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Highly sodium deficient Nag ¢NbO3 (NN) ceramics were prepared and characterized. Their mean structure could
be described by a mixture of the predominant P polymorph (S.G. Pbma) and the Q phase (S.G. P2;ma), at room
temperature, as deduced from Rietveld refinements of Powder X-ray diffraction and Raman scattering data.
Besides, microstructural and compositional heterogeneity was evidenced from HRTEM and XPS analyses.
Dielectric measurements on this highly vacancies-containing NN material indicated a hysteretic transition taking
place at ~12 and —18 °C on the heating and cooling regimes, respectively. This means a considerable shift to
lower temperatures of the transition temperatures concerning the P/Q transformations previously described for
the NaNbO3 material. At an intermediate frequency of 10 kHz, maximum permittivity and tangent loss values of
¢ = 1250 and tgd = 2 were obtained on heating, whereas lower values of ¢ = 65 and tgé = 0.04 were
displayed on cooling regime. These anomalies were interpreted in terms of ferrolectric-antiferroelectric-para-
lectric phase-transitions implying a PTCR behavior within certain temperature range. This response, observed in
this complex material for the first time, has interesting implications for the possible application of NN ceramics

in sensing and dielectric materials fields.

1. Introduction

Advanced ceramic materials are inorganic, non-metallic materials,
which can become active in response to specific requirements according
to their properties: thus, electroceramics, magnetoceramics, opto-
ceramics, multiferroics, etc. Among them, several phases as lead-free
alkaline niobates stand out for their multifunctional character, which
finds potential applications in a wide range of industrial and commer-
cial fields [1]. Particularly, the NaNbO3; (NN) ceramic material and
derived phases have been extensively studied since several decades due
to their attractive electrical and polarization properties linked to their
particular structural characteristics [2]. From the structural point of
view, NaNbOj is a complex system, i.e. it presents up to seven poly-
morphs depending on different experimental variables [3]. Several
structural transitions have been reported for this material as a function
of temperature, grain size and particle morphology in nanostructures
[4,5]. Moreover, the stabilization of coexistent phases with different

symmetries in samples of NaNbO; has been established from first
principle calculations, PDF analysis and neutron diffraction studies [6].
In fact, the thermodynamic stability of several NaNbO3 polymorphs is
similar at certain conditions, chemical composition, particle size, etc. At
room temperature two polymorphs usually coexist, often referred to as
P and Q phases, which correspond to the antiferrolectric (AFE) non-
polar Pbma and the ferroelectric (FE) polar P2;ma phases, respectively.
Recent efforts have succeeded to synthesize separately single phases of
P and Q samples, by means of achieving different nano-morphologies
(cube or ribbon-like) [5] and by applying different sintering tempera-
tures [7]. These polymorphs show promising performance for different
application fields; thus, P phase is interesting for data storage memories
and electromechanical devices, whereas the Q polymorph seems to be
more adequate for energy storage as a high-power electrical system,
and for photocatalytic processes related to hydrogen evolution [8].
Recently, both the sodium niobate and its derived compounds have
attracted renewed interest in the search for new environmentally
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friendly electroceramics. Particularly, NN has attracted much attention
due not only to its piezoelectric response but also to its optical [9] and
catalytic properties [8,10,11]. As mentioned above, this NN material
shows several structural transitions as a function of temperature [12],
which can be tuned for optimizing a desired property through different
strategies. Thus, tailoring the particle size [4,13], modifying the sin-
tering temperature [7], doping [6,14,15], and applying an electrical
field [16]. When controlled adequately, all these conditions permit to
modulate the dielectric response [17]. Besides, the stabilization of va-
cancies at the A-site has been employed as a strategy for tailoring the
symmetry of the phases [18] and therefore modulating the conditions
of the AFE-FE transitions [19] or, in general, the temperature at which
the dielectric anomalies take place.

Among niobium mixed oxides, there are several examples of per-
ovskite-type materials which present high A-site deficiency. In parti-
cular, the stable LaNb3;Og and the metastable BiNb3Og phases display a
good dielectric behavior. In both cases only one third of the A-sites are
occupied. In the Bi-containing material a partial ordering between va-
cancies and Bi cations has been reported [20]. The dielectric response
of NaNbO3-LaNb3Oy solid solutions has been studied at temperatures
above room temperature, showing dielectric maxima around 400 °C
and high permittivity values [21].

In FE ceramic materials, particularly BaTiO3 and derived-systems,
positive temperature coefficient of resistance (PTCR) phenomenon has
been extensively studied [22]. In general, thermistors are temperature-
sensing elements, which display a great change in electrical resistance
over a small temperature range. PTCR ceramic thermistors not BaTiOs3-
based are rare in literature. Ferroelectricity in ceramics is usually re-
lated to structural transitions between a non-polar phase and a polar
one. Several decades ago, the works of Heywang [23] showed that this
phenomenon is not observed in single-crystals and in polycrystalline
materials the conductivity is controlled by an electrostatic energy (~1/
¢) at the grain boundaries. High or low lattice disruptions between
domains give rise to a range of barrier potentials between grains in a
given sample [24].

