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Nas;Nb,Og-H,O fibers were synthesized in a short time using a microwave-assisted hydrothermal
method and later used as a precursor for obtaining NaNbOs fibers with piezoelectric characteristics. The
NaNbOs fibers consist of a mix of antiferroelectric (Pbcm) and ferroelectric (P2;ma) orthorhombic

Received 23rd September 2022, phases. The ferroelectric structure comprises about 87% wt of the sample, and a theoretical approach

Accepted 22nd March 2023 indicated that an electric field could induce an inversion in the relative stability between the most stable
DOI: 10.1039/d2tc04039e antiferroelectric structure and the ferroelectric one. Piezoresponse force microscopy showed that an

individual fiber is composed of regions with ferroelectric domains and regions with no ferroelectric
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Introduction

Contemporary society has experienced technological develop-
ment that has led research to focus on materials that have and
combine functional properties. Sodium niobate (NaNbO;) is a
multifunctional perovskite-structured material with interesting
properties'® and shows a complex structural phase transition
as a function of pressure, temperature, and particle size.””®

NaNbO; shows polymorphism that is yet to be fully under-
stood, and several studies have focused on elucidating its
crystalline structures. Depending on the processing route,
NaNbO; can grow in paraelectric, antiferroelectric, or ferro-
electric phases.'®"® Although NaNbO; exhibits an orthorhombic
antiferroelectric phase at room temperature, some studies have
reported the ferroelectric phase of the orthorhombic structure
under this condition."*™*®
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Piezoelectricity is one of the most interesting properties of
NaNbOj;, making this compound an environmentally friendly
substitute for lead titanate zirconate (PZT (Pb(Zr;_,Ti,)03))"
ceramics in piezoelectric devices. The piezoelectric effect may
be classified as direct or converse. The direct effect consists of
creating an electric charge by submitting a material to mechan-
ical stress. In turn, the converse piezoelectric effect occurs by
converting electric energy into mechanical stress."”

Non-centrosymmetric crystals show spontaneous polariza-
tion that is an important condition for piezoelectricity to occur;
however, nonpolar materials such as zinc oxide (ZnO) with a
hexagonal wurtzite crystal structure might also present the
piezoelectric effect. This occurs because piezoelectricity is a
property with tensorial character, and the piezoelectric tensor
may vary according to the crystallographic group.'®

Energy harvesting devices'>*° operate based on the piezo-
electric effect and the piezoelectric constant of nanomaterials is
lower than that of bulk piezoelectric materials. Thus, synthesiz-
ing compounds whose characteristics allow increasing the
charges generated under certain stress is an important step
to improve the piezoelectric behavior of nanostructures. In this
sense, the growth of particles with one-dimensional morphology
has been a great alternative to enhance the piezoelectric response
of a nanomaterial.>* This occurs because the elastic coefficient of
the piezoelectric particles with one-dimensional morphology
decreases, thus increasing the elastic limit and piezoelectric con-
stant along with the lower particle diameter. Thus, the material
becomes very sensitive to low-frequency and irregular mechanical

This journal is © The Royal Society of Chemistry 2023
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vibration.”" Therefore, for energy harvesting applications, it is
essential to choose the best route to prepare particles with these
characteristics.

Studies that explore one-dimensional perovskite nanostruc-
tures for applications in energy harvesting devices have grown.
Many of them have addressed the one-dimensional NaNbO;
obtained from the thermal treatment of the Na,Nb,O4-H,O meta-
stable phase synthesized using a hydrothermal method.

