobility of oxygen in two overall closely related
perovskite-derived anion networks, with one of them
exhibiting adjacent oxygen sites that are more similar,
although more destabilized. Niobium being prone to
stabilize the +IV oxidation state (4d"), the reducibility
of sodium niobates vs. their crystal structures is
investigated in the following part.

Reducibility of sodium niobates. Reduction
processes under a gas mixture of argon and dihydrogen
(Ar:H2 =95:5 %vol.) were followed by
thermogravimetric analysis during a heat treatment
consisting of a 3 °C-min’! ramp, to a temperature of
1000 °C that was maintained 1h. The curves on
Figure 7 show striking differences in term of weight
loss upon such treatment: no significant weight loss is
detected in NaNbOs-Pbma during the whole
experiment, whereas NaNbOs-P2ima experiences a
continuous weight loss up to 500 °C; then, the weight
stabilizes before strongly decreasing from 800 °C. ESR
spectra of the two resulting samples are reported on
Figure 8. The reduction treatment of NaNbO3-Pbma at
high temperature results in two superimposed signals
associated with a low content of paramagnetic centers.
The signal complexity is the consequence of
anisotropic g-values and spectral overlap of hyperfine
(h.f.) and superhyperfine (s.4.f.) structures arising from
h.f. interaction with **Nb nuclear spin (I = 9/2) and s.h.f.
additional interaction with 2*Na nuclear spins (I = 3/2).
Nonetheless, the average value of g-factor (<2), the
values of hyperfine coupling constants (< 10 mT), the
observation of »*Na superhyperfine structure and the
linewidth (<1 mT) suggest that they are due to
paramagnetic centers such as surface defects involving

Nb*", unpaired electrons or holes located on the oxygen
atoms and/or oxygen vacancies.**° Based on ESR data,
the concentration in paramagnetic centers was roughly
estimated at 100+20 ppm. The expected weight loss
associated to oxygen removal during such a reduction
is of the order 0o 0.0001 %, which is not significant with
respect to the sensitivity of the TGA apparatus.
Regarding NaNbO;-P2ima treated in the same
reductive conditions, a broader signal in the same
magnetic field region is detected by ESR. It is attributed
to a Nb*" concentration several orders of magnitude
higher in this polymorph, high enough to generate
strong dipolar interactions and magnetic coupling at the
origin of the signal broadening. Accordingly, the color
of the Ar:Ha treated sample vary from light blue-grey
for NaNbOs originally in the Pbma space group to dark
grey for P2ima. For the latter, no quantification was
possible from ESR. Based on the weight loss from
800 °C (Figure 7), the deduced composition after
reduction is NaNbO2o1, i.e. 18% of Nb*". This non-
stoichiometric oxide with Nb mixed valence
crystallizes with the Pbma space group (Figure S2).
Such a phase transition is not surprising, given the
temperature achieved during the reductive treatment.
The weight loss at lower temperatures during the heat
treatment of NaNbO3-P2ima is attributed to adsorbed
moieties at the surface, such as water and hydroxyl
groups.’! No weight loss is observed starting from
Pbma-NaNbOs3, even below 500 °C. It could be due to
smaller specific surface area for this sample, which
corresponds to larger average crystallite size (170 nm
instead of 120 nm for P2yma) and higher annealing
temperature (950 °C instead of 600 °C). Indeed, a more
pronounced aggregation of larger crystals accounts for
significantly less surface area where adsorption occurs.
This could then explain the difference in weight loss
between both samples, below 500 °C.
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Figure 7. TGA of NaNbOs structures in the Pbma and
P21ma space groups under a Ar:Hz mix (95:5).
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Figure 8. Low-temperature (4 K) X-band ESR spectra of
reduced sodium niobates from the Pbma and P2ima
structures after exposure to a Ar:Hz mix (95:5 %vol.) at
1000 °C during 1 h. *unidentified paramagnetic signal.

This last investigation demonstrates the higher
reducibility of NaNbOs-P2ima. It is probably related to
the distortion of NbOs octahedra in this framework,
where Na sites acts indirectly by competing bonds on
Nb-O chemical bonding. The Nb*" rate stabilized in the
P2ima network remains unusually high in this
perovskite-related network and might be even increased
if the structure in P21ma space group is maintained after
the treatment, for instance by optimizing the conditions
of the reductive treatment. The reducibility of Nb in
NaNbO; is also necessarily connected to oxygen
mobility. O3 and O4 sites are always closer to the Nb
site than O1 and O2. On the basis of energy
considerations and previous calculations, it is
hypothesized that O2 sites are the most prone to
participate to oxygen diffusion in P21ma network The
reduction treatment of Pbma phase in the same
conditions show this composition is stable without the
formation of oxygen vacancies (only 100 ppm of Nb*"
determined by ESR measurements leading to consider
the quasi-absence of oxygen vacancies). Then, the
oxygen and sodium sites stabilities, strongly connected
to the creation of oxygen vacancies, affect the
Madelung energy of P21ma polymorph which is lower
than of Pbma form. In NaNbO:.01, it was not possible to
localize O-vacancies based on XRD data (Figure S2).
Intense XRD light (synchrotron) and neutron sources
will be required to further investigate structural features
of mixed valence sodium niobates, as well as possible
occurrence of phase transitions vs. temperature.
Moreover, the control of mixed valence ratios and
oxygen mobility in room-temperature polymorphs of
NaNbO:s rises questions concerning the photocatalytic
properties that recently attracted interest for NaNbOs,
especially in hydrogen evolution, CO2 reduction and
degradation of organic molecules.!*? Future works
focusing on phasic purity should enable to better
understand catalytic properties of sodium niobates and
improve their performance.