Among the different aspects affecting the conductivity in BaTiO3
ceramics, it has been stated that the effects of domain walls within a
grain due to structural anisotropy are the main factor [24]. The Hey-
wang model relates the sharp change in resistivity to the sudden in-
crease in €' at a given temperature, the number of the carriers in the
depletion layer and the concentration of acceptor states at the surface
[23]. Jonker includes in the model the role of the spontaneous polar-
ization at that given temperature. Furthermore, Kulwicki and Purdes
introduce the piezoelectric effect and its effects in the modification of
the mentioned parameters. Thus, the compositional and microstructural
complexity of the samples leads to a range of resistivity values of the
grain boundaries [25]. In this sense, an attempt to model the observed
phenomena in our samples should have in mind together all these
considerations with a statistical approach. This approach should be able
to take into account the high complexity of the microstructural scenario
[24].

We previously observed a PTCR behavior near room temperature in
stoichiometric ceramics belonging to the NaNbO3;-BiFeO; system, in
the context of their dielectric characterization at high temperatures
[26]. We have therefore been interested in getting deeper insight about
this particular phenomenon displayed by these samples near room
temperature.

As mentioned above, the versatility of the perovskite structure
permit in some cases to stabilize the A;,3NbOs; composition. Thus,
having in mind the ideal Na,;,3NbO3 composition, we have explored
the synthesis of possible Na; 3.xNbOss phases. We found that a per-
ovskite could be stabilized as a single phase for a 0.6Na:1Nb cationic
ratio. Thus, in this work we report the preparation and characterization
of such Nag¢NbOs3s ceramics sintered at different temperatures. In
order to analyze this intriguing response in connection with the re-
levant parameters implied, we carried out a careful structural,
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compositional, microstructural and electrical characterization.

2. Materials and methods
2.1. Experimental techniques

Powder X-Ray diffraction (XRD) patterns were registered at room
temperature with a XPERT-PRO diffractometer using Cu-Ka radiation
(A = 1.5406 A). Data were collected in the range 5° < 26 < 120° range
with a step of 0.0167° and analyzed by the Rietveld profile method [27]
using the WinPLOTR/Fullprof suite program [28].

Thermogravimetric analyses (TGA) were carried out under oxygen
by a Pyris thermogravimeter (PerkinElmer, Waltham, MA, USA). The
analyses were carried out at a heating/cooling rate of 10 °C min~!.

High resolution transmission electron microscopy (HRTEM) and
electron diffraction (ED) patterns were performed in a JEOL 300FEG.
The samples were prepared by crushing the powders under n-butanol
and dispersing it over copper grids covered with a holey carbon film.
Scanning electron microscope (SEM) images and corresponding EDX
spectra were obtained with a JEOL JSM 6335F microscope. Samples
were mounted on SEM stubs using carbon adhesive and gold sputter-
coated. The composition of the obtained materials was established by
quantitative ICP-OES analyses in a Spectro ARCOS with axial optical
interface and high fluoric acid resistant nebulization system. Three
replicates of the sample were digested in HCl/HF solution and further
treated in a microwave system up to 210 °C. Besides, local composition
was estimated by semi-quantitative chemical analysis using energy
dispersive X-ray spectroscopy (EDS) both in SEM and TEM microscopes,
and XPS experiments.

XPS measurements were carried on pelletized samples on a Physical
Electronics spectrometer (PHI Versa Probe II Scanning XPS Microprobe
with monochromatic X-ray Al Ka radiation (100 pm, 100 W, 20 kV,
1486.6 eV) and a dual-beam charge neutralizer. The spectrometer was
calibrated with Au 4f;,», Ag 3ds,» and Cu 2p3,» photoelectron lines at
84.0, 368.2 and 932.7 eV, respectively. The Au 4f,,, line was recorded
with 0.73 eV FWHM at a binding energy (BE) of 84.0 eV, under a
constant pass energy mode at 23.5 eV condition. XPS spectra were
analyzed using PHI SmartSoft software and processed using MultiPak
9.3 package. The binding energy values for the measured spectra at
different etching times were referenced to O 1 s signal at 529.8 eV.
Recorded spectra were fitted using Gauss-Lorentz curves. Atomic con-
centration percentages of the constituent elements of the surfaces were
determined taking into account the corresponding area sensitivity
factor for the different measured spectral regions. Etching process was
carried out using 1 kV Ar" bombardment of a 2 mm x 2 mm area. A
sputter rate of 2.5 nm min ™! is assumed, as determined for SiO, under
the same sputter conditions.

Raman scattering measurements were conducted on a Witec Alpha
300 System using 532 nm wavelength excitation. The spectrometer was
calibrated with a reference single-crystal Si sample (Raman peak at
520.7 cm~1). The spectral data were collected at room temperature in a
backscattering configuration in the spectral range of 100-900 cm ™~ *,
with a laser spot of ~1 pm and laser power of ~2 mW.