Hydrothermal synthesis methods have the advantage of
obtaining crystalline particles with different morphologies at
low temperatures and relatively short synthesis periods. However,
by using microwave radiation as a heating source, the time and
temperature to obtaining crystalline particles decrease consider-
ably.?* Such a variation in hydrothermal synthesis is known as the
Microwave-Assisted Hydrothermal Method (MAHM). In a conven-
tional hydrothermal method, orthorhombic NaNbO; with the
P2;ma space group is obtained from Na,Nb,O4-H,O synthesized
at 200 °C in 4 hours of synthesis, while NaNbO; with the Pbma
space group is obtained after 24 hours of hydrothermal treat-
ment.'® Furthermore, using the MAHM, NaNbO; (Pbma) is
obtained at 180 °C in 30 minutes.*

The spontaneous polarization in the non-centrosymmetric
orthorhombic P2,ma phase of NaNbO; is a fundamental con-
dition for the particles to present piezoelectric and ferroelectric
behaviors."*'®** Therefore, ensuring the growth of NaNbO; in an
orthorhombic structure with the P2,ma space group rather than
antiferroelectric symmetries (e.g., Pbcm or Pbma) is a significant
aspect to consider when aiming to synthesize NaNbO; with a
piezoelectric response. In this sense, the conventional heating of
Na,Nb,04-H,0 synthesized using the hydrothermal method has
been a suitable route for obtaining one-dimensional orthorhombic
NaNbO, with the P2,ma space group.'®*

Piezoresponse force microscopy (PFM) is a powerful tool for
investigating the ferroelectricity of bulk materials, as well as mate-
rials at the nanoscale level (nanostructures and thin films).>*"
In the last few decades, PFM has allowed comprehensive studies
on the processes of electrical polarization and wall dynamics of the
ferroelectric domains,**?? switching of polarization and nucleation
domains,**** and the behavior of ferroelectric properties with
different parameters in the preparation of materials.*®*

Thus, in this context, this work is a thorough study of
the structure of one-dimensional NaNbO; based on a set of
experimental characterization techniques and an atomistic
computational approach. In addition, the piezoresponse force
microscopy tool was fundamental to measure the piezoelectric
response of individual fibers, unveiling the relationship
between the crystalline structure of the fibers and their piezo-
electric behavior. The results indicate that the fibers can be
applied as piezoelectric materials.

Experimental procedure
NaNbO; fiber synthesis

The NaNbO; fibers were produced through conventional thermal
treatment of Na,Nb,O¢-H,O fibers synthesized using the MAHM.

This journal is © The Royal Society of Chemistry 2023
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The synthesis of Na,Nb,Os-H,O fibers started with NaOH (p.a.
Quemis), which acts as a mineralizer agent and sodium source,
Nb,Os (Alfa Aesar, 99%), and PVA (NEON). The reaction was
carried out in a Teflon vessel model XP-1500 (CEM-Corp) in a
MARS-5 (CEM-Corp.) microwave oven. The precursor suspension
was prepared by adding 0.70 g of Nb,Os to 30 mL of a solution
containing 0.36 g L' of PVA. After 10 minutes of stirring, 10.0 g of
NaOH was introduced to the suspension and kept under stirring
for 30 minutes. Then, the suspension was transferred to a Teflon
vessel and placed inside the microwave oven. The synthesis was
carried out at 160 °C for 40 minutes. The product was washed with
distilled water through centrifugation until neutralizing pH and
then dried at room temperature. After drying, the Na,Nb,OsH,0
product was calcinated at 550 °C for 4 hours in a muffle furnace to
produce NaNbO; with an anisotropic morphology.