CONCLUSION
In summary, a new selective synthesis route has been

presented towards the two polymorphs of NaNbO; at
room temperature. A thorough and detailed

investigation of both phases by powder XRD, *Na
solid-state NMR and SHG complementary analyses
revealed without ambiguities the formation of a pure
polar phase which crystallizes with the P2ima space
group at relatively low temperature (600 °C). This
oxide transforms irreversibly at higher temperature
(below 950 °C) into the thermodynamically stabilized
compound which adopts the centrosymmetric Pbma
space group. Despite the similarities of XRD patterns
of both these forms, the [NbOs] octahedron distortion
and complex octahedral tilt schemes have been
described and discussed. Significant structural changes
were pointed out. The second order Jahn-Teller
distortion of Nb>* (4d°) is exalted in P2ima network
where the two Na atom sites display the same mirror
symmetry. In the Pbma space group, the Na atoms are
located in two sites with distinct symmetry. Both Na
sites contribute by competing bonds to constrain
[NbOs] octahedron to be less distorted but more rigid in
the Pbma framework. On the contrary, for the polar
phase, the large difference of the two apical Nb-O bond
lengths and the alternation of longer and shorter Nb-O
bond distances in the equatorial plane underline the
relaxation of the P2ima network, though more
distorted. This is due to the key role of Na atomic
positions which influence indirectly the second order
Jahn-Teller distortion of [NbOs]. Madelung potentials
and exploration of partial density of states by DFT
allowed identifying the site stability and the differences
in chemical bonding. Both approaches clearly show the
effect of sodium on the oxygen atoms and their
consequence on the [NbOs] tilt and distortion. The
optical band gap of both these polymorphs are very
similar but the energy is slightly higher for the polar
phase, in good agreement with the total density of states
around the Fermi level calculated by DFT. The
structural features of NaNbOs; polymorphs, and
especially the relaxation of the network and the
distortion of NbOs octahedron, are discussed in the light
of drastically distinct reactivities upon reduction
treatments. The thermodynamically stabilized form
(Pbma space group) of NaNbO:s is not affected by heat
treatments under Ar:Ha (95:5 %vol.) up to 1000 °C,
whereas a large content of Nb*" (18 %), detected by
TGA and ESR, is stabilized in the centrosymmetric
perovskite network with a composition NaNbOzoi,
starting from NaNbO;-P2ima. These preparative
methods and consecutive characterizations shed new
light on several existing fields of research regarding
sodium niobates, especially (i) in the stabilization at
low temperature of LNN and KNN solid solution, with
the influence of polarizing (Li") and polarizable (K")
species on Na sites, leading to ferroelectric and
piezoelectric  properties and  (ii)  concerning
photocatalytic processes already demonstrated in
various reactions of interest.

EXPERIMENTAL SECTION

Synthesis. 0.810 g of Nb2Os (99.9 %, Sigma-
Aldrich) was dispersed in 20 mL of NaOH 6 M and
heated in an autoclave equipped with 40 mL Teflon
vials. The sample was heated at 200 °C during 24 h
with heating and cooling ramps of 2 °C-min’!. The
white sediment and supernatant were both transferred



in a 200 mL centrifuge tube (Nalgene) and centrifuged
15 min at 7 krpm. The supernatant was removed, the
pellet was dispersed in ca. 100 mL of deionized water
and the dispersion was centrifuged 15 min at 7 krpm.
The separation, dispersion and centrifugation steps
were repeated once. Finally, the supernatant was
removed and the pellet was dried at 80 °C overnight,
yielding a white powder. Annealing treatments were
performed under air in tubular ovens. NaNbOs3
structures crystallizing with Pbma and P2ima space
groups were obtained after 24 h at 950 °C and 6 h at
600 °C, respectively, with systematic 2 °C-min’
heating and cooling ramps.