The electrical measurements were performed by pressing powders
under 6 kbar, into pellets with 6 mm of diameter and ca. 1lmm of
thickness, and sintering them at three different temperatures: 800, 1100
and 1300 °C. The density of the pellets was estimated by the
Archimedes method. For the a.c. electrical conductivity measurements,
blocking electrodes were deposited on both sides of the as-pelletized
samples by platinum paint (previously dried at 500 °C). The a.c. con-
ductivity data were obtained, from —100 to 200 °C, with a frequency
analyzer (Solartron 1260) coupled with a dielectric interface (Model
1296A) over a frequency range of 1-10” Hz, and under oscillation
voltage of 600 mV. Resistance and permittivity values were derived
from the complex impedance diagrams.



M.L. Lépez, et al.

2.2. Synthesis of powders and preparation of pellets

The powder samples were prepared by the ceramic method starting
from Nb,Os (Merck, 99.9%) and NaNO3; (Merck, 99.5%). The metal
precursors were firstly treated at 400 °C for one day and at 600 °C for
four days. After this, the samples were further treated at 800 °C for a
day. At the end of each heat treatment the samples were quenched
down to ambient temperature. From preliminary experiments, we ob-
served that this procedure succeeded in preparing NN as pure samples,
avoiding the stabilization of usual secondary phases such as Na;Nb4O;.
Typical white pellets of NN were prepared by mixing the corresponding
powders with 5% wt. sodium alginate (C¢H,OgNa, from Sigma-Aldrich)
as a binder and further pressing. For this purpose, water was added to
the mix and then the suspension was stirred and smoothly heated up to
dryness. Different pellets were then placed on a platinum sheet and
sintered by additive treatments at 800 °C/1 d, 1100 °C/4 h and
1300 °C/2 h. These pellets were denoted as NN-800, NN-1100 and NN-
1300, respectively. At these temperatures sodium alginate was totally
decomposed, as deduced from TGA analysis (Fig. S1). In our experi-
mental conditions, the use of this binder does not significantly affect the
final composition of the pellets, within the experimental error. Besides,
under oxygen atmosphere, neither a gain nor a loss of mass was ob-
served in the cooling regime, pointing to the stabilization of the ex-
pected oxidation states for the different cations, i.e. Na* and Nb™*>.

The densification of the pellets was estimated from both SEM in-
spection and density measurements. Pycnometric measurements per-
mitted to obtain the density of the pellets as follows: 4.07, 4.21 and
4.39 g/cm® for NN-800, NN-1100 and NN-1300, which represent re-
lative density values of 89, 92 and 96%, respectively.

3. Results and discussion
3.1. Structural and compositional characterization

XRD data of the NN powders and pellets were refined by the
Rietveld method [28]. As mentioned above, several symmetries and
space groups have been previously proposed for describing NaNbO; at
room temperature. Thus, orthorhombic nonpolar Pbma (called P, AFE
phase) usually describes powder microcrystals and nanowires. Besides,
doped, strained and small-sized samples, together with nanocubes have
been described by the orthorhombic polar P2;ma (usually called Q, FE
phase). In fact, the coexistence of both phases at room temperature is
not rare [15]. The actual Pbma phase has been suggested to consist of
three different phases, predominating a monoclinic Pm phase at room
temperature [29]. As the electrical response of these ceramics is highly
sensitive to their structure, different possibilities have been explored in
the Rietveld refinements of the NN ceramics. From a preliminary in-
spection of certain angle regions (Fig. 1), the appearance of Bragg peaks
at 20 values of 36.6° and 55.2° could be appreciated. These maxima
have been previously reported to correspond to the characteristic AFE
superlattice peaks of the Pbma polymorph [5]. Nevertheless, a certain
amount of the Q phase had to be considered because of several details
such as the maximum appearing at 43.3° with considerable intensity,
which is typical of P2;ma space group [7]. Hence, a refinement con-
sidering both polymorphs was chosen as the most reliable structural
description of NN ceramics at room temperature. Fig. 1 shows the
corresponding Rietveld profiles, obtaining a 69% of the P phase and a
31% of the Q phase. It is worth underlining that the XRD data provide
mean macroscopic information with a maximum penetration depth
(26 = 90°) of ~40 and ~80 um for the powder (packing ~0.6) and the
pellets (packing ~0.9), respectively. In this sense, NN ceramic shows a
mean structure well described by a mixture of the predominant AFE P
polymorph and the Q phase in less extent. Nevertheless, the local sta-
bilization of a mixture of other polymorphs must not be neglected.
Besides, we had in mind that the XRD data on pellets can differ from
those corresponding to powdered samples [30] due to strain effects,
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especially near the surface of the pellets. Thus, we refined the XRD data
from NN-800 both in powder and in pellet forms, obtaining similar
results.

As the sintering temperature is increased, diffraction maxima be-
come narrower as expected. Besides, both P and Q phases remain pre-
sent in the samples maxima typical of both polymorphs were observed
regardless of the sintering temperature. Besides, relative percentage of
Q phase decreases from 800 to 1300 °C sintering temperature, as
pointed by the intensity of the maximum at 26 = 43°, which is barely
appreciable in NN-1300 ceramic (see Fig. 1a and b).