Characterization techniques

The product obtained was characterized through X-ray powder
diffraction (XRD) using a Rigaku-DMax/2500PC diffractometer
(Japan) with Cu-Ko radiation (4 = 1.5406 A) in the 20 range
from 20° to 80° with 0.20° min~". The Rietveld refinement was
performed on the TOPAS Academic (v.5) software. The mor-
phology of the as-prepared samples was observed using a high-
resolution field-emission gun scanning electron microscopy
FE-SEM system (JEOL, JSM-7500F). The micro-Raman spectra
were collected in a backscattering geometry using a TriVista
557 triple spectrometer equipped with a nitrogen-cooled CCD
detector. Micro-Raman scattering measurements were per-
formed using a Linkam THMSG600 microscope heating stage
in a temperature range between room temperature and 180 K.
The 532 nm line of a solid-state Nd:YAG laser was used as an
excitation source, with an incident laser power of less than 40 mW
to minimize the heating effects and/or sample degradation.
The topography, piezo response images, and local piezohysteresis
loops in the nanoscale were obtained using a commercial AFM
(MultiMode Nanoscope V, Bruker). The AFM system was modified
to work as a piezoresponse force microscopy (PFM)*® system using
a function generator (332204, Agilent), a power source (2410C
Source Meter, Keithley), and a lock-in amplifier (SR850, Stanford).
The sample was prepared by depositing the fibers on a Pt-coated
substrate (bottom electrode). For deposition, the fibers were
suspended in isopropyl alcohol and dropped onto the substrate.
The tip was used as a mobile electrode top. During the piezo
response measurements, an external AC electric signal of 1V (RMS)
was applied between a conductive probe (PPP-NCHR, Nanosen-
sors, 42 N m ') and a bottom Pt electrode. Frequencies of 50 kHz
and 5 kHz were used to obtain out-of-plane (OP-PFM) and in-plane
(IP-PFM) piezo response measurements, respectively. The piezo
response image scans were performed with a relative angle of 17°
between the cantilever and the NaNbO; fiber.

Computational details

We carried out the computational RAMAN and relative stability
study based on Density Functional Theory (DFT) calculations®**!
using the CRYSTAL17 package version 1.0.2,** which employs
Gaussian-type orbitals as basic functions. The basic sets for Na,
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Nb, and O were 8-511G, 986-31(631d) G, and 8-411,"*"* respectively.
The exchange-correlation term was treated with the following three
different functionals: PBE,*® B3LYP,*”*® and HSE06*"' to compare
the relative stability between the polymorphs and using only
the B3LYP functional for obtaining the vibrational modes.
All calculations treated the van der Waals interactions using
the D3 semi-empirical dispersion scheme with BJ-damping.>>>*
The k-points were sampled through the Monkhorst-Pack method
with a 5 x 5 x 5 mesh.>® Since it is necessary to use standard
space groups for input in the CRYSTAL17 package, the P2,ma
space group was treated as the standard Pmc2, space group. The
vibrational modes at the G-point were obtained according to the
FREQCAL routine implemented in CRYSTAL17, and the analytical
RAMAN intensities were obtained using the coupled perturbed
Hartree-Fock method®*®” with a simulated laser irradiation fre-
quency of 532 nm and a simulated temperature of 295 K.
We performed the simulated application of an external electric
field to the polymorphs using the finite-field approach (FIELD-
tag)®® with 60 Fourier terms for the triangular-form potential
expansion. Due to the computational cost, the Monkhorst-Pack
k-points mesh was reduced to 4 x 4 x 4.

Results and discussion

As the metastable Na,Nb,O4-H,O is normally used as a pre-
cursor of NaNbO; anisotropic particles, we employed micro-
waves as a heating source to accelerate the process of obtaining
Na,Nb,06-H,0. The precursor obtained by the MAHM after a
40 minute synthesis was identified using powder XRD (Fig. S1,
ESIt) as monoclinic Na,Nb,04-H,0 with space group C12/c1.>
According to the diffractogram shown in Fig. 1, the conven-
tional thermal treatment of Na,Nb,OsH,O promotes the for-
mation of orthorhombic NaNbO;. The inset of the most intense
peaks (I, II, and III) shows the peak overlap between the
NaNbO; obtained and theoretical patterns, indicating that the
sample might be composed of two possible orthorhombic
NaNbO; phases: the ferroelectric phase with the P2;ma space
group and the antiferroelectric phase with the Pbcm space group.

To clarify the polymorphism in the sample, we performed
the Rietveld refinement by combining the P2,ma and Pbcm
phases, and each phase individually (Fig. 2). The best statistical
values and optimal curve fitting were achieved by including
both P2;ma and Pbcm phases in the refinement calculations,
as shown in Table 1.