Powder X-ray diffraction was performed on a
PANalytical X’pert PRO MPD apparatus equipped
with an X’Celerator multichannel detector. CuKou/Kaz
radiations were generated at 45 kV and 40 mA. Data
were acquired on the reflection Bragg-Brentano 6-9
mode, 8 ° <26 <80 °with 0.017 ° steps and acquisition
time of 6 h 37 min. The resolution of XRD diffraction
lines with this apparatus is equal to 0.08°. Samples were
prepared from soften powder (particle size < 45 pm)
flattened with the edge of a razor blade to avoid any
preferential orientation. Refinements were performed
using the JANA2006 software.*® Rietveld refinements
were performed with fixed fiso value of 0.5 for Nb, 1 for
Na and 1 for O.

Na solid-state nuclear magnetic resonance
spectra were acquired at a 7.05 T static magnetic field
(Larmor frequency: 79.4 MHz) with a single short
pulse (n/8) excitation of 1.5 ps (radio frequency field
strength: ca. 166 kHz) and a recycling delay of 30 s.
Magic Angle Spinning (MAS) experiments were
performed at a spinning frequency of 10 kHz with a
4 mm Bruker probe. The resolution of NMR peaks is
0.06 ppm. Chemical shifts were calibrated according to
a molar solution of NaCl (J = 0.0 ppm). Magnitude and
anisotropy of electric field gradient of each contribution
were refined from experimental data using dmfit
software.®

Second harmonic generation. Samples were
pressed between two glass slides and analyzed with a
home-built scanning SHG microscope. The excitation
source is a femtosecond laser emitting at 1030 nm
(Mikan, Amplitude system), which delivers 250 fs
pulses at a repetition rate of 50 MHz. The laser light is
focused into the sample with a microscope objective
(10X Nikon Plan Fluor, NA = 0.3) and the resultant
SHG at the wavelength 1030/2 nm is collected in the
backward direction using a photomultiplier tube.
Typical large SHG images of 500 x 500 pm? where
recorded with a spatial resolution of ca. 10 pm and with
a total acquisition time less than 2 s. SHG images were
acquired by incrementing the average incident power
between 1 and 10 mW to achieve a semi-quantitative
quadratic power law dependence of the powder samples
by averaging the SHG response for some selected areas.

Madelung potentials and hybrid DFT
calculations. On the basis of the crystal structure
determination, the Madelung potentials of each atomic
sites were calculated by the Ewald method.*’ In this
pure ionic model, atoms are considered as point

(formal) charges located at all relevant crystallographic
sites. Density functional theory (DFT) calculations
were performed using the projector augmented-wave
(PAW) method as implemented in the VASP code.*'*
PAW datasets were used to describe valence electron-
ionic core interactions, with valence Na 2s, 3p, Nb 4p,
4d, 5s and O 2s, 2p electrons treated explicitly. The
exchange and correlation energies were treated using
the generalized gradient approximation (GGA)
according to the Perdew-Burke-Ernzerhof
formulation,** further corrected by the Heyd-Scuseria-
Ernzerhof (HSE06) screened hybrid scheme, where
25 % of GGA exchange is replaced by exact Hartree-
Fock (HF) exchange.*** The Brillouin zone was
sampled using I"-centered grids of 6x2x6 and 6x4x6 k-
points for the Pbma and P2imma polymorphs,
respectively. Calculations were carried out on the two
structural models leading to determine the total and the
partial density of states (DOS) for each atom. In order
to extract an information on the stability and bonding
of each atomic site from partial densities of states, and
for comparison with Madelung potentials, the center of
gravity of the partial DOS (with respect to the Fermi
level) can be calculated for each non-equivalent atom,
according to:

[ ni(E).EdE
[ ni(E).dE (2)

where ni(E) is the partial DOS for the atom i. For Nb
and O atoms, the integrals run over the valence (2p-
character) bands. For Na atoms, the partial DOS in O
2p-character bands is very small, because the Na-O
bonding is mostly ionic. Therefore, it is more relevant
to examine the Na partial DOS values and center of
gravity in the Na 3s-character (empty) bands.

<E>=

Diffuse reflectance spectra were recorded on
powders in the 200-800 nm range using a Carry-Varian
5000 spectrometer equipped with an integrating sphere.
MgO powder was used as a white reference.

Thermogravimetric analyses were carried out on a
SETARAM Setsys Evolution apparatus under an Ar:Hz
(95:5 %vol.) flux (50 mL-min™') with a heating rate of
3°C-min! up to 1000 °C. The sample was then
maintained at 1000 °C for 1 h. Mass fluctuations of a
blank sample (empty Pt nacelle) due to the heat
treatment were subtracted from the raw signal.

Electron spin resonance experiments were
conducted with a Bruker EMX spectrometer operating
at X-Band (9.45 GHz) and equipped with a helium flow
cryostat. The presented powder spectra were recorded
at low temperature (4 K) and normalized to the sample
mass (100 mg). The frequency and amplitude of the
magnetic field modulation were set to 100 kHz and
0.5 mT, respectively. The magnetic field scale was
calibrated using a DPPH standard sample (g =2.0036)
and the Bruker software suite (WinEPR and
WinSimfonia) was used to analyze the observed ESR
signals.
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