Complementarily, as Raman analysis is sensitive to different ionic
environments, we performed several measurements at room tempera-
ture in order to complement the XRD results. Fig. 2 shows the Raman
spectra of NN-800-powdered material collected in the range between
100 and 700 cm ™!, where the most important changes were observed.
The spectra were de-convoluted in several components. The obtained
main data and the corresponding assignment are summarized in
Table 1. We observed the typical bands previously reported for the
orthorhombic NaNbO; phase. At room temperature, Raman modes
could be identified and deconvoluted in the wavenumber range
160-700 cm ™! [5,12,31]. This region is associated with internal vi-
brations of NbOg octahedral group. The signal at ~614 cm ™! was as-
signed to the A; mode. The signal undergoes shift at high vibrational
frequency (~602-605 cm™ 1Y) for NaNbO3 [5,12,31], which can be at-
tributed to sample preparation conditions. Lima et al. have reported
that band A;; (~600-612 cm™') and E, (~556-561 cm™') at low
temperatures (10-15 K) are well defined and are enlarged at tem-
peratures above 200 K, coherently with our observations (Fig. 2a) [31].
Subtle differences in Raman spectra of the P and Q polymorphs have
been previously reported, especially apparent in the range
100-300 cm ™! and also at high Raman shift values [5,13,15]. Thus,
Fig. 2b—c gather the Raman spectra in selected wavelength ranges,
showing the characteristic bands for the AFE and FE polymorphs, as
reported previously [5,12,15,32]. Having this in mind, the spectra ob-
tained by us are concordant with a mixture of predominant Pbma phase
with P2;ma polymorph, in good agreement with XRD results com-
mented above.

Mean macroscopic composition of the NN sample was obtained by
ICP analyses. The average mass percentages were 9.0 * 0.2 and
64.6 * 1.5% for Na and Nb, respectively. Thus, the obtained data are
concordant with the desired highly vacant-containing stoichiometry
Nag s6(2)Nb1.00(1)O02.8, i.€. the perovskite A-sublattice contains ~40% of
vacancies. It has been previously stated that the presence of vacancies
at the A sites in NN-doped systems as Na,_,Sr,,2NbO3 can induce the
stabilization of the Q phase at room temperature [33]. However, the A-
sites deficiency in Na; ,NbO3 ceramics lead to more dense materials
with smaller grain size and enhanced AFE distortion [19]. Therefore,
the priority stabilization of one or another polymorph is probably
connected to grain size and morphology considerations. The SEM in-
spection of the NN pellets, sintered at 800, 1100 and 1300 °C, showed
interesting features, as can be appreciated in Fig. 3. For the acquisition
of EDS spectra of whole grains at the pellets surface, ten regions for of
each ceramic were typically analyzed and mean values were taken into
account.

In the NN-800 pellet, two types of morphologies could be observed:
intermediate-sized grains between 500 nm and 2 pum, and, in a smaller
proportion, elongated rod-like formations of about 10 um length. EDS
analyses indicated an atomic composition of 0.87Na:1Nb (denoted with
an A in Figs. 3c) and 0.43Na:1Nb (region B in Fig. 3c) for the grains and
the bar-type formations, respectively. Mean values, taken from low
magnification images (Fig. 3a), led to 0.57Na:1Nb. Previous works in-
dicated that whereas coarse grains of more than 2 pm trend to stabilize
into the Pbma phase, submicrometric grains show mostly the P2;ma
polymorph [4,13]. On the other hand, hydrothermally prepared
NaNbOs long-bars also crystallize in S. G. P2,ma [34]. In this sense, the
NN-800 ceramic would consist of micrometric grains of Pbma phase
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Fig. 1. XRD data for the NN-800, NN-1100 and NN-1300 pellets at a) and b) selected angle ranges showing the AFE superlattice peaks of the Pbma polymorph and the
typical P2;ma reflection at ca. 43°; ¢) Rietveld profiles considering both phases for the NN-1100 pellet. Botton blue line refers to the difference between observed and
calculated profiles. Inset shows a zoomed view of significant 2theta range. (For interpretation of the references to colour in this figure legend, the reader is referred to
the Web version of this article.)
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together with long bars formations mostly stabilized in the P2;ma
polymorph. As sintering temperature is increased up to 1100 °C, these
two morphologies evolve differently but the Na:Nb mean ratios ob-
tained for NN-800 are maintained. Thus, the grains (0.40Na:1Nb) in-
crease in size and become more homogeneous (region B in Fig. 3f),

16773
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Fig. 2. Raman spectra NN powder sample a) with the
different contributions as deduced from the fitting of
the different peaks with Lorentzian curves (green
lines) between 180 and 800 cm ™%, and b), c) selected
region showing the bands belonging to AFE and FE
phases. (For interpretation of the references to colour
in this figure legend, the reader is referred to the
Web version of this article.)

whereas the bar-type formations (0.54Na:1Nb) seem to melt easily
during sintering process, giving rise to vitreous-like regions, denoted
with an A in Fig. 3f. Mean EDS analyses from low magnification images
gave an atomic composition ratio of 0.59Na:1Nb. Finally, for a sintering
temperature of 1300 °C, well-sintered micro grains of size ranging
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Table 1
Crystallographic data, R-factors from the Rietveld refinements, mean compo-
sition and Raman modes for the NN ceramics.