According to the Rietveld refinement quantitative analysis,
the sample consists of 87.10 wt% of the P2,ma ferroelectric
phase and 12.90 wt% of the Pbcm antiferroelectric phase.

In the NaNbO; perovskite structure, sodium is located at
the interstitial sites in the vertex of the unit cell with twelve-
coordinated sodium sites, with niobium occupying the octa-
hedral site.

Octahedral tilting is an intrinsic characteristic of perovskite
structures (ABO;) caused by the difference in the size of the
A- and B-sites; in addition to the NaNbOj; structure, A = Na”,
and B = Nb°" cations. The [BOs] tilting of the orthorhombic
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Fig. 1 X-ray diffraction of NaNbO3z obtained after thermal treatment at

550 °C of Nay;Nb,0Og-H,0. The insets highlight the peaks at around 22 °C
(1), 32 °C (Il), and 46 °C (lII).

perovskite structure occurs around the » and c¢ axes.”* The
phase transition in NaNbO; has been linked to the tilting and
distortion on [NbOg] octahedra and the off-centered displacement

This journal is © The Royal Society of Chemistry 2023
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Table 2 Summary of the structural parameters from Rietveld refinement
and DFT calculations

— Observed
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— Difference
Bragg peaks P2, ma

Bragg peaks Pbcm
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Fig. 2 Rietveld refinement of NaNbOs fibers.

Table 1 Statistical values obtained by Rietveld refinement

Ferroelectric Antiferroelectric ~ Ferroelectric and
Refinement  phase (P2;ma:  phase (Pbcm: antiferroelectric
parameters CIF n° 39624)  CIF n° 23239) phase
Ve 1.40 1.43 1.11
Rup 7.16 7.29 5.85
Rexp 5.11 5.11 5.24
Rup_dash 12.10 12.31 9.09
Rexp_dash 8.64 8.64 8.15
d-DW 0.82 0.79 1.33
Ruragg 0.71 0.90 0.39 to P2,ma

0.60 to Pbcm

of niobium atoms.*® Atom positions for most phases were refined,
providing considerable variations in the positions of Na1, Nbi,
01, and O2 atoms (see Tables S1 and S2, ESI¥).

These variations are caused by the displacement of atoms
resulting in more distortions in the P2;ma phase than in Phcm.

Additionally, the Nb-O bonding distortions are more pro-
nounced in the P2,ma structure,’® and displacements of oxygen
positions within the planes formed by Nb and O atoms increase
the NbOg octahedra tilts more in the antiferroelectric phase
than in the ferroelectric one.®* Table 2 shows the comparative
results obtained from Rietveld refinement and DFT calculations.
The values obtained indicate an agreement between the theore-
tical and experimental parameters.

The FEG-SEM micrographs of the powders synthesized
(Fig. 3) show that the product obtained by the MAHM consists
of fibers (Fig. 3a), and the fiber-like shape has remained
after the conventional thermal treatment at 550 °C (Fig. 3b);
in addition, it is evident that conventional heating reduces
the length of the fibers. Since microwave radiation quickly
heats the reaction medium, we produced Na,Nb,O4H,0
fibers in a shorter synthesis time than the conventional hydro-
thermal method,'® employing PVA to ensure the growth of

This journal is © The Royal Society of Chemistry 2023

P2ma

Experimental Theoretical

Rietveld Literature®*  PBE B3LYP HSE06
Wt% phase  87.10 — — — —
a[A] 5.5651(1) 5.569 5610  5.557  5.539
b [A] 7.7731(2) 7.790 7.829  7.755  7.739
c[A] 5.5098(2) 5.518 5.540  5.471  5.466
VA% 238.347 (17)  239.38 243.32  235.77 23437
Ruragg 0.39

Pbmc

Experimental Theoretical

Rietveld Literature®> PBE B3LYP HSE06
Wt% phase  12.90 — — — —
a[A] 5.5147(25) 5.506 5.540  5.479  5.473
b [A] 5.5809(19) 5.566 5.617  5.569  5.548
¢ [A] 15.6511(84)  15.52 15.628 15.469  15.447
VA% 481.703(382)  475.632 486.31 472.00 469.13
Ruragg 0.60

Fig. 3 FE-SEM images of (a) Na;Nb,Og-H,O before thermal treatment at
550 °C for 4 hours; and (b) NaNbOz obtained after thermal treatment of
Na,Nb,0Og-H,O at 550 °C.

one-dimensional morphology and avoid the formation of the
isotropic NaNbOj;.

Herein, we can consider that two types of templates influ-
ence the growth of NaNbOj;: the polymeric template that acts to
obtaining Na,Nb,0s-H,0, and the as-prepared Na,Nb,O¢-H,O0,
working as a self-sacrificing template for the NaNbO; fibers to
grow through conventional heating.®®

Higher temperatures have been reported to promote a phase
transition between two centrosymmetric structures (Pmma
to Pbcm) passing to a non-centrosymmetric Pmc2; structure
(alternative setting P2;ma); in addition, the presence of each
phase is also related to the particle size.>® According to
Johnston et al.,"* the pure phase and the coexistence of the
Pbhcm and P2;ma polymorphs are associated with the synthesis
methods and their varying parameters. A mix of Phcm and
P2,ma structures is obtained through the solid-state reaction
and molten salt synthesis; however, regardless of the synthesis
parameters, the Phcm phase was consistently present as the
major phase, suggesting it to be the more thermodynami-
cally stable of the two polymorphs. In addition, molten salt
approaches allow obtaining a pure Pbcm phase after a long

J. Mater. Chem. C, 2023, 11, 5524-5533 | 5527
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Table 3 Energy difference between the NaNbOsz polymorphs

Functional Epy,ma — Eppem (meV/f.u.)
PBE(D3-BJ) 5.8337
B3LYP(D3-B]) 6.8644
HSE06(D3-BJ) 3.8225

heating period at 1000 °C."* A mix of Pbma and P2,ma struc-
tures is also obtained through hydrothermal synthesis at 200 °C
for 24 hours; in addition, as in the aforementioned methods,
the Pbma phase predominates. In this case, the Phma phase
is isolated by heating the as-prepared NaNbO; at 950 °C for
24 hours, while the pure P2,ma structure is produced through
thermal treatment at 600 °C for 6 hours.*

Despite the similar thermodynamic stability of the two
phases,'* the Pbcm structure is formed more easily. DFT simula-
tions allow estimating the energy difference between the poly-
morphs (Table 3), showing that the antiferroelectric Phcm phase is
slightly more stable than the ferroelectric P2,ma phase.

Unlike our work, in the cases reported above, NaNbO; was
crystallized directly from the chosen synthesis method.
Although the evidence showing that the Pbcm phase is more
stable, in our work, the 4 hour thermal annealing of the
metastable Na,Nb,O¢-H,O at 550 °C favors the formation of
the P2,ma structure of NaNbOj; instead of Phcm. Our results are
consistent with several works that report the production of
piezoelectric NaNbOj; (P2,ma phase) in one-dimensional mor-
phology by heating a metastable phase of NaNbO; under
similar conditions used herein®'>*>%7% gince the heating
at temperatures above 600 °C modifies the one-dimensional
morphology and produces a monoclinic phase of NaNbO;.%®

In our previous work,”* Rietveld refinement showed that a
pure antiferroelectric phase of NaNbO; was obtained from the
direct crystallization into solution using the MAHM.>* However,
in the present study, the MAHM was employed to produce
Na,Nb,04-H,0, and the conventional treatment of the product
obtained from the MAHM promotes obtaining NaNbO; with
the coexistence of antiferroelectric and ferroelectric structures.
Besides, through this processing, the ferroelectric phase is
preferably formed than the antiferroelectric, implying that
somehow such phase is stabilized during the synthesis, or it
is the kinetic product in such a synthesis condition.