NN-800 NN-1100 NN-1300

Pbma

a(A) 5.5683(1) 5.5714(2) 5.5685(9)

b (A) 15.5394(4) 15.528(5) 15.527(1)

c A 5.5164(1) 5.5113(2) 5.5045(4)

Rp 4.84 7.93 9.31

X2 2.94 4.72 5.89
P2yma

a(A) 5.5741(1) 5.5754(1) 5.5690(9)

b (A) 7.7646(1) 7.7607(2) 7.765(1)

c A 5.5172(1) 5.5171(2) 5.506(1)

Rp 4.36 7.10 10.90

X2 2.77 6.93 6.56

Raman modes (cm ~')/assignation
224.6/F,q 254.6/F2y

286.5/F2, 569.3/E,;

614.1/A4

Mean composition™

ICP: Nao.571)Nb1.00(1)02.8
XRD: Nag,61)Nb1.0(1)02.8
EDS: Nag s93)Nb1.00(1)02.8

2 Cation concentrations were obtained from ICP measurements, refined oc-
cupations from XRD data and EDS data. Oxygen content was estimated by
electroneutrality considerations.

between 2 and 15 pm are visible in the pellet surface, coherently with
the estimated density values. Mean SEM analyses gave an atomic ratio
0.61Na:1Nb for NN-1300. A representative EDS spectrum is shown in
Fig. 3i.

Therefore, the stabilization of a mixture of a majority P phase at
room temperature in the NN ceramics is concordant with XRD, Raman
and SEM results. In this way, we obtained mean compositions for NN
very close to those obtained by ICP, within the experimental error

Ceramics International 46 (2020) 16770-16780

(Table 1): Nag ¢(NbO3. The mean composition was practically the same
for NN-800, NN-1100 and NN-1300. We further explored local com-
position and microstructural homogeneity of the ceramics by HRTEM/
EDS and XPS analyses. Fig. 4a shows the typical aspect of a NN crystal,
with a clear polydomain morphology [6], similar to that previously
observed in annealed BaTiO3 ceramics, i.e. domains uniaxially aligned
inside the grains which disrupt near grain boundary regions [24]. In
several frontiers a somewhat coalescence between several nanocrystals
is observed, which show well developed interplanar distances. This
domain-type microstructure has been previously related to the FE or
AFE response in undoped and doped NN samples [6,14]. Moreover, it is
well known that FE and AFE polymorphs can coexist over a wide
temperature range, particularly in twined samples [12]. Besides, na-
noregions in which different orientations of the present polymorphs
develop could be appreciated in some crystals, as shown in Fig. 4b. In it,
nanoareas showing distances of ~1.56 nm corresponding to P poly-
morph are visible. Besides, compositional heterogeneity from the grain
border towards the interior concerning the Na:Nb ratio could be ap-
preciated (Fig. 4c). Thus, the Na concentration is higher in the borders
and progressively decreases as the grain interior is reached.

In order to check the compositional homogeneity at the surface,
pseudodepth XPS measurements were conducted by Ar* ions bom-
bardment of the NN-800 pellet. Fig. 5 shows the corresponding C 1s, O
1s, Nb 3d and Na 1s core level spectra for the sample without etching.
The C 1s core level spectrum can be decomposed into three contribu-
tions at 285.0, 286.6 and 288.9 eV assigned to adventitious carbon,
C-OH and carbonate, respectively. The O 1s core level spectrum is
partially overlapped by the Na KLL Auger signal at high binding energy,
and can be decomposed into three contributions at 529.8, 531.3 and
532.3 eV. The first and more intense contribution at 529.8 eV

33.8% at. Na
66.2 % at. Nb

Fig. 3. Representative SEM images of the pellets at different magnifications for a), b), ¢) NN-800, d), ), f) NN-1100, g), h) NN-1300 and i) representative EDS spectra
for NN pellets (NN-1100); line appearing at 0.525 keV corresponds to O and lines at 0.277 and 9.712 keV to C and Au, respectively (both employed for sample

preparation).
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Fig. 4. HRTEM images at different magnifications showing a) polydomain morphology, b) domains between adjacent regions with different coherency and c)
compositional segregation of Na from the interior to the grain border. Inset gathers the corresponding ED pattern; Miller indexes in italic refers to Q polymorph.

corresponds to the lattice oxygen of the sodium niobate. The two
photoemissions at higher binding energy can be assigned to chemically
nonequivalent neighborhood of the oxygen atoms derived from the
occurrence of additional sodium species, as will be described later, and
to changes in the crystallographic surrounding as previously observed
Molak et al. [35]. The Nb 3d core level spectrum shows the doublet Nb
3ds,»> and Nb 3ds,», with a Nb 3ds,, at 206.8 eV, typical of Nb(V) for
NaNbOj. The Na 1s spectrum is asymmetric and can be decomposed
into two contributions at 1071.2 and 1072.2 eV. The first one derived
from Na(I) of the perovskite and the second one at high binding energy
to other Na(I) segregated species with different conductivity such as
surface carbonate or Na-O species [35].

Table 2 shows the surface chemical composition in atomic con-
centration % and the Na/Nb atomic ratio for sample NN-800 at dif-
ferent etching times with Ar* plasma. Hence, the evolution of the Na/
Nb atomic ratio versus the etched time can be observed. The observed
Na/Nb atomic ratio is higher than 1 due to the simultaneouspresence of

sodium carbonate on the surface. Upon etching, as expected, the surface
concentration of carbon decreased, and the C 1s core level spectrum
(not shown) of the etched sample after 10 min does not show any
contribution at high binding energy, and the Na/Nb atomic ratio de-
creased as going from the surface to the pellets inner part, pointing to a
clear chemical segregation concerning Na cations, as observed in the
HRTEM study (Fig. 4). This decrease in the Na/Nb atomic ratio was also
observed by Molak et al. [35], when using different take off angles (15
and 45°). This accumulation of A-site cations at the surface is similar to
that previously observed in the grain boundaries of an optimized
commercial PTC ceramic, in which volatile Pb is more easily attracted
to the highly strained grains borders [25].

3.2. Dielectric characterization

Electrical characterization of the NN pellets, sintered at different
temperatures, was carried out from impedance measurements between
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Fig. 5. C 1s, O 1s, Nb 3d and Na 1s core level spectra for sample NN-800.

Table 2
Surface chemical composition in atomic concentration % and the Na/Nb atomic
ratio for sample NN-800 at different etching times with Ar* plasma.

Etched time with Ar* Cls Nals Nb3d O1s Na/Nb atomic
(min) ratio
0 20.22 20.53 15.35 43.90 1.33
6.57 24.42 20.35 4875 1.21
10 3.65 2414 2159 50.62 1.12

—50 and 200 °C and at frequencies varying from 1 Hz to 1 MHz.
Typically, one flattened semicircle is obtained in the Z* Nyquist plots,
in which bulk, grain boundary and electrode components are not well
solved. For temperatures corresponding to lower resistance values, a
tail appears at low frequencies. Representative Z* diagrams are de-
picted in Fig. S2.

Fig. 6 shows the variation of permittivity (¢") and dielectric losses
(tgd = €"/¢') as a function of temperature for the NN-800, NN-1100 and
NN-1300 ceramics at selected frequencies, at both heating and cooling
regimes. In all cases, there are sharp dielectric peaks in the ¢'vs T
curves, both in the heating and the cooling processes. Though the &'
values experiment frequency dispersion, there is not a clear shift of the
maxima temperatures at different frequencies, i.e. a clear relaxor-type
behavior was not appreciated. The maxima appear at temperatures (Tc)
of ca. 12 and —18 °C at the heating and cooling regimes, respectively.
These maxima are accompanied by the correspondent dielectric
anomalies in the tgd vs T curves (see Fig. 6 b, d and f). An appreciable
hysteretic behavior is therefore observed, corresponding to AT~ 30 °C,
similarly to that previously reported for Ta-doped NN ceramics [36].
This hysteretic response has been related to the coexistence of bound-
aries of clearly different coherency between adjoining regions, pointing
to the existence of a range of grain boundary potentials in the sample,
as previously suggested for doped-BaTiO; ceramics [24]. The great
dependence of the maxima height with the frequency, particularly in-
tense in the heating curve, could indicate an interfacial Maxwell-
Wagner-type polarization, which is accompanying the intrinsic beha-
vior of the materials. Nevertheless, this behavior is maintained for the
highly dense ceramic NN-1300, suggesting the intrinsic nature of the

observed response, probably linked to phase transitions in the samples.

It is clear from literature that NN material experiments several di-
electric anomalies as a function of temperature, connected to its tem-
perature-driven structural transitions. However, the temperatures of the
different transitions considerably vary for specimens with different
stoichiometries, grain sizes and chemical dopants. Relevant data for
selected materials from the literature are summarized in Table S1. The
temperature of the P-R transition of NaNbO3 can be shifted 140° to
lower temperatures just doping with a 4% atomic of CaHfOs. It is
therefore plausible to consider than in our vacancy-containing NN
samples the P-Q transition is reduced down to ~12 °C on heating and
to ~ -18 °C on cooling. Besides, a hysteresis as high as 30° is also ob-
served in our case, which is typical of heterogeneous/doped samples. P-
phase could be related to Na-poor regions whereas Na-rich regions
would predominantly correspond to the Q-phase [37].