In addition to X-ray diffraction and Rietveld refinement,
Raman spectroscopy is an excellent tool for structural investi-
gation and unveiling the short-range order since it is sensitive
to the vibrations of the atoms in the crystalline structure.

The Raman spectra of the NaNbO; structure (Fig. 4) are
composed of low-energy external and high-energy internal
vibrational modes. External vibrational modes are translation
modes resulting from the interaction between the NbOg octa-
hedron and Na® cation and are responsible for a split band
profile due to the presence of the Na' site. The interaction
between NbOg-NbOg octahedra contributes to external vibra-
tional modes. Internal vibrational modes arise from bending
between O-Nb-O bonding angles and stretching of the Nb-O
bonds. The variation in the geometric center of the NbOg

5528 | J Mater. Chem. C, 2023, 11, 5524-5533
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Fig. 4 Raman spectra of NaNbOs fibers (obtained after thermal treatment
of Na;Nb,Og-H,0) recorded at different temperatures.

octahedron and the displacement of Na* cations cause tilt and
distortion in the octahedron leading to the phase transition.®”

Several reports draw on Raman spectroscopy under various
temperature conditions as a tool to understand the NaNbO;
phase transition. As NaNbO; has an orthorhombic symmetry
between —100 °C and 575 °C,*® we performed Raman spectro-
scopy measurements at 180 K (~ —93 °C), 200 K (~ —73 °C),
250 K (~ —23 °C) and, at room temperature (RT). According to
Jauhari et al., the low temperature leads to a structural disorder
resulting in the appearance, disappearance, and displacement
of vibrational modes.®® Therefore, Raman spectra were
recorded to further prove the presence of both antiferroelectric
and ferroelectric phases in NaNbO; with an orthorhombic
crystalline structure.

Investigating the phase transition from Pbcm to P2;ma
structure, Lin et al. verified that the band intensities at 62
and 75 cm ™" decrease with increased temperature.”® In work by
Shiratori et al, the Raman spectrum obtained for the Pbcm
structure presents a splitting in the band located between
61 and 74 cm™'; however, no splitting is noticed for the ferro-
electric phase.’ Shakhovoy et al. also relate the ferroelectric and
antiferroelectric polymorphs of NaNbO; to the profile of the

This journal is © The Royal Society of Chemistry 2023


https://doi.org/10.1039/d2tc04039e

Published on 17 April 2023. Downloaded by University of St Andrews Library on 5/3/2023 2:02:59 PM.

Paper

bands at lower wavenumbers.”! Herein, the bands between 44
and 78 cm™" are split (Fig. 4); moreover, the splitting profile
changes as a function of temperature. The DFT calculations
(Tables S3 and S4, ESI{) allow assigning the 65 cm ™~ vibration
to a B, mode in the P2 ,ma polymorph, with a DFT calculated
frequency of 58 cm ™' and schematics shown in Fig. 5b, and the
78 cm™ ! vibration to an Ag mode from the Pbcm one, with a DFT
calculated frequency of 73 cm™* (shown in Fig. 5a).

According to Ji et al.,” the ferroelectric and antiferroelectric
structures are differentiated by the splitting in the bands
located in the region from 150 to 300 cm™'; furthermore, the
intensity of the peak at 274 cm ™" is lower for the ferroelectric
structure.'® This intense peak has a contribution of an A, mode
from the P2 ma polymorph with a DFT calculated frequency of
277 em . In addition, the peak at 280 cm ™" appears to have a
significant contribution from the A, mode with a DFT calcu-
lated frequency of 291 cm™", and such a peak decreases in
intensity as the temperature increases.

To better compare the bands, the intensities of the spectra
obtained at room temperature and 180 K were normalized

By, (575 cm™)

A, (600 cm?)