Mishra demonstrated from high-resolution powder neutron dif-
fraction data that the temperature ranges of stabilization for each NN
polymorph do change in heating and cooling regimes [38], probably
due to the different kinetics implied in the transformation between
polymorphs. Thus, from kinetic considerations, it has been proposed
that the different processes implied (AFE - FE transition) polarization in
FE domains and FE — AFE transition have different energy barriers to
overcome and hence different rates [16]. In this way, the hysteretic
behavior in €'vs T curves in heating and cooling regimes could be an
effect of the diverse mechanisms implied and also a consequence of the
different stability of NN polymorphs over the explored temperature
ranges. The temperature of the maximum in €' vs T shifts towards lower
values in NN on cooling regime, coherently with previously reported
results [3]. Certainly, FE and AFE polymorphs coexist in a wider tem-
perature range when cooling than in the heating regime [38], giving
rise to smearing effects in the dielectric behavior.

Fig. 7 depicts the frequency variation of the imaginary parts of di-
electric modulus and impedance. A comparative inspection of both Z"
and M" curves permits to analyze deeper the obtained response. The
electric modulus (M* = 1/¢*) formalism was initially introduced [39]
to study space charge relaxation phenomena, but it is currently widely
used to complement the analysis of the impedance data. Whereas M*
plots specially inform about elements with the smallest capacitance in
the dielectric system, Z* formalism highlights those most resistive
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respectively.

elements. These curves, Z" and M" vs frequency, give relaxation Debye
peaks which evolve with temperature, being Z",,x = R/2 and
M'"nax = €0/2C, the maxima M" and Z" values at each temperature.

It is worth underlining two interesting features of the curves shown
in Fig. 7. First, both the Z" and M" maxima are shifted to higher fre-
quencies as temperature increases up to around 5 °C. From ~6 to 20 °C,
where the PTCR response is displayed, the peaks are practically not
shifted at all. Finally, from 20 to 200 °C, they are shifted towards lower
frequencies as the temperature increases. This behavior is similar to
that displayed by PTCR BaTiO3-based ceramics for temperatures below,
near or above the switching one, T¢ [40]. Second, the evolution in the
intensity of both Z,,," and M,.," peaks also follows an opposite trend
when heating up to T¢ and heating from T¢. Thus, this evolution of Z"
maxima suggests a PTCR behavior. The height of the M" maxima
changes around the T¢ observed in the €'vs T curve and this is coherent
with the presence of transitions implying AFE or FE phases [41]. In-
terestingly, above 20 °C the M" peaks are shifted to lower frequency

values as temperature increases. This unusual behavior is actually the
fingerprint of the PTCR behavior [42]. Thus, the evolution from low T
to T¢ is similar to that previously observed in AFE materials such as
Bi,Ti4Oq; [41]. Besides, the observed trend above T in our case mat-
ches the usual response of FE materials above the transition [43]. This
suggests the presence of both type of interactions in the NN samples,
confirming the data from XRD and Raman spectroscopy.

Fig. 8 comparatively gathers in more detail the evolution of Z" and
M" maxima at selected temperatures for NN-1300. Heating regime is
shown in Fig. 8 as a representative example. Fig. S3 presents the cor-
responding curves for the cooling regime. The different maxima ap-
pearing in these curves reveal four electroactive components operating
in the frequency window explored, indicated as 1, 2, 3, 4 in Fig. 8.
Component 1 could be ascribed to electrode effects, operating at very
low frequencies. Components 2 and 3 seem to be resistive-capacitive
elements playing a crucial role in the electrical response of the mate-
rials. They both show capacity values between 80 and 100 pF. Besides,

M” (a.u.)
Z” (a.u.)

Fig. 7. Variation of imaginary parts of a) modulus
and b) impedance (in logarithmic scale) vs fre-
quency for NN-1300 at the heating regime.
Numbers refer to temperature values in °C. Black
squares, blue circles and red triangles serve as a
guide to the eye for following the evolution of the
curves. (For interpretation of the references to
colour in this figure legend, the reader is referred
to the Web version of this article.)

10" 10° 10' 10*> 10° 10" 10° 10° 10" 10° 10' 10> 10° 10" 10° 10°
o (Hz)
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component 2 shows resistivity values ranging between 10° and
10'° Q cm, whereas component 3 is clearly less resistive. Having in
mind the compositional segregation operating in the NN pellets, com-
ponents 2 and 3 could be interpreted considering two consecutive
surface layers, the first one forming the grain boundaries. They collapse
giving rise to a single broad peak as temperature approach the T¢. Near
this temperature, both peaks are shifted to higher frequencies, sug-
gesting that long range motion of carriers can take place at intermediate
frequency values. These carriers probably consist of sodium vacancies.
However, at temperatures far from the transition (Fig. 8 a and f) short
range mobility is probably operating. Finally, component 4 could be
related to bulk contribution, which falls out of the frequency window
explored.