A, (595 cm?) B, (582 cm)

B, (586 cm™)

View Article Online
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(Fig. 6). By examining the normalized spectra, we notice that
the temperature rise promotes the increase in the intensity of
the peak at 65 cm " and decreases the intensity of the bands
related to the Nb-O vibrations (225, 255, and 280 cm ™) and the
NbOg octahedra (560 and 609 cm™ ') vibrations. The spectra
shown in Fig. 6 and the relative intensities obtained from the
DFT calculations (Tables S3 and S4, ESIt) show the P2,ma
polymorph with the most intense peak around 65 cm ™" without
the Pbcm polymorph presenting intense peaks in the same
region. Thus, the P2,ma polymorph is responsible for decreas-
ing the intensity of the bands resulting from the internal
vibrational modes with the lower temperature, which, in turn,
increases the structural disorder of the material and reduces
the unit cell polarity.”>”3

In the spectra collected at 180, 200, and 250 K (Fig. 4), the
band pattern located between 55 and 80 cm ™' is the same as
those obtained by Shakhovoy et al.”' when analyzing regions
with the coexistence of the ferroelectric and antiferroelectric
phases. Therefore, based on the intensity of the bands and their
respective splitting, we assume that the higher temperature

(2

Ag(291cm™) A, (73 cm?)

@

A, (277 cm™)

?
B, (58 cm?)

Fig. 5 Schematics of some Raman modes obtained using DFT of the (a) Pbcm and (b) P2;ma space groups. Color scheme: oxygen (red), niobium
(green), and sodium (purple). To ease the visualization, all the octahedral distortions were removed.

This journal is © The Royal Society of Chemistry 2023
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Fig. 6 Raman normalized spectra for NaNbOs fibers recorded at RT and
180 K.

favors the presence of a ferroelectric structure, although the
ferroelectric and antiferroelectric phases coexist at all tempera-
tures throughout the analysis.

The electric field has been reported to induce the trans-
formation of the antiferroelectric phase into the ferroelectric
phase. This phase modification occurs because the atomic
displacements caused by the electric field distort the oxygen
octahedrally and modify the NaNbOj; structure.®*

Based on such a behavior presented by NaNbO;, we verified
the possibility of a phase transition occurring. DFT simulations
allow us to observe the effect of applying an electric field on the
relative energy between the NaNbO; polymorphs. The Electro-
nic Supplementary Information (ESIt) contains the complete
procedure for the rotations of the standard Pmc2; unit cell, the
growth manner to make the atomic sites match the positions
between the polymorphs, and the relationship between the
applied internal electric field and the correlated macroscopic
field. These calculations (Fig. S2-S4, ESIT) showed that only the
electric fields in the x and y directions can invert the relative
energy between the polymorphs. In addition, the electric field
magnitudes needed for such inversion are approximately
6.2 MV cm ' and 14.6 MV cm ™, respectively. Thus, a few
orders of magnitude are more prominent than those found
experimentally for a single-crystal and powder samples.®>”*”>
Therefore, they should be observed more qualitatively than
quantitatively since the literature reports a divergence between
the absolute experimental and theoretical values of electric
fields.”

We employed the piezo response microscopy technique to
investigate the nanoscale ferroelectric characteristics and the
polarization vector of the ferroelectric domain structure of
NaNbO; fibers. The out-of-plane (OP-PFM) and in-plane (IP-PFM)
piezo response images correspond to the perpendicular (vertical)
and parallel (horizontal) contributions to the fiber surface of the
ferroelectric polarization vector, respectively. Fig. 8 shows the
surface topography and piezo response images with a scan size
of 1 um x 1 pm. The NaNbO; fiber has a width of 422 nm and a
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Fig. 7 NaNbOs fiber (a) topography, (c) piezo response signal cross-
section from blue and red lines in (b) out-of-plane, and (d) in-plane piezo
response images with frequencies of 50 kHz and 5 kHz, respectively.

height of 167 nm (Fig. 7a). The out-of-plane (OP-PFM at a
frequency of 50 kHz, Fig. 7b) and in-plane (IP-PFM at a frequency
of 5 kHz, Fig. 7d) piezo response images correspond to the same
ferroelectric domain structure in the fiber surface and reveal high
contrasted PFM images. The clear and dark regions of the color
scale contrast represent the opposite polarization orientations in
the ferroelectric domain structure. The solid lines (A and B, blue
and red lines) from the cross-section as shown in Fig. 7c show the
piezo response intensity. However, the results indicate that there
are regions with a null piezo response signal, thus indicating
regions with no ferroelectric characteristics, as highlighted by the
green solid line circle.

Fig. 8 shows the following regions measured by PFM in
different colors: regions of opposite orientations of the ferro-
electric domains (red and blue), regions without piezo response
signals (green), and regions corresponding to the substrate
(black). The regions without piezo response signals were
computed as 17.7% for OP-PFM and 15.8% for IP-PFM. The

Fig. 8 Ferroelectric domain structure of the NaNbOs fiber: (a and b) piezo
response images in distinct colors (red and blue - opposite polarization
orientations, green - non-response, and black - substrate).
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Fig. 9 Local ferroelectric switching: (a) tip position on the NaNbOs fiber
and (b) piezo-hysteresis curves with different bias ranges.

different values occur due to the orientation of the polarization
vector on the fiber surface and its contributions to the vertical
and horizontal orientations.

These percentual values are higher than the value obtained
from Rietveld refinement for the antiferroelectric phase (12.9 wt%).
PFM generates these higher values because the domain wall
regions in PFM measurements with an inverted orientation of
ferroelectric domains (see the solid black rectangle in Fig. 8c)
were also computed as regions of null values of piezo response
signal.”””®

To investigate the switching behavior of nanoscale ferro-
electric domains, we performed successive measurements of
the local piezo loops using electrical voltages of 5 V, 10 V, and
15 V in a region with a high magnitude of piezo response
signal. Fig. 9(a) shows the position on top of the NaNbO; fiber
where the cycles were performed. Fig. 9(b) shows that the cycle
of 5 V bias did not generate an electric field superior to the
coercive electric field (E.) of the material capable of switching
the ferroelectric domain locally just below the tip. However,
the other cycles with a larger bias were able to reorientate the
ferroelectric polarization. The peak-to-peak amplitude of the
effective dj; coefficient obtained (Adss; = |+ds3| + |—d33|) was
approximately 5.89 pm V.

In a previous work, we reported the piezoelectric and ferro-
electric effect presented by flexible composites constituted by
NaNbO; particles with different morphologies and a-polyvinyl-
idene difluoride (¢-PVDF).”® Since a-PVDF is a non-polar phase
of PVDF,®® we concluded that the piezoelectric and ferroelectric
behaviors of the composites originate from NaNbO; particles.
Herein, we deepen the study of the structure of NaNbO; fiber-
like particles supported by PFM characterization to explain the
piezoelectric behavior of NaNbO; fibers.

Conclusions

In summary, Na,Nb,Os-H,O fiber-like particles were obtained
at 160 °C over a 40-minute synthesis through a microwave-
assisted hydrothermal method in a PVA medium. The
Na,Nb,04-H,O fibers were applied as a precursor to obtain
anisotropic NaNbO; fiber-like particles. The results of powder
XRD, Rietveld refinement, and Raman spectroscopy showed
that the antiferroelectric (Pbcm) and ferroelectric phases
(P2yma) coexist in the structure of the NaNbOj; fibers. The
theoretical study demonstrated that the relative stability between

This journal is © The Royal Society of Chemistry 2023
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the antiferroelectric and ferroelectric phases could be inverted
under the influence of an electric field. Such an inversion depends
on the orientation of the field PFM, whose measurements showed
that an isolated fiber is composed of ferroelectric and non-
ferroelectric phases. This finding, in turn, corroborates the results
of the structural analysis.

Furthermore, the analysis of the theoretical results indicates
that the non-ferroelectric phase may be an antiferroelectric
phase. Since the piezoelectric efficiency of NaNbO;-based
devices is linked to the structure of the ceramic structure, the
characteristics of the particles reported herein reinforce the
potential of NaNbO; for application in technologies based on
the piezoelectric effect.
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