Ayvazian et al. have previously demonstrated that the grain
boundaries are preferential conductive paths through a polycrystalline
PTCR BaTiOs; film [44]. Such type of domains of different orientation
and/or symmetry have been widely observed previously in strontium-
doped NN samples [33]. Moreover, it has been shown by atomic force
microscopy on a commercial BaTiO3 thermistor that two contributions
are operating in PTCR ceramics: grain boundary regions between grains
and outer-shell regions of each grain (which typically extend over a
10% of grains volume) [43,45]. Therefore, in our case the electrical
response is plausibly mainly due to two electroactive surface layers
developed in the samples as a consequence of compositional segrega-
tion. Indeed, the grain boundaries are usually related to excessive free
volume and therefore atomic diffusion towards the inter-grains regions
from the crystals bulk should be considered [46].

Fig. 9 shows the variation of resistivity with temperature for NN-

800, NN-1100 and NN-1300 ceramics, in heating and cooling regimes.
For NN-1300 the data of a second cycle is also included, showing well
reproducibility of the measured data. This second cycle was carried out
once the first cycle was finished, after leaving the sample inside the
measurement-cell for 12h. The electrical response of the NN materials
indeed suggests a PTCR thermistor behavior near room temperature.
This effect is very large on heating regime though it is decreased in
cooling cycle. Indeed, the coexistence of FE and AFE phases is more
stable over temperature variations for twinned samples as the ours and,
having in mind the substantial differences between both polymorphs,
large hysteresis is not unexpected for the transition [12]. In fact, this
hysteresis has been already observed and interpreted taking into ac-
count the difficulties in the structural changes needed and the stabili-
zation of two phases in different temperatures ranges for the heating
and cooling regimes [38].

At temperatures below the transition, the activation energy value of
the process was estimated by applying an Arrhenius law from —60 to
—30 °C. For NN-1300 in the heating regime, we obtained an activation
energy value of E, = 0.85 eV. This value around 1 eV probably cor-
responds to vacancies and ion transport processes. In this sense, com-
positional segregation could act as a chemical potential and vacancies/
Na™ migration seems to dominate up to a certain temperature value, in
which compositional homogeneity is achieved. Through this process,
AFE (P phase) to FE (Q phase) transition takes place leading to the
observed maxima in e'vs. T curves. This transition is probably con-
comitant with partial transitions to PE phases (e.g. R). Above Tc,
symmetry is higher and the overlapping between d orbitals would be-
come more effective, leading to an activated conduction process
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probably implying other additional carriers [47].

Interestingly, previous density functional theory calculations in
BaTiO; pointed directly to a FE-AFE model in order to explain the PTCR
behavior. Thus, this behavior was interpreted as the result of compe-
tition between FE (low energy) and AFE (high entropy) couplings [48].
Therefore, the coexistence of AFE and FE interactions, together with the
presence of high concentration of vacancies heterogeneously dis-
tributed, seem to be crucial in the PTCR behavior displayed by the NN
electroceramics.

4. Conclusions

Highly A-site defective NN powders have been successfully prepared
by ceramic method. Pelletized ceramics sinterized at 800, 1100 and
1300 °C showed relative density values of 89, 92 and 96%, respectively,
as obtained from pycnometric measurements. ICP-OES measurements
indicated a mean composition of Nag s7¢1)Nbi.00(1)03.x, Which is co-
herent with the EDX-SEM analyses of the materials.

The materials presented co-stabilization of the two phases com-
monly observed at room temperature in NaNbOs-based materials, i.e. P
and Q polymorphs, being predominant the antiferroelectric P phase
(~70%). This result, deduced from Rietveld refinements of X-ray dif-
fraction data, is coherent with the obtained Raman data.

SEM exploration showed two different particle morphologies, which
evolve differently through partial melting as sintering temperature is
increased. In the ceramic sintered at 1300 °C (NN-1300), well sintered
micrograins were apparent. EDX analyses from HRTEM studies showed
a significant compositional segregation concerning sodium cations.
Hence, they are accumulated at the grains surface whereas the Na
concentration decreases as going towards the grains interior.

The dielectric characterization of the NN ceramics was carried out
by impedance spectroscopy measurements, between —100 and 200 °C.
Maxima in e'vs T curves were obtained at temperatures, T, around
—12 and 18 °C, in heating and cooling regimes, respectively. These
maxima are frequency-dependent but do not clearly show relaxor-type
characteristics. Typical values of maximum permittivity and tangent
loss at 10 kHz were around &' = 1250 and tgd = 2, and ¢' = 65 and
tgd = 0.04, on heating and cooling regimes, respectively. Up to our
knowledge, this dielectric anomaly implying high electrical polariza-
tion has not been observed before at such low temperatures. Besides,
the analysis through modulus and impedance formalisms showed the
fingertip characteristics of a positive-temperature-coefficient resistor
(PTCR) response. Indeed, this type of response was clearly observed in
the p vs. T curves, in which resistivity jumps of about three orders of
magnitude were displayed. The PTCR behavior has been analyzed and
interpreted considering two electroactive components, probably related
to surface layers. A mechanism implying vacancy/cation motion has
been proposed to operate at temperatures above T¢. Finally, the com-
positional segregation (shown by EDX and ICP data) and the coex-
istence of AFE and FE transitions seem to be the key features governing
the observed electrical behavior in the NN ceramics.